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Preface 


This, the 58th volume of the Transactions of the American Institute of Electrical 
Engineers, is the second to be published under the revised publication policy 
adopted during 1937. Under this policy, the Transactions contains, together 
with correlated discussions, all papers presented at national conventions and those 
papers approved by the AIEE technical program committee for presentation at 
District meetings. Because of the continued eflFects of the transition from the 
former to the new publication policy, the content of this volume is somewhat less 
than normal. 

This volume contains the 1938 and the 1939 annual reports of the board of di¬ 
rectors in addition to papers and related discussions presented at the following 
AIEE District meetings and conventions: 

1. 1939 winter convention, New York, N. Y., January 23—27: all papers presented. 

2. South West District meeting, Houston, Tex., April 17-19: all approved papers. 

3. North Eastern District meeting, Springfield, Mass., May 3-5, 1939: 4 papers; 
remaining 13 approved papers are scheduled for the 1940 volume. 

The present publication policy also provides for the preprinting of a large propor¬ 
tion of the approved Transactions papers and discussions in a segregated Trans¬ 
actions section of the monthly issues of Electrical Engineering; extra sheets 
are printed at the same time for ultimate binding in the annual Transactions 
volume. The papers and discussions so published during the year 1939 comprise 
pages 1 to 674, inclusive, of this volume; pages 675 to 914, inclusive, did not appear 
in Electrical Engineering. 

Full correlation of all material in this volume has been accomplished through the 
mpHiiim of the multientry reference index beginning on page 939. A reference to 
any of the several subject entries for any technical paper will lead directly to tfie 
paper and to any published discussion on that paper. 

Statements and opinions given in papers and discussions published in Transactions 
are the expressions of contributors for which the American Institute of Electrical 
Engineers assumes no responsibility. 



Errata 

Page 98, figiires 11 and 12: Illustrations should be inter¬ 
changed. 

Page 100, second line: 2^1 should be 621 . 

Page 525, bottom of first column, top of second column: 
Radio Manufacturers Association should be Refrigerating 
Machinery Association, and American Cotton Manu¬ 
facturers Association should be Air Conditioning Manu¬ 
facturers Association. 



Application of Capacitance Potential 

Devices 

By J. E. CLEM 

FELLOW AIEE 


T here has been evident need for some 
time for a general review of the factors 
influencing the application of capacitance 
potential devices. This need has been 
accentuated by the increasing use of 
bushing potential devices and the exten¬ 
sion of the fidd of application made 
possible by the introduction of the cou- 
pling-capadtor potential device. 

At the higher system voltages the 
cost of transformers for supplying poten¬ 
tial for rdays has been a serious deterrent 
to the use of the relay equipment other¬ 
wise best adapted to the requirements of 
the installation. The introduction of the 
bushing potential device, and particularly 
of the coupling-capacitor potential de¬ 
vices later, offered a more economical 
method of obtaining the desired poten¬ 
tial. The first applications of bushing 
potential devices were for synchronizing 
and voltage indication, and later their 
use was extended to certain types of 
rdaying. The introduction of the cou- 
pling-capadtor potential devices extended 
the field of application by making prac¬ 
tical the use of a nonresonant device 
and by making available higher outputs. 
These devices made possible a wider 
application of the use of carrier-current 
rday schemes, further increasing the 
field for the potential devices. 

Any misunderstanding of the inherent 
limitations of these devices may result 
in a failure to recognize their possibilities, 
or in a tendency to use the device outside 
its proper field of application. There¬ 
fore, this paper has been written to dis¬ 
cuss briefly general considerations in 
regard to types of devices and the selec¬ 
tion of the means of obtaining instrument 

Paper number 38-66, recommended by the AIEE 
committee on protective devices, and presented at 
the AIEE summer convention, Washington, D. C., 
Tune 20-24, 1988. Manuscript submitted March 
24, 1938; made available for preprinting May 20, 
1938, 

T. E. Clem is In the engineering dlH^on of the 
central station department, General Electric Com¬ 
pany, Schenectady^ N. Y. 
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or relay voltage, to review the accuracy 
considerations and application require¬ 
ments, to describe the types of devices, 
and to present an analysis of the network 
constituting the device. 

General Considerations 

Types of Devices 

Capacitance potential devices are di¬ 
vided into two general classifications: 
resonant and nonresonant. The resonant 
device may be used with a bushing or 
a coupling capacitor, the nonresonant 
should be used only with a coupHng capaci¬ 
tor. In general the outputs from cou¬ 
pling-capacitor potential devices are con¬ 
siderably higher than the output from 
bushing potential devices. 

The resonant device may be adjusted 
so that the output voltage is in phase 
with the system line-to-ground voltage. 
With this adjustment the series reactance 
is approximately equal to the reactance 
of the auxiliary capacitor, that is, nearly 
in parallel resonance with it. 

No series reactance is used with the 
nonresonant device and the phase angle 
between the output voltage and the 
system line-to-ground voltage may be 
adjusted over nearly the entire range 
from 0 to 180 degrees lead, with ma xim u m 
output at approximately 90 degrees lead. 

Selection op Means 

OP Obtaining Voltage 

The choice of the method of obtaining 
from the circuit voltage a reduced voltage 
should be governed by the use to which 
the voltage is to be put. Obviously m 
ideal device would give a voltage exactly 
in phase with, and of constant propor¬ 
tionality to, the circuit voltage. How¬ 
ever, an ideal device is not available nor 
is it of practical necessity. 

The most accurate means at present 
is the conventional potential Irans- 
former. Its characteristics may be 
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accurately predetermined and they re¬ 
main practically constant over the usual 
range of operating conditions. Potential 
transformers should be used whenever 
revenue wattmeters are to be operated or 
when known and consistent accuracy is 
the controlling factor. 

Potential devices may be used when 
their variation in accuracy is less than 
that permissible from consideration of 
the use to which the voltage is to be put. 
They can be adjusted for a definite 
accuracy with a definite set of operating 
conditions but are subject to much 
greater variation in accuracy from changes 
in operating conditions. The resonant 
device ranks next to the potential trans¬ 
former in performance, with the non¬ 
resonant device next. 

For example, if only voltage indication 
and synchronizing are considered, a 
nonresonant device would be entirely 
suitable; if distance rdaying is con¬ 
sidered the resonant device may be used. 
Each application should be carefully 
analyzed to make sure that the accuracy 
requirements are not beyond the per¬ 
formance of the devices before they are 
specified. 

Available Output Watts *‘W” 

The gross input from a circuit to a 
capacitance potential device network is 
given by the following expression, de¬ 
veloped in appendix I 

W ^ 2TfCiEEi sin a (10) 

in which / is the system frequency, E 
and Ei are, respectively, the'line and tap 
voltage to ground with the angle a 
between them, and Ci is the coupling 
capacitance in farads. 

The net possible output of the device 
will be the watts calculated by use of this 
equation decreased by the losses in the 
device. The rating of the resonant de¬ 
vices is less than the possible net to insure 
suitable performance characteristics. 

Accuracy Considerations 

As mentioned previously, a potential 
device is subject to some inaccuracies 
not present in a potential transformer. 
It is therefore pertinent to analyze the 
factors affecting the accuracy to deter¬ 
mine the advisable fidd of application 
for the devices. The more important 
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Figure 1. Resonant coupling capacitor illus¬ 
trating unit type oF assembly 


factors are leakage, changes in burden, 
line voltage, system frequency, tempera¬ 
ture, and transients. 

Leakage 

Leakage over the surface of the cou¬ 
pling capacitor or over any insulation in 
the potential tap circuit may cause ap¬ 
preciable error. However, this error can 
be eUminated by proper design. 

Leakage over the coupling capacitors 
to the primary winding would cause a 
change in the phase angle of the current 
drawn from the circuit and introduce an 
error into the indication of the device. 
This, however, has been overcome by 
constructing the potential device, auxil¬ 
iary capacitor, and coupling capacitor 
as a unit so that this leakage current goes 
direct to ground, without the possibility 
of affecting the accuracy. See figure 1. 

Leakage occurring to ground between 
the coupling-capacitor terminal and the 
device winding would also introduce 
error. However, this has also been over¬ 
come by the unit assembly of the parts. 

The availability of the coupling capaci¬ 
tor stimulates its use also for carrier- 
frequency coupling. The carrier circuit 
must hsLYt minimum high-frequency 
leakage, this is also obtained by the unit 
assembly, and by the use of Performite- 
insulated cable with each end shidded 
from the weather, and supported by 
vertically mounted oversized insulators. 

Bushing potential devices are pro¬ 
tected from the effects of leakage because 
the capadtance is completdy endosed 
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and an armored cable is used for the tap 
lead. 

Burden Changes 

With few exceptions the impedances of 
potential coils of relays and instruments 
are essentially constant at all voltages 
so that the only cause for changes in 
burden is the connection or disconnection 
of devices such as voltmeters and S3m- 
chroscope. Usually the error produced 
from this cause is relativdy unimportant 
because the load change is relativdy 
small. If the load change is enough to 
cause too great a change in accuracy, 
a dummy burden can be arranged to 
exchange positions with the burden being 
switched so that no resultant change in 
burden at all wiU occur. 

A dosed magnetic circuit in the gross 
load on the network may introduce an 
error. Although the capadtor C®, for 
correcting power factor, may be adjusted 
to give unity power factor at normal 
voltage, some difficulty may still arise. 
For example, reference to the diagrams 
(figure 10 and figure 5) will show that the 
auxiliary capadtor C 2 is substantially 
in paralld with the device transformer, 
the adjustment transformer if used, and 
with the burden. Under certain condi¬ 
tions this circuit will become unstable 
and steady overvoltages of a highly 
distorted wave shape will exist across 
the transformer, and the relays, etc., 
which make up the load. This has been 
overcome in Ihe device network by de¬ 
signing the device and adjustment trans¬ 
formers with low magnetic density and 
by providing an additional winding in 
the adjustment unit (see figure 6) so that 
residual voltage may be obtained without 
the use of an auxiliary transformer. 

Operating engineers should be rather 
cautious in regard to the use of relays 
which require the use of auxiliary trans¬ 
former, so as to avoid the possibility 
that this trouble may be set up by causes 
external to the device. 

This difficulty has not been encoun¬ 
tered with bushing potential devices, 
probably because of their more limited 
sphere of application and because the 
value of the auxiliary capacitance is much 
lower. 

Change in System Voltage 

Protective relays are called upon to 
act at the time of a fault and at this 
instant the line voltage is usually low. 
Since the magnetizing current is an 
appreciable portion of the total load 
taken by the network, the impedance of 
the network changes appreciably, and 
with it the accuracy. The performance 
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of the device should be investigated at 
the critical fault condition and, if neces¬ 
sary, readjusted to give the desired per¬ 
formance under these conditions. 

Ordinary fluctuations in system volt¬ 
age do not have an appreciable effect 
on the accuracy of the potential devices. 

Change in Frequency 

Variations in frequency affect the 
accuracy of the devices by changing the 
relative values of the inductive and 
capacitive impedances in the network. 
The effect depends to some extent upon 
the voltage of the circuit and the burden 
being carried by the device. The follow¬ 
ing tabulation gives the approximate 
variation in accuracy for a 115-kv circuit 
with the device adjusted for an output of 
(60 +il5) volt-amperes. 


Cycles 

RCF 

Angle 

68. 

.1.021. 

..-1-1.52 

60. 

.1.000. 

.-h0.02 

62. 

.1.088. 

.—2.65 


Under steady-state conditions this 
effect is ordinarily of no consequence 
because present-day systems operate at 
a very steady and constant frequency. 
Under fault conditions the device will 
usually have performed its function be¬ 
fore the frequency has changed appreci¬ 
ably. 

Changes in Temperature 

Changes in temperature affect the 
capacitance slightly and cause a slight 
error in the nonresonant device. If the 
dielectric in the auxiliary capacitor is 
different from that in the coupling 
capacitors a slight error will be caused 
in the accuracy of the resonant device. 
For the new oil-filled paper-dielectric 
coupling capacitor and accompanying 
atudliary capacitors, the capacitance 
variation from —40 degrees to H-lOO 
degrees centigrade is approximately 3.5 
percent. - - 

Changes in temperature affect the 
burden and affect directly the accuracy 
of the nonresonant device as can be seen 
from the characteristics. The affect 
on the accuracy of the resonant device is 
negligible, as can also be seen from the 
dbiaracteristics. Usually the burdens are 
installed where the temperature changes 
are not extreme so that temperature 
effect is not a serious factor. 

Transients 

Potential devices, consisting of a net¬ 
work of capacitances and inductances^, 
are inherently subject to transient dis- 
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turbances occuirmg when system condi¬ 
tions change suddenly, as when a circuit 
is switched on. 

Figures 2a and 2b are representative 
of what may occur on switching in. In 
figure 2a trace 1 shows the residual volt¬ 
age from the potential devices and trace 2 
shows the residual current. The oscilla¬ 
tory character of the residual voltage in 
connection with the large unidirectional 
component in the residual current gives 
incorrect information to the directional 
ground relay and the circuit may be 
dropped out unnecessarily. In figure 2b 
there is a marked oscillation in the re¬ 
sidual current instead of a large unidirec¬ 
tional component. In this case incorrect 
information will also be given to the di¬ 
rectional ground relay and the circuit 
may drop out. 

It should be noted that it requires 
an error in the current indication as well 
as in the potential device indication to 
cause an incorrect operation of the relay. 

The incorrect operation of the direc¬ 
tional ground relay caused by the inher¬ 
ent transient characteristics of the po¬ 
tential device in combination with tlie 
transient error in the current indication 
have been overcome and successful opera¬ 
tion secured by giving the overcurrent 
relay a sense of discrimination that enables 
it to distinguish between the true groimd 
fault condition and a switching transient. 

Power systems are subject to over¬ 
voltages of a semi-steady character and 
of a transient nature. The first type oc¬ 


curs when a circuit is discoimected at 
the load end, in which case the voltage 
will build up to a value seldom exceeding 
1.75 times normal when voltage regula¬ 
tors are used. The devices must with¬ 
stand this overvoltage without becoming 
mistable and the design has been made 
accordingly. 

The second type occurs from switching. 
Records show that switching surges above 
three times normal are of very short 
duration, and that few even exceed one- 
quarter of a 60-cycle period. Accord¬ 
ingly the devices are not required to with¬ 
stand steady voltages in excess of two 
times normal, but they must withstand 
transient voltages without becoming 
unstable. The devices have been de¬ 
signed to remain stable when subjected 
to long-wave switching surges of three 
times normal. Sustained transient over¬ 
voltages (arcing grounds) in excess of the 
rdief gap setting may cause damage to 
the gap electrodes from continuous arc¬ 
ing. 

Application Requirements 

Synchronizing 

The requirements for S 3 nachronizing 
are relatively simple—treasonably good 
phase angle and voltage indication. 
Since the nonresonant device may be 
adjusted over a wide range of phase 
angle it is well suited for use in synchro¬ 
nizing. The voltage indication to the 
synchroscope need not be precise so that 


again the nonresonant device is entirely 
suitable. 

Voltage Indication 

The accuracy requirement for ordinary 
switchboard indication of voltage is well 
within the range of potential devices. 

Metering 

Resonant potential devices may be 
used for metering in those cases when a 
reasonably accurate indication of load or 
kilowatt-hours is wanted. When revenue 
metering is considered conventional po¬ 
tential transformers should be used. 

Relaying 

The various types of relays commonly 
used for protection on electrical systems 
require varying degrees of accuracy of 
the potential supplied to them. The 
ordinary directional relay characteristics 
are such that almost any reasonably good 
replica of the line potential will be suit¬ 
able. A shift of several degrees in phase 
angle or of several per cent in ratio would 
have no noticeable effect upon the over¬ 
all operation of the relay system. 

On the other hand, high-speed relays 
of the distance type require an accurate 
reproduction of the primary voltage or, 
lacking this, an accurate knowledge of 
the variation. With the high-speed 
distance relays the speed of response is 
great enough that any transient in the 
voltage supply due to a sudden change 
in the primary voltage must be investi¬ 
gated to see that there is no shift in 
phase angle which might cause incorrect 
operation. If there is simply a time delay 
transient, the speed of response of the 
relay system will be somewhat affected, 
but this, in general, is not serious as 
compared to a large phase-angle shift 
during a transient period. 

High-speed protection of the carrier 
pilot tjrpe works fundamentally upon the 
indication of directional relays, and if 
there be no transient phase-angle shift of 
large extent, the question of accuracy or 
fixed error is not of any importance with 
this type of protection. 

It is of more importance to the rday 
engineer to know the errors of the device 
than that any attempt should be made 
to build something capable of supplying 
a potential having no ratio or phase- 
angle error. In general, if the variations 
are known, it is possible to make the 
requisite relay settings to compensate 
for them. It should be pointed out that 
it is really more important that any errors 
which may exist in either the ratio or 
phase-angle relation between secondary 
voltage and the primary voltage be 
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non-resonant 

DEVICE 


NON- RE SONANT DEV 1C E 
WITH CARRIER 


(a) (b) 


Figure 3. Nonrcsonant potential de)|(.ice 


constant, because if these errors change, 
then it may be difficult or impos§^ble to 
obtain the desired operation of the relay 
system. 

It is, therefore, evident in the applica¬ 
tion of capacitor potential devices to a 
protective relay system that no hard 
and fast rule can be laid down as to 
whether they are suitable or not, but it 
is a very simple matter to make this 
decision frem the known characteristics 
of the potential supply and the require¬ 
ments of the relays. 

The types of relays which may com¬ 
monly tse supplied from potential de¬ 
vices are: 

Phase directional relays 
Balanced current relay restraint coils 
Ground current directional relays 
Carrier pilot directional relays 
Distance relays 
Impedance 
Reactance 

These relays have been tabulated in 
approximately the order of severity of 
requirements. 

A phase-fault directional relay merely 
has to make a comparison of the angle 
between current and voltage and deter¬ 
mine whether the fault power flow is in 
one direction or the other. Since the 
two conditions are 180 degrees apart, 
and since the relays are customarily 
arranged to have maximum torque in the 
middle of the possible angular range of 
short-circuit currents, an error of even 
20 degrees makes only a small change in 
torque and would never cause a false 
indication. The ratio error is also of 
small consequence as it also merely 
changes the torque slightly. Hence this 
type of relay will tolerate large errors in 
the potential device without any adverse 
effect upon its performance. It is 
probably safe to say that an error of 
20 degrees to 30 degrees and 20 per cent 
to 30 per cent in the potential device 
under low-voltage conditions, would be 
unnoticeable in the action of phase 
directional relays during short circuits. 

One type of high-speed balanced cur¬ 


rent relay is provided with potential 
restraining coils in order to facilitate 
switching operation rather than to pro¬ 
vide any real change in the relay charac¬ 
teristic under fault conditions. The 
requirements are not at all stringent so 
that ratio errors as high as 30 per cent at 
low voltage are entirely Acceptable. At 
normal voltage the errors should be kept 
below 15 per cent if the load over one 
circuit ever approaches the setting of the 
relay, while a higher error is permissible 
where the secondary current never reaches 
the minhnum operating values. Phase 
angle error is of no consequence whatever 
during faults but at normal voltage should 
be kept below 15 degrees where the cir¬ 
cuit is heavily loaded and the power factor 
leading. 

The operating torque and hence the 
time of a directional ground current 
relay, is a function of the product of the 
zero-sequence current, the zero-sequence 
voltage, and some function of the angle 
between them. In many of these relays 
the operating torque opposes a resetting 
spring that provides definite values of 
minimum operating’ watts. The re¬ 
quirements are therefore a little more 
exacting than in the case of the phase 
relays because actual values of current 
and voltage are involved in the operation 
of the relay. On the other hand, there 
are so many unknown and variable 
factors in the zero-sequence current path 
that are not •susceptible to exact deter¬ 
mination, that there is little necessity of 
requiring great accuracy in the potential 
device. The final settings of ground 


133.0 KV CIRCUIT - 79.7 KV LINE TO GROUND 
SERIES CAPACITY Cj-0.0004 MF 




Figure 4. Typical characteristic curves of 
nonresonant potential device 


current relays are usually determined 
by experience so that errors in the poten¬ 
tial supply are not very significant. If 
the error is within 15 degrees and 15 per 
cent, potential devices should be satis¬ 
factory sources cf voltage^for directional 
ground current relays. 

On carrier pilot relaying the discrimina¬ 
tion is obtained by means of pnase and 
ground current df/ectional relays and 
hence the requirements-aye quite similar 
to those enumerated for these types of 
relays. A somewhat greater accuracy is 
desirable because the results of relay 
actions at the two ends are compared via 
carrier. This is particularly true of a 
system subject to power oscillations dur¬ 
ing which the relay must surely block any 
tripping. Throughout a power swing the 
current, voltage, and angle between them 
are constantly changing and are different 
at any instant at different points in the 
system. 

It is important that the direction cl 
power flow appear to the relays to be in 
the same direction as it actually is on the 
line. Otherwise during the changing con¬ 
ditions the relay at one terminal of the 
line may indicate a reversal of power flow 
before such reversal actually occurs. 
The ratio error is of relatively small im¬ 
portance, but the angular error should be 
held to very close limits if this end is to 
be achieved. On the other hand, the de¬ 
sign of the relay equipment at the present 
time is such that a 10-degree error would 
probably not noticeably affect the over¬ 
all operation and may, therefore, be^- 
tolerated. 

Distance relays are, in^ effect, tri¬ 
angulating instruments like a surveyor 
transit. Any error in the base quantities 
supplied to them has a direct, and mnolly 
linear, effect upon the accuracy of their 
performance. In a true impedance relay 
the error in distance measurement is a 
direct function of the ratio error but 
angular error would not influence it. 
Actually the phase relation of the cur¬ 
rent and voltage does have an appreciable 
effect upon most impedance relays but 
in a well designed device it may be made 
small. 

Reactance relays depend upon angular 
relationships as well as magnitude com¬ 
parisons but because of the trigonometric 
function involved, the error in distance 
measurement resulting from angular 
errors of current and potential devices, 
is not a fixed quantity. Upon lines 
having a high reactance-to-resistance 
ratio a few degrees error is inconsequen¬ 
tial as the distance measured is a func¬ 
tion of the sine of an angle near 90 
degrees. On the other hand the sine of 
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siiuiller angles, such as 40 degrees, changes 
mtich more rapidly ])er degree error. 
Striking an average, it is suggested that 
the ratio error should be less than five 
per cent for any distance relay applica¬ 
tion, when the primary voltage is ap¬ 
proximately the value to be expected for 
a fault at the end of the instantaneous 
zone, atid that the angular error should 
he below five degrees for reactance re¬ 
lays and 15 degrees for impedance relays 
under the same voltage conditions. 

♦ 

Types of Devices 

C< )un jnoCapacitanck 

PoTKNTIAt DkVICKS 

Nonresonant Device. This is the sim- 
ple,st type of capacitance polcutiul device 
and consists essentially of a transfoi*mcr 
in series with a capacitance as shown in 
figure 3a. The essential features of this 
device are that the voltage may be ad¬ 
justed to any desired phase angle, prac¬ 
tically frtmi about 30 degrees to 150 
degrees, in relation to the line-to-ground 
voltage, and that once the adjustment is 
made tlie total Imrden must remain con¬ 
stant. This requires the use of an 
auxiliary burden which must be changed 
when the useful burden is changed. 
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Typical characteristic curves are shown 
in figmre 4 applying to the devices used 
with the porcclain-type coupling capaci¬ 
tors. SimUar curves apply to nonresonant 

devices used with the new oil-filled 


paper-dielectric coupling capacitor except 
that the output is higher. 

Resonant Device. The resonant poten¬ 
tial device, when used within its inherent 
limitation, provides an economical and 
reliable means of obtaining potential for 
use with indicating and recording in¬ 
struments and for relaying purposes. 
Figure 5 re])resents the connection for 



Figure 6. Typical characteristic curves of 
resonant potential devices 


obtaining line-to-ground voltage from 
one conductor. To obtain phase voltages 
two or three coupling-capacitor assemblies 
and potential devices would be required. 
Characteristic curves are shown in 
figure 6. 

The design of the capacitance potential 
devices is such that adjustments of 
voltage and phase angle may be made in 
steps of one per cent for voltage and one 
degree for phase angle. These adjust¬ 
ments are made by means of an adjust¬ 
ment unit which consists of an auto- 
transformer giving 69/115 wye volts and 
115 volts delta, together with a block of 
capacitors for phase-angle adjustment, 
and another block of capacitors for ad¬ 
justing the net power factor of the burden 
to unity. Voltage control is by means of 
taps on the primary side of the auto- 
transformer. 

Simultaneous Device and Carrier Cou¬ 
pling. vSimultaneous use with carrier of 
either the resonant or nonresonant device 
with coupling capacitors requires the 
addition of a carrier-frequency choke to 
prevent dissipation of the carrier signal in 
the potential device. It is essential that 
this choke be very carefully designed so 
that it has a very high impedance over 
the carrier-frequency range and at the 
same time it must have very low losses. 
It must be able to withstand the lightning 
surges which are transmitted to it 
through the coupling capacitors, and it 


must also stand the high-potential test of 
the potential device. 

V^en it is desired to use carrier in con¬ 
junction with the nonresonant potential 
device an auxiliary capacitor as well as a 
carrier-frequency choke must be added to 
the network as indicated in figure Zh. 
The addition of the auxiliary capacitance 
necessitates the addition of a compensat¬ 
ing inductance (not shown) to balance 
out the capacitive volt-amperes drawn by 
the auxiliary capacitance. 

Bushing Potential Devices 

Resonant Device. These are, in gen¬ 
eral, of the same design as tliose used with 
coupling capacitors. Taps in the trans¬ 
former itsdf take the place of the adjust¬ 
ment transformer. Simultaneous carrier 
operation is impractical because the 
capacitances are built into the bushing in 
such a way that the auxiliary capaci¬ 
tance, tap to ground, cannot be isolated 
from ground for tlie carrier connection. 

Characteristic curves are shown in 
figure 6. 


Appendix I 

Available Ottlput 

The available output from a capacitance 
potential device is the total input to the 
network decreased by the losses in it. The 
gross input to the network can easily be 
determined. In figure 7a, Ei represents the 
net load, or burden voltage (see list of 
symbols and terms at end of appendix IV), 
and is drawn in figiire 7h as the reference 
vector. Now draw in the net load current 
I at its angle of lag behind the net load 
voltage El. 

Then in figure 76 add the voltage drop 
Eds to the load voltage Ei ^d obtain the 
tap voltage JSj, from which is obtained the 
exciting current Jm and the current Jj 


El + IZax 

(1) 

Ez 

(2) 

•Zm 



(3) 

Zz 



Now find Ilf the current in the coupling 
capacitor as the sum of the load current, 
the exciting current, and the current in the 
auxiliary capacitor. 

I, - Jl + In, + 

From the current h and the impedance 
Zi of the coupling capacitor find the voltage 
drop across the coupling capacitor, JSi, and 
locate it in figure 76. It is 

El - hZi (S) 

Now add Et to Ei and get B as 

£ Bi + & 
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Figure 7. General equivalent circuit and 
vector diagram of potential device 


From figure 7b it is easy to see that the 
power taken from the line is 


W = Ell sin |8 

(7) 

But 


II 

(5) 

So that 


EEi 

W « — sin 13 

Zi 

(8) 

But from the figure 


El sin jS =» E 2 sin a 

(9) 

So that (8) becomes 


W = 2irfCi EE 2 sin a 

(10) 


Equation 10 may be used to determine 
the maximum watts that may be taken from 
the circuit. The watts available at the 
load voltage Ei will be the quantity calcu¬ 
lated from equation 10 decreased by the 
losses in the network. 


Appendix II 

Analysis of Network Circuit 

Case 1—Figure 8—Series Reactor in High- 
Voltage Side of Transformer, As men¬ 
tioned in appendix I the load current I is 
net, that is the current in the output 
winding of the transformer. The lagging 
component of the burden current is neu¬ 
tralized by the current in the power factor 
corrective capacitor Ca. Then 

( 11 ) 

and the voltage Et on the input side of the 
transformer is the load voltage plus the 
drop through the transformer, 

E, « + (12) 

The exciting current is 

im = (2b) 

and this added to the load current gives the 
current which flows through the reactor, 
and the drop across the reactor. 


Ja* — J -h ijn 


1+^) (13a) 


Ex = hZx (13b) 

The tap voltage Ei is the input voltage 
Et plus the drop across the series reactor 

E 2 ^ Et "h Eg == I{Zi “H 4“ FgZg 

= J ( 2 , + Za + Za + ^* j' -Z,^ 


and obviously 

Zs ^ Zi Za Zg Zg (15) 

Also, the current in the auxiliary capaci¬ 
tor 


( 3 ) 

to which is added Ig to get the current 7i in 
the coupling capacitor. 




Zm Zi / 


The voltage drop across the coupling 
capacitor ishZi =» Ei and the line-to-ground 
voltage is given by 

E « E, + E 2 


^l{z, 

= / (zi 


z, + Z. + ~ + Z, |l )( 6 ) 


+ ^Z.+ ^*^^ -Zi) (17) 


In (17) A is defined as 
, Zi + ^2 


Now re-insert the value of Zs from (16), 
divide by A, rearrange, and obtain 

I ./|3! + (S + Z,)(i + ;^) + 


Zi + Zd 


Zg-\-Zgi^{l9) 


LetE = H-~^ (20) 

AZtn 

and then substitute K in (19), rearrange, 
and divide by K and get 






LetE = 1 + 


and substitute B in (21) and obtain, after 
rearranging and dividing by B 


--‘i 

AKB \ 


7 -U 7 I 


- J(Z, + Z„) (24) 

In this equation (Z» -|- Zj) is the im¬ 
pedance of the network plus the load when 


viewed from the capacitance tap and Z» 
is defined as 

From (24), (11), (12), (13&), the following 
are obtained 


Load current / = 


AKB Zi -h Zn 


Load voltage E 2 = 


AKB Zi + Zn 


E Zi -f- Zg 
A KB Zi + Zn 


The volt-ampere output of the device is 
the product of the load voltage and the load 
current, both net values. 

VA - Ell (30) 


Ei^ 

“ zT 

From (26), 


E 

El AKB 
Zn 


and then 


1 --^ 

JEJS, EjAKB 


The expressions for the volt-amperes out¬ 
put can be put into a different form as 
follows. Let 


and write E as E^^ in which ^ is the angle 
from El to E, and is the factor which 
expresses the vector phase position of the 
voltage E in relation to the voltage Ef. 



Figure 8. Potenfial device with phase angle 
reactor in high-voltage side of transformer 



Figure 9. Potential device with phase angle 
reactor in low-voltage side of transformer 
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Except when written in this manner E is 
a vector. When these values are inserted 
in (33) there results 

_^- 

mEEi mEJAB 

VA - — (35) 

It can be shown that the quantity ZifAK 
is the same as Zi, Zt, and Zm, hi parallel, 
and knowledge of this results in the saving 
of a vast amount of labor if any calculations 
are made. The proof will be given in two 
steps to simplify it. First 


Zi ZiZi 

J “ + z* 


(36) 


which obviously is the impedance of Zi and 
Zt in parallel. Then 


Zi _Zx 1 
AK^ A Zi 
^ AZ^ 


(37a) 


from which 


Z\ Z\lA ^Z^ 

ilX “ Z« + ZxIA 


(37b) 


which obviously is the impedance of Z\IA 
and Zm in parallel. Therefore ZilAK may 
be written 


The equations are 


Zn - 


(38a) 

or 



Zn - 


(38b) 

jE,- 

E Zi 

(39) 

AK Z, + Zn 

Ei = 

E Zt + Zis 

AK Zt + Zn 

(40) 

En - 

E Zn 

(41) 

AK Zi -1- Z* 

mEEi mE/A 

A Zn 

(42) 


Appendix III 

Case 4 — Fiptrell — Zero-Sequence Voltage. 
One Transformer and Three Capacitors^ 
This coimection is used to obtain zero- 
sequence voltage. The load voltage 

El « JZi (U) 

and the tap voltage 


. b_1 


- -1 c 1 _ 









Figure 18. Three potential devices end three 
coupling-capacitor assemblies used for obtain¬ 
ing zero-sequence voltage 


and then the solution of these equations is 


E - ^ 

•“* AK Zt+Zn 

(50) 

Zj + Zox 

AK Zt + Zn 

(51) 

_ ^ 

„, mEoEi mE/A 

A Zn 

(52) 


Note that in these equations K is different 
because the network is different in detail. 


AK 1/Zi 4-1/Z,-H 1/Zm 

The equations for the case with the series 
reactor in the high-voltage side of the trans¬ 
former can be used as the general case and 
all others derived therefrom. 

Case 2—Figure 9—Series Reactor in Low- 
Voltage Side of Transformer; Case 3 — 
Figure 10—Series Reactance Inherent in 
Tran^ormer, For these two arrangements 
the factor B becomes unity and the series 
reactance, whether inherent in the trans¬ 
former, or in the low-voltage side, may be 
dealt with as one term except for one 
reservation. If the reactor is external to the 
tran^ormer the drop across it may be 
calculated separately from the drop in the 
transformer itself. 


E, = J(Zt + Z«) (43) 

from which the exciting current 

- f- («a) 

and the current in the auxiliary capadtors 



(3) 


/j 


- Zi -h Zdx 
Z, 


(45) 


The current in the coupling capacitors 


h « J‘+/m + 3 


(46) 



Rgure 10. Potential device with phase angle 
reactance Inherent in transformer 



Figure 11. One potential device and three 
coupling-capacitor assemblies used for ob¬ 
taining zero-sequence voltage 


h « JI 1 + (Zj -J- Zaat) 




(47) 


Assume that the current h divides among 
the three coupling capacitors in the pro¬ 
portions a, b, and c so that a + b c => 1, 


and then 


Ea *“ I(Zi + Zosb) 4" 
r i 

'Zt . 3^A1 
\Z„ z* )\ 

aj|z,+(Z,+Zto)( 

JS» - I(Zt + Zin) + 

'Zt . 3Z,\”| 
kZ„'^ 2, )\ 

bI^Zt+(Zt+Ztn)( 

Ec I{Zi + Ztfic) + 

m)] 

d j^Zi+(^J+^<te) 1 


in which Eat and Ec are system voltages 

line to ground. Let 


Zi 

ZAK 


+ Zdx 


(49) 


Appendix IV 

Cases—Figure 12 — Zero-Seguence VoUage; 
Three Tran^orm&rs; Three Coupling Capaci¬ 
tors* Rearrange (39) and get 


^-s + /z. 

(53) 

Write Ep for E/AK and E, for the 
secondary (low) voltage of the transformers, 
and then for the phases a, b, and c, respec¬ 
tively 

Kap “ -Efla “1- IZan 

Eftp “ Efta + IZjni 

Ecp ** Ect + IZcn 

(54) 

Add and write 


Eap + Eftp 4- Ecp 

Mop “ 3 

(55) 

El "* Eas 4" Mbs 4“ Mcs 

(56) 

.. Zan 4“ Zfta 4“ Zen 

Zon 3 

(57) 


(11) 

and then 


8Z, 

“■®«'Z, + 3Z«. 

(58) 

ZZan 

Eos -Enp- Bn, 

(59) 


The other phase voltages as well as the 
voltage drop across the series reactance can 
be determined in a similar manner. 

It should be noted that in this case the 
power factor correction capacitor Ca is not 
included in the load and, therefore, must be 
included in Zn for each transformer. 
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List of Symbols 


W Watts taken from the circuit 
VA « Load volt-amperes 
E » Circuit voltage—line to groimd 
El * Load or burden voltage 

as Voltage drop in transformer im¬ 
pedance 

aa Voltage drop across series imped¬ 
ance 

Edx Voltage drop of combined trans¬ 
former and series impedance either 
when latter is inherent in trans¬ 
former, or in output side 
Ei *= Tap voltage, or voltage across high- 
voltage side of transformer when 
auxiliary capacitance is not used 
El **= Voltage across coupling capacitors 
Et sa Voltage on input side of trans¬ 
formers, used when series reactor is 
on high-voltage (input) side of 
transformer 

Ea, Et, Ec « Respective phase voltages to 
ground 

Ex Pseudo primary voltage of trans¬ 
formers = EJAK 

B =» Secondary voltage of transformer 
J =» Load current. — burden plus com¬ 
pensator, i.e., net 

/to =* Exciting current of transformer 
Jj ■» Current in auxiliary capacitor 
Ji « Current in coupling capacitor 
Ix ** Current in series reactor when it is 
on the high-voltage (input) side of 
transformer 

Zi ** Impedance of load-burden plus 
compensation, i,e., net 
Zd « Impedance of transformer windings 
Zx « Impedance of series inductance 
Zdx “ Combined impedance of trans¬ 
former and series inductance either 
when latter is inherent in the trans¬ 
former, or in the output side 
Zto « Exciting impedance of transformer 
Zi ■“ Impedance of coupling capacitor 
Z% = Impedance of auxiliary capacitor 
Zn “ Impedance of network when viewed 
from the potential tap 
Ztt, Ztx = Phase impedances of ddta- 
connected burden 

d « Angle between the net load voltage 
El and net load current / 

^ B Angle between net load voltage and 
the circuit Kne-to-ground voltage 
a *» Angle between E% and E 
*» Angle between E and Ei 
k ^ Angle associated with 1/K 
Cl Coupling capacitor 

Ci ** Auxiliary capacitor 
Q ss Power factor corrective capacitor 
Z Z 

^ -A——? SB Reciprocal of the ratio 

Zj 


B 

K 


of the tap voltage to the circuit 
line-to-ground voltage at no load 


1 + 


KZff, 

Zi 


1 -1- —^ one transformer, mid 

AZfn 

one coupling capacitor 


^ 1 _ 

AK " 1/Zi + I/Z 2 + 1/Zto 


K “ 1 H-one transformer, and 

3AZto 

three coupling capacitors 
Zi _ _1_ 

ZAK ” 3/Zi + 3 /Z 2 + 1/Zto 

5'”'* 

a,b,c^ Used as subscripts to indicate the 
respective phases 


Discussion 

L. F. Kennedy (General Electric Company, 
Philadelphia, Pa.): The use of capacitance 
potential devices for relaying purposes has 
not been very great because most engineers 
were inclined to question their accuracy, 
Mr. Clem has covered the factors affecting 
accuracy and at the same time given the 
accuracy requirements for different classes 
of service. The knowledge of what affects 
the accuracy and the broad requirements 
given should certainly be helpful in deter¬ 
mining when and where these devices may 
be used. 

In connection with the application re¬ 
quirements, it should be borne in mind that 
the figures of accuracy given in the paper 
are naturally those applying to the general 
case of application of the specific relay in¬ 
volved. There will be limiting cases with 
the different types of relaying wherein 
greater accuracy than that specified in the 
paper will be necessary. I feel it is suf¬ 
ficient merely to call attention to this fact 
and that all of us will be eble to recognize 
those cases requiring greater accuracy when 
they arise. 

The causes of errors in the potential de¬ 
vice are in at least two cases of particular 
interest to the relay engineer. First, M[r. 
Clem points out that the use of a closed 
magnetic circuit in the gross load may in¬ 
troduce an error and even a t 3 q)e of oscilla¬ 
tion under certain conditions. Some relay 
devices of necessity contain closed magnetic 
circuits, but it seems that the difficulty 
pointed to by Mr. Qem can be avoided 
even though these closed magnetic circuity 
are used, provided their volt-ampere char¬ 
acteristic is linear over the operating range. 
As an example of this, a recent case showed 
that oscillation was caused by the use of a 
wye/delta auxiliary transformer for ob¬ 
taining zero-sequence voltage. The origi¬ 
nally installed trmisformer had the satura¬ 
tion curve ^own by A on figure 1 of this 
discussion. The substitution of a different 
auxiliary transformer which did not saturate 
until a much higher voltage was impressed, 
as indicated by F, eliminated the tendency 
to oscillation. I should like to have Mr. 
Clem specifically say whether any trouble 
is liable to be encountered with a linear 
burden. If a linear burden does avoid these 
troubles, then the burden under all condi¬ 
tions is the important factor rather than the 
presence of a closed magnetic circuit. 

Mr. Clem has pointed out that incorrect 
relay operation has resulted because of the 
transients which are inherent in these 
potential devices. Since these incorrect 
operations were caused by a combination of 
transients produced by potential devices 
and also by transients in the current circuit, 
the means adopted to prevent incorrect 
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operation actually were applied to current 
relays in the equipment. To prevent opera¬ 
tion on the type of transient shown in 
figure 2a, wherein there is a relatively low- 
frequency current present caused by the 
decay of the d-c transient, a high-speed in- 
duction-t 3 rpe relay was used which would 
not respond to this low frequency but would 
operate in approximately one cycle of 
normal system frequency. In the second 
case, figure 26, in an application involving a 
magnetic type of relay, incorrect operation 
was avoided by means of a by-pass shimt 
in parallel with the relay coil providing a 
path for the high-frequency current. 

Mr. Clem has pointed out that the 
potential supply from the capacitance de¬ 
vices has certain transients not encountered 
with potential transformers. It is possible 
theoretically to analyze the expected per¬ 
formance of relays from a supply of this 
kind. It appears safe to say that the 
transients which are present will not cause 
any incorrect operations. They may result 
in slightly slowing up some of the higher 
speed types but that appears to be all. 
There is, however, a great lack of any con¬ 
clusive field results to verify these theoreti¬ 
cal conclusions. It would seem to be in 
order to have a review made of the operating 
experience with various types of relays used 
in conjunction with potential devices in 
order that their application could be put on 
the firm basis which always comes from 
fidd verification of theoretical considera¬ 
tions. 


J. W. Farr (General Electric Company, 
Pittsfidd, Mass.): The more important 
causes for potential device inaccuracies such 
^ leakage, changes in burden, system 
voltage, frequency, and temperature, and 
transients have been briefly discussed in 
Mr. Clem's paper. 

The amount of error resulting from these 
causes is mostly dependent on the design 
and circuit arrangement of the potential 
device. 

The following discussion of Mr. Clem's 
paper applies particulariy to ratio and phase- 
angle errors in a resonant-circuit device 

Electrical Engineering 



when caused by changes in burden and 
system voltage. 

The resonant potential device consists 
essentially of a voltage transformer for 
stepping down the tap voltage E% to a suit¬ 
able value for operating relays, instru¬ 
ments, etc., and series inductive reactance 
Zx or Zax for adjusting the over-all circuit 
reactance to approximately zero, so that 
the phase angle will be substantially zero 
and the circuit will have a minimum amount 
of regulation. The series reactance may be 
obtained by connecting a suitable reactor in 
series with either the primary or secondary 
side of the transformer or it may be ob¬ 
tained as an inherent characteristic of the 
transformer itself. 

Therefore, in general, three methods or 
arrangements may be used in designing the 
resonant-circuit device. These will be re¬ 
ferred to as follows: 

Case A —^Voltage transformer with series reactor in 
the primary or high-voltage ride. 

Cose B—Voltage transformer with series reactor in 
the secondary or low-voltage side. 

Case C—Voltage transformer with inherent react¬ 
ance characteristics. 

The following comparisons are made to 
indicate which of these circuit arrangements 
should be most satisfactory from the stand¬ 
point of both operating characteristics and 
economy of construction. 

Case A and B each use a separate trans¬ 
former for stepping down the voltage and a 
reactor to provide the required inductive 
reactance. Taps are contained in both the 
transformer and the reactor for making 
adjustments. 

However, cases A and B, differ in that the 
reactor is placed in the primary circuit and 
secondary circuit of the transformer, re¬ 
spectively. The reactor in case A must be 
designed to stand the primary circuit volt¬ 
ages and consequently results in a much 
larger and more costly device. However, 
this design has higher accuracy and burden 
rating for two principal reasons. 

First, the transformer operates at nearly 
constant voltage regardless of load, and its 
core loss and exciting cmxent are, therefore, 
constant. 

Second, the load current required to 
supply the internal losses of the trans¬ 
former must pass through the reactor as 
well as the bushing capacitances. The net 
reactance drop (regulation) caused by the 
transformer loss is, therefore, small. 

The reactor in case B can be built at low 
cost because of the low insulation require¬ 
ments- This circuit arrangement has the 
following disadvantages. 

First, the voltage across the transformer 
windings is a function of the burden be¬ 
cause the reactor is in series between the 
burden and secondary winding. The core 
loss and exciting current of the transform^ 
are nonlinear values, varying with this 
voltage. This leads to considerable circuit 
regulation with change in burden. 

Second, the load current reqmred to ex¬ 
cite the transformer is taken directly from 
the tap plate of the bushing and ^eatly re¬ 
duces the available output by causing a high 
capacitive reactance voltage drop at this 
point in the circuit. 

The arrangement in case C entirely 
eliminates the separate reactor. The re¬ 
quired inductive reactance is obtained as a 
leakage reactance characteristic of the 


transformer. This circuit is advantageous 
because the same high degree of accuracy 
and burden carrying capacity of the case A 
arrangement is obtained, yet the small size 
and economical construction of the case B 
arrangement is realized. 


T. M. Blakeslee (Los Angeles Bureau of 
Power and Light, Los Angeles, Calif.): 
Mr. Clem*s paper clears up considerable 
ambiguity that has surroimded the opera¬ 
tion of capacitance potential devices. The 
Los Angeles Bureau of Power and Light has 
made extensive use of these devices for 
supplying relay potentials, hot line indica¬ 
tion, and synchronizing on the Boulder Dam 
to Los Angeles transmission lines and has 
employed them for hot line indication and 
S3mchronizing on 110-kv and 132-kv cir¬ 
cuits. The devices have been generally 
very satisfactory. 

In connection with the operation of the 
resonant device the importance of the 
ground connection on the auxiliary capaci¬ 
tor is not always appreciated. T\^en the 
device is used for carrier coupling the 
carrier equipment designer sometimes re¬ 
quires a fuse in the auxiliary-capacitor 
ground lead although just what protection 
this fuse offers to the carrier equipment is 
not dear. If the device is also used for 
supplying directional relay potential serious 
consequences are liable to ensue should the 
auxiliary-capacitor ground circuit become 
open by the mechanical failure of the fuse 
or by any other cause. 

The curves presented in figure 2 of this 
discussion show the change in phase angle 
and ratio of the resonant capacitor poten¬ 
tial device that may be expected to result 
from opening the auxiliary-capacitor grotmd 
lead. The curves in this figure are based 
on the correct adjustment of the potential 
device prior to the opening of the auxiliary- 
capadtor ground lead. 


P. O. Langgttth (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.); The author’s paper is timdy 
in reviewing the application of the various 
arrangements of capacitance potentid de¬ 
vices. It illustrates the changes necessary 
to meet present day requirements of the 
industry although differing little funda¬ 
mentally from the method originally de¬ 
scribed by us in 1028. As pointed out by 




Figure 2. Typical ratio and phase-angle 
curves of resonant coupling-capacitor potential 
device resulting from opening the auxiliary- 
capacitor ground connection 


the author, it is necessary to review the 
requirements of each application and com¬ 
pare them with the inherent limitations of 
potential devices to prevent unsatisfactory 
fidd experience. Field tests described by 
us in 1932 indicated satisfactory operation 
of the most usual rday schemes involving 
the several different potential devices. 

The effects of electrostatic leakage and 
transients are probably the most important 
of the accuracy considerations mentioned 
by the author. The problem of leakage in¬ 
volves the design of insulation surfaces and 
also elimination of parts exposed to the 
weather. Unit construction such as illus¬ 
trated in figure 3 of this discussion elimi¬ 
nates the hazards of exposed connections 
between the tapped capacitor stack and the 
potential network. Early experience with 
bushing potential devices indicated the 
necessity of adequate insulation of the tap 
connection. Succeeding designs have intro¬ 
duced improvements in insulation so as to 
eliminate varying leakage conditions and 
resulting varying errors with different 
weather conditions. 

Experience has shown that the secondary 
transient during a fault may be more 
detrimental to relay operation than when a 
circuit is switched on and in some cases this 
point must be carefully considered in the 
design of the secondary circuit. For ex¬ 
ample, a high-speed directional dement on 
good lines may operate incorrectly due to 
the damped-wave oscillation of the poten¬ 
tial device which does not immediatdy go to 
zero. Suitable precautions in the design of 
the secondary circuit of the device are 
necessary so that these damped-wave oscilla¬ 
tions will not cause an apparent reversal of 
power on the relays that should not trip. 
This is particularly true of the high-speed 
directional watt dement which functions in 
one cyde or less and, therefore, follows the 
damped-wave oscillation. The magnitude 
of the damped wave is of assistance rather 
than a hindrance to the watt dement pro¬ 
vided the phase shift does not cause re- 



Figure 3. Capacitor potential device, 115 kv 
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versa! and thereby tmdesired tripping. 

We axe somewhat surprised at the ap¬ 
parent difficulty which has been experienced 
with auxiliary potential transformers. We 
have employed them consistently in the 
past to obtain zero-sequence voltage. The 
phenom^on of two stable operating points 
for circuits involving capacitors and saturat¬ 
ing reactances is well known. With proper 
consideration of the saturating character¬ 
istics of the potential transformers, either 
main or auxiliary, danger of operation in the 
saturated region with attendant bad wave 
form may be avoided. The use of auxiliary 
transformers to obtain zero-sequence volt¬ 
age has the advantage of requiring fewer 
wires between the potential source and the 
switchboard. Attention is called to figure 
6 of the paper in which the adjustment 
transformer is an auxiliary transformer. 

The performance characteristics of the 
zero-sequence arrangements may be much 
more simply analyzed by the method of 
symmetrical components. This involves 
recognition of the fact that the output cur¬ 
rent and voltage are a function of Ihe zeror 
sequence voltage of the line only, so that 
the zero-sequence impedances of capacitors, 
reactors, and transformers may be used in a 
simple single phase equivalent circuit to 
determine the load voltage E\ and the out¬ 
put, VA, This volt-ampere rating is a 
function of the primary zero-sequence volt¬ 
age. This voltage varies considerably with 
the system conditions, but for standardiza¬ 
tion of ratings it should be based on a pri¬ 
mary zero-sequence voltage equal to the 
normal phase-to-neutral voltage rating of 
the coupling capacitor or bushings. 


1>* B« Masters (The Commonwealth & 
Southern Corporation, Jackson, Mich.): 
This paper forms a very interesting pres¬ 
entation of the characteristics and inherent 
limitations of capacitance potential devices. 
It is encotiraging to note that great im¬ 
provements have been made since the 
device was first developed and that it is 
finding an increasing field of application. 
Changes in design have evidently been 
made which decrease sources of error and 
permit a more accurate prediction of operat¬ 
ing performance. 

In considering their use as a source of 
potential for certain tsrpes of relays, it is 
evident that the effect of the device’s limita¬ 
tions upon the relay’s operation should be 
thoroughly investigated. This would seem 
especially pertinent with regard to re¬ 
actance-type relays in which the permissible 
ratio error and phase-angle error are quite 
limited. 

The gross input to the device is given in 
equation 10. It is our understandmg that 
the net output is the above value less the 
losses. It is stated that the rating of the 
resonant devices are less than the possible 
net to insure suitable characteristics. What 
factors in the resonant circuit cause this? 
This seems to permit considerable latitude 
in the permissible output rating a manu- 
fiicturer can assign to the device. It would 
seem highly desirable to define performance 
characteristics so that ratings of the various 
types of devices would be on the same basis. 
It would also seem desirable to give ratings 
in volt-amperes as is the case for potential 
transformers. 

In the nonresonant device, the phase 


angle between the primary and secondary 
voltages can be varied from 30 degrees to 
160 degrees. Is the ratio also variable and 
what is the range? In the resonant device 
it is stated that the voltage can be adjusted 
in one per cent steps and phase angle in 
one-degree steps. Over what range can 
these adjustments be made? 

Curves and data are given which show 
the variation in phase-angle and ratio- 
correction factors for various values of 
operating voltage. It would be interesting 
to know what the effect of operating a given 
voltage rated device at a lower system 
voltage is on the phase angle and ratio for 
the permissible burden and accuracy; as for 
example, a 154-kv device operating on a 
138-kv system. 

In the general discussion and analysis of 
network circuits it is not stated whether the 
system neutral is grounded or isolated. 
Can it be said that the device is equally ap¬ 
plicable to either system or are there certain 
limitations inherent to the one system not 
encountered in the other? 


E. H. Bancker (General Electric Company, 
Schenectady, N. Y.): The old adage about 
'’the proof of the pudding” is still as valid 
as when it was first written. It is actual 
experience with the making and using of a 
device that eventually results in the ironing 
out of the wrinkles and the establishment of 
confidence in its ability to perform certain 
functions for the benefit of society. The 
author of this paper has been intimately as¬ 
sociated with potential devices almost from 
their inception and knows both their design 
characteristics and the operating char¬ 
acteristics which have been experienced with 
those in service. In his paper he makes 
available to everyone the experience gained 
from his association with these devices, so 
that it is possible to make an intelligent ap¬ 
plication of potential devices for the supply 
of voltage to different pieces of equipment 
with knowledge of what may be expected 
in the way of results. The mathematical 
analysis given in the appendix makes it 
possible to calculate the performance under 
almost any operating condition which users 
should find convenient for those instances 
where the usual ratio and phase-angle cor¬ 
rection factor curves do not give sufficient 
information. This paper should be most 
helpful in applying potential devices in the 
future. If used with full knowledge of the 
results that can be obtained, potential de¬ 
vices become an extremely useful tool in the 
equipment of the utility engineer. 


J. E. Clem: It is very pleasing to note that 
the discussions are in general of a construc¬ 
tive nature. Mr. Kennedy asks definitely 
whether a btuden containing a closed 
magnetic circuit will be liable to cause 
instability if the characteristic is linear over 
the range of operating voltages. Such a 
btnrden will not cause instability. Mr. 
Kennedy also mentions the fact that it 
would be desirable to have field verification 
of the various conclusions reached in the 
paper. Some of the conclusions in the 
paper actually are based upon field experi¬ 
ence, but it is admittedly desirable that a 
record of additional field results would be 
very hdpful. 

Mr. Farr’s discussion is ve^ helpful since 


he points out the three methods by which 
the necessary reactance may be obtained 
and outlines the reasons for the choice of 
the present standard tsrpe of construction. 

It is very encouraging that Mr. Blakeslee 
reports very satisfactory experience from 
the use of these devices. A fuse in the 
auxiliary-capacitance ground leads serves 
no essential purpose and may well be 
omitted. The curves submitted by Mr. 
Blakeslee indicate that the presence of the 
fuse may be a liability. 

It is pleasing that Mr. Langguth’s dis¬ 
cussion emphasizes several of the points 
brought out in the paper. However, the 
adjustment transformer in figure 5 is an 
auxiliary transformer in appearance only. 
In the design of the device the magnetic 
characteristics of the main transformer as 
the adjustment transformer are treated as a 
unit. A little further perusal of the paper 
will bring out the fact that the equations 
given for zero-sequence voltage give the 
same result as those which might have been 
obtained using the ssrmmetrical-component 
method. The equations in the paper give 
consideration to the fact that the magnetic 
characteristic of the device is nonlinear. 

Mr. Masters, in his discussion, a^ 
several pertinent questions. The rating of 
the resonant device is less than the maxi¬ 
mum possible output in order to keep within 
desirable phase-angle errors and ratio- 
correction factors. The present \mtt rating 
of these devices is above the maximum that 
has been required in any to which they have 
been put to date. 

The ratio of the nonresonant device is 
subject to control as shown in figure 4 of 
the paper. Taps are provided so that the 
operating tap voltage may be of any value 
between 100 per cent and 60 per cent. 
Ordinary changes in load voltage can be 
taken care of by the auxilkuy burden. 

The resonant device is designed so tihat 
the correct voltage ratio may be obtained 
by means of adjustment in one per cent 
steps in voltage and one-degree steps in 
phase angle. Correct volta^ ratio may be 
obtained at any burden within the rating of 
the device. The range of adjustment is 
selected from consideration of the tolerance 
permissible in the manufacture of the 
coupling capacitor and of the auxiliary 
capacitor. 

The effect of operating a device designed 
for one circuit voltage on another circuit 
voltage depends, to a certain extent, upon 
the type of device and on the relative volt¬ 
ages. The foregoing, of course, refer to a 
complete assembly of coupling capacitor, 
auxiliary capacitor, if used, and potential 
device. The potential device itself is the 
same regardless of circuit voltage. A non¬ 
resonant potential device would have its 
output decreased directly in proportion to 
the decrease in circuit voltage. If the 
change in the circuit voltage was not too 
great, the output of the nonresonant device 
would not have to be reduced nor would its 
characteristic curves be changed. If the 
change in circuit voltage is too great it 
would be impossible to get correct adjust¬ 
ment of ratio and phase angle on a resonant 
device. 

These devices indicate line-to-ground 
potential irrespective of whether the neutral 
is grounded, and are equally applicable to 
grounded,or nongrounded circuits for that 
purpose. 
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The Current-Limiting Power Fuse 

By D. C. PRINCE E. A. WILLIAMS, JR. 
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F uses may be used on large central 
station and industrial systems in lo¬ 
cations where a high interrupting capacity 
is required. The conventional fuse may 
clear a short circuit in a half cycle or 
several cycles. Associated apparatus is 
subjected to electromagnetic forces pro¬ 
duced by the high momentary currents. 
Good engineering practice dictates that 
all disconnecting switches, contactors, 
motor starters, etc., shall have short-time 
current ratings at least equal to the initial 
root-mean-square fault current which the 
system is capable of producing at the 
point of installation. Where these cur¬ 
rents are extremely high, a saving in size 
and expense of such apparatus can be ef¬ 
fected if the required short-time current 
rating can be reduced. Many attempts 
have been made and accomplishment has 
been achieved by the use of a fuse which 
consistently limits the initial peak current 
to a fraction of that available in the cir¬ 
cuit. The purpose of this paper is to de¬ 
scribe the new fuse. 

The economic value of a power fuse 
may be materially enhanced if it has, in 
addition to the usual requirements, the 
following features: 

1. Adequate interrupting capacity for in¬ 
stallation in modem central station and in¬ 
dustrial systems. 

2. Ability to limit the short-circuit current 
to a magnitude well below that which the 
system is capable of producing. 

3. Ability to interrupt high currents with¬ 
out the generation of gas which must be 
discharged to the atmosphere or dissipated 
in a high-pressure container. 

4. Silent operation with no discharge of 
metal parts, liquid, gas, or solid matter. 

5. Suitable means of readily detecting a 
blown fuse. 

Fuses having these desirable featiures in 
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some degree, have been made available in 
Europe by Allgemeine Elektricitfits- 
GeseUschaft, Siemens-Schuckert, Brown- 
Boveri, Soci4t4 G4n4rale de Construc¬ 
tions Electriques et M4chaniques, and 
others, and have been partially described 
in European publications as indicated in 
the bibliography. These fuses, as manu¬ 
factured by the various European com¬ 
panies, are similar in general design but 
differ in details of construction, in ma¬ 
terials employed, and in published in- 



fuse 

terrupting ratings. A new fuse has now 
been developed in the United States, and 
the authors consider it to be an improve¬ 
ment over the foreign fuses in these three 
respects. It is hoped that the material 
presented in this paper will be of value to 
the European engineers in extending their 
knowledge of the operating characteristics 
of this general type of interrupting device. 

Construction, of Fuse Umt 

The new current-limiting fuse consists 
of an interrupting element of one or more 
main conductors wound on a supporting 
core and embedded in a granular inter¬ 
rupting medium. To these parts are 
added a housing, terminals, indicator, and 


thermal chambers as shown in figure 1. 

The main conductors are pure silver 
wires and the supporting core is high- 
temperature ceramic material. The ends 
of tile wires are welded to copper con¬ 
nection strips which are in turn welded 
to the terminals or ferrules of the fuse 
unit. The interrupting medium is in the 
form of granular quartz and surrounds the 
conductor wires and occupies the space 
between the core and the I^ex fuse tube 
in which the entire assembly is sealed. 
The granular quartz is prevented from 
coming in contact with a short length of 
the conductor wires, at their centers, by 
a number of thermal chambers which are 
formed from high-temperature ceramic 
material. 

A target wire is welded to the upper 
connection strip and passes through a 
hole in the center of the core and ter¬ 
minates in a chamber at the bottom con¬ 
taining a small quantity of gas-produdng 
chemical. A thin copper target is lo¬ 
cated below the chemical chamber and 
is arranged so that it is cupped inwardly 
until the blowing of the fuse causes it to 
reverse its curvature as indicated in 
figure 1. 

Every material used in the current- 
limiting fuse, with the exception of the 
target diemical, is inorganic in nature and 
is subject to the minimum amount of 
corrosion and deterioration. It is pos¬ 
sible to use a wide variety of materials 
for each of these components but the re¬ 
sults of several years of research in this 
country and Europe indicate that the ma¬ 
terials described in this paper provide the 
most efficient operation of any now avail¬ 
able. It is reasonable to expect, however, 
that further research will uncover new 
and improved materials which will in¬ 
crease the efficiency of the fuse without 
altering the fundamental principle of cir¬ 
cuit interruption. 

Operation 

The interruption of an electric circuit 
by any device is accompanied by the re¬ 
lease of system energy in the form of an 
arc and is followed by voltage disturbance. 
In a given circuit, the amount of energy 
released in the arc depends upon arc volt¬ 
age, current, and the duration of arcing 
time. Modem improvements in opera¬ 
tion of circuit-intermpting devices have 
been based principally upon limiting the 
duration of the arc and upon efficient dis¬ 
sipation of arc energy. A reduction in the 
magnitude of arc current has offered a 
fertile field for development which, until 
the advent of the current-limiting fuse, 
had hardly been touched. 
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Fisure 2. Reproduction of typical magnetic 
oscillogram of fuse operation 


The current-liiniting action of the fuse 
is best explained by reference to the re¬ 
production of a typical magnetic osciho- 
gram of a high-current test, figure 2, 
which shows the actual current and the 
current which would have existed had the 
fuse not been in the circuit. The short 
circuit begins at a, the silver wires vok- 
tiHze and arcing begins at and the cir¬ 
cuit is interrupted at d, A short-drcmt 
root-mean-square current of 60,000 am¬ 
peres is thereby limited to a maximum 
(peak) of 2,000 amperes. 

When the silver wires volatilize at 
the silver vapor expands to approximately 
400 times the volume originally occupied 
by the wire. The force of the expansion 
throws all of the silver vapor out of the 
arc path and into the space between 
quartz granules. It condenses on the sur¬ 
face of the relatively cool granules and is 
no longer available for current conduction. 
The arc is thereby confined to the small 
space previously occupied by the silver 
wires. This results in an intimate 
physical contact between the hot arc and 
the cool quartz granules which causes an 
exceedingly rapid transfer of heat from the 
arc tp the quartz granules. Most of the 
arc energy is dissipated in this heat trans¬ 
fer as the pressure generated in the fuse 
is practically negligible. 

The volatilization of the silver con¬ 
ductors and the sudden removal of the 
vapor from the arc path has the effect of 
suddenly inserting a very high resistance 
into the circuit at the instant that the 
silver wires melt, If the mdting occurs 
before the short-circuit current reaches its 
normal initial peak magnitude, the rise of 
current is cut off and the current rapidly 
decreases to a magnitude, Ct figure 2, well 
bdow that at which mdting occurred. 
At point c suffident resistance has been 


inserted to produce a power factor ap¬ 
proximating unity and the remaining de¬ 
cay of the current is practically in phase 
with the voltage. Thus the current- 
limiting fuse tends to select the most 
favorable instant, the normal zero of 
both current and voltage, for final inter¬ 
ruption with minimum disturbance. 

The fuse functions as a current-limiting 
device on all currents which melt the con¬ 
ductor wires before the current reaches its 
initial normal peak. Obviously, the fuse 
cannot limit a current which reaches its 
peak before the conductor wires mdt. 
Low currents cause the conductor wires 
to mdt within the thermal chambers and 
to bum back toward the terminals at a 
rate which is dependent upon the cur¬ 
rent magnitude. On extremely low cur¬ 
rents (currents requiring 30 minutes or 
more to mdt the conductor wires) the arc 
may exist for several cydes before a gap 
of suffident length to interrupt the circuit 
is introduced. 

During the arcing period, the quartz 
granules in the vidnity of the arc mdt 
and upon cooling form a hollow shell or 
fulgurite consisting of fused quartz and 
a small percentage of silver. The ful¬ 
gurites have a dielectric strength, when 
cold, in excess of 10,000 volts per inch. 
Figure 3 shows a core with the main con¬ 
ductors before the fuse has functioned 
and the same core with the fulgurites 
formed during operation. 

The operation of this novd interrupting 
prindple at high currents inherently in¬ 
troduces new conditions which are not 
encountered with devices of a more con¬ 
ventional nature. The volatilization of 
the silver wires and the insertion of a high 
resistance into the drcuit creates a volt¬ 
age surge with a magnitude which fs a 
function of the current at the instant of 
mdting, the ohmic value of the resistance 
inserted, and the constants of the circuit. 
In devdoping this new fuse, the three 
factors affecting the surge voltages have 
been carefully studied with many cathode- 
ray oscillograms of both voltage and cur¬ 
rent. The crest of the surge voltage is 
far bdow the corresponding basic im¬ 
pulse insulation levd^ and the maximum 
surge voltage only slightly exceeds the 
crest of the 60-cyde AIEE one-minute 
test for rotating machines.® 

Design and Tests 

Some of the earlier known fuses con¬ 
sisted of a metallic conductor surrounded 
by an interrupting medium of granular 
or powdered materials. Thousands of 
these older devices are now in service in 
the form of low-voltage cartridge fuses, 


high-voltage potential transformer fuses, 
and a limited number of high-voltage 
power fuses. In general, the operation of 
these devices produces pressures which 
are liable to disrupt the fuse tube if the 
current exceeds a few thousand amperes. 
The operation of the high-voltage de¬ 
signs on extremdy low currents is ques¬ 
tionable unless some mechanical means® 
is provided to remove the conductor from 
the tube. The current-limiting action of 
these older fuses is practically nonexist¬ 
ent. With this background of mediocre 
success previously experienced with to¬ 
tally enclosed fuses, the design of a high- 
interrupting-capadty restrained-pressure 
fuse of this general type seemed, at first, 
to be impossible. However, “the impos- 
sible“ has again been accomplished by 
taking advantage of new and improved 
materials whick were not available to the 
designers of the older fuses together witli 
new techniques and a better understand¬ 
ing of the interrupting process. 

The successful operation of the current- 
limiting fuse is dependent upon the ma¬ 
terial selected and the correct assembly 
and arrangement of all parts with respect 
to each other. The selection and arrange¬ 
ment of all materials was made by con¬ 
ducting comparative interrupting tests 
under controlled circuit conditions. The 
material or arrangement which inter¬ 
rupted a given current at a given voltage 
with the minimum length of conductor 



Figure 3. Core end conductor wires before 
end efter operetlon 
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wire was selected as optimum. The use 
of a synchronous closing switch and a 
cathode-ray oscillograph made it possible 
to differentiate quite closely between 
materials which differed only slightly in 
composition. 

The physical characteristics of the in¬ 
terrupting medium are of major im¬ 
portance as this material must; (a) re¬ 
move heat from the conductor wires dur¬ 
ing normal operation, (&) provide a con¬ 
densing surface for the metallic vapors 
during circuit interruption, (c) cool the 
arc during circuit interruption, (d) pro¬ 
duce no gas at arc temperature, and (e) 
provide sufficient dielectric strength after 
circuit interruption. A number of ma¬ 
terials were investigated and the char¬ 
acteristics of granular quartz were such 
that it was selected as lie available ma¬ 
terial nearest the ideal. 

The ceramic material used for the ther¬ 
mal chambers and the core supporting the 
conductors is exposed to arc temperatures 
at which ordinary ceramics will melt. The 
particular material for these parts was 
especially developed to maintain high 
resistivity at arc temperatures. 

The diameter and number of wires 
placed in a given tube determines the cur¬ 
rent rating of the fuse and also the degree 
of its ability to limit the actual short- 
circuit current to a fraction of that 
available in tlie circuit. The length of the 
wires, in a given interrupting medium, 
determines the voltage rating of the fuse. 
The variation in length of single wires, 
of various diameters, necessary to inter¬ 
rupt a given voltage is indicated in figure 
4. It will be noted that single small wires 
interrupt low currents with shorter wire 
lengths than those required for high cur¬ 
rents whereas the reverse is true of larger 
single wires. The use of a large number of 
wires in parallel makes possible the design 



DIAMETeh OF WIRE 

Figure 4. Length of single wires for the inter¬ 
ruption of a given voltage 


of high-current ratings with total wire 
sections larger than can be used with 
single wires. The subdivision of con¬ 
ductor wires not only reduces the current 
density in any one arc path but also pro¬ 
vides a cascading effect during low-cur¬ 
rent operation. That is, a number of 
low-current arcs in parallel are unstable 
and one arc tends to take all of the cur¬ 
rent If there are originally ten arcs in 



Fuse rating—^23,000 voltS/ 20 amperes 
Test voltage—24y000 volts 
Available root-mean-square current—5/000 
amperes 

Actual peak current—^1,730 amperes 
Total duration—0,0055 second 
Curve A —^Voltage across fuse 
Curve B —Current through fuse 
Curve C—Test generator voltage 



V 


Figure SB 

Fuse rating—^15/000 volts, 10 amperes 
Test voltage— ' 1 5,000 volts 
Available root-mean-square current—12,500 
amperes 

Actual peak current—^840 amperes 
Total duration—0,QQ56 second 
Curve A —^Voltage across fuse 
Curve B —Current through fuse 
Curve C—Test generator voltage 



Figure 5C 

Fuse rating—^15,000 volts, 3 amperes 
Test voltage—^15,000 volts 
Available root-mean-square current—^10,400 
amperes 

Actual peak current—^230 amperes 
Total duration—0.00085 second 
Curve A —^Voltage across fuse 
Curve C—Current through fuse 
Curve D—Cathode-ray-oscillograph trip 

Figure 5. Typical magnetic oscillograms 
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VOLTAGE 


450 VOLTS PER MICROSECOND 
36.3 KV-_ 


CURRENT 
MICROSECONDS 


5400 AMPERES-a^ 






VOLTAGE 


FUSE RATING -15,000 VOLTS , 50 AMPERES 
TEST VOLTAGE -15,000 VOLTS 
AVAILABLE RMS CURRENT-12,500 AMPERES 

650 VOLTS PER MICROSECOND 

29.BKV— yL. 


9300 AMPERES- 


CURRENT - 

MICROSECONDS 




VOLTAGE 


FOSE RATING - 7,500 VOLTS, 100 AMPERES 

TEST VOLTAGE - 7,500 VOLTS 

AVAILABLE RMS CURRENT -16,200 AMPERES 

1080 VOLTS PER MICROSECOND 
43.5 KV / _ 


9200 AMPERES- 


'Hum 


CURRENT 
MICROSECONDS 

FUSE RATING-15,000 VOLTS, 100 AMPERES 
TEST VOLTAGE -14,500 VOLTS 
AVAILABLE RMS CURRENT-40,500 AMPERES 

Figure 6. Typical cathode-ray oscillograms 


parallel and one of these arcs takes all 
of the current, the other nine are tem¬ 
porarily extinguished. At 10 times mini¬ 
mum melting current the one remaining 
arc is quickly and permanently extin¬ 
guished, The voltage may restrike an 
arc successively in any or all of the other 
nine paths, but each arc in turn will be 
quickly and permanently extinguished. 
The use of multiple wires, therefore, re¬ 
duces the length of wire required for low- 
current interruption to a vdue approach¬ 
ing the high-current length, indicated in 
figure 4, for single wires. 

Hundreds of interrupting tests at rated 
voltage were conducted to establish design 
data for a line of fuses in standard voltage 
ratings from 2,500 to 23,000 volts. The 
results of a few of these tests are given in 
table I. Typical magnetic oscillograms 
are shown in figure 6 and typical cathode- 
ray oscillograms are shown in figure 6. 
Tests were conducted with the fuse con¬ 
nected in the circuit near the generator 
terminals with practically no external ca¬ 
pacitance or resistance. Additional tests 
were conducted with capacitors across the 
fuse to simulate a connected transmission 
line, and again with a series reactor tend¬ 
ing to stiffen the circuit. The operation 
of the fuse was unimpaired by these 
conditions. The normal station rates of 
rise of recovery voltages were consider¬ 
ably modified by the fuse as indicated in 
table I. 

Application 

The current-limiting fuse does not ex- 
pd gas or metallic parts during operation. 
It may be completely enclosed and 
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Figure 7. Current* 
limiting charecteris* 
tics 


— (vj (<} to r- 2 

jSHORt CIRCUIT-CURRENT AVAlUAPtE IN THE CIRCUIT IN R,M^ AMPERES 


mounted with the same electrical clear¬ 
ances used for other noiiinterrupting de¬ 
vices such as disconnecting switches and 
bus-bar supports. This feature makes the 
fuse particularly advantageous for ap¬ 
plication indoors or in metal-endosed 
equipments where space economy is es¬ 
sential. 

Since the fuse cuts off the short-circuit 
current before the available peak magni¬ 
tude is reached, its application permits the 
use of associated apparatus with a lower 
short-time current rating than would 
otherwise be possible. The selection of 
connected apparatus may be made on 
the basis of the actual current which the 
fuse will pass, as shown in figure 7, 
rather than on the basis of the current 
which the circuit is capable of producing. 

As an example of the reduction in size 
of connected devices made possible by 
the use of the current-limiting fuse, con¬ 
sider a single item, the disconnecting 
switch. A 7,500-volt 1,200-ampere dis¬ 
connecting switch has a one-second rat¬ 
ing of 60,000 amperes.It is the minimum 
size switch which may be safely applied 
in a 6,600-volt 75-ampere circuit with a 
fault cunent of 35,000 amperes unless a 
current-limiting fuse protects the circuit. 
A 100-ampere fuse will limit the fault 
current to a peak of 13,500 amperes and 
permit the use of a 400-ampere switch 
instead of a 1,200-ampere switch. The 
same reasoning tnay be applied to all other 
devices in the circuit with a substantial 
over-all saving to the purchaser. 

Summary 

1. Current-limiting fuses have been 
developed and tested which will interrupt 
a short circuit well before the current 


reaches the tnavimtim value it would at¬ 
tain were the fuse not present. 

2. These fuses have many desirable 
diaracteristics such as high interrupting 
capacity, silent operation, no discharge 
of any kind during interruption, and prac¬ 
tically no pressure generation. 

3. Sudi fuses have an ideal application 
in the protection of smaH-capadty circuits 
connected to high-power buses because 
the associated devices in the circuit are 
not subjected to the heavy momentary 
short-circuit current which would exist 
were the fuse not present. 
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Table I. Typical Te$t Rculb 


Rating of Fuse 

Test--- 

Number Voltage fCurreut Voltage 


^Test Current 


Root-Mean- 

Square 

AvaiUble 


Actual 

Peak 


♦♦Recovery Rate 

Interrupting (Volts Per Microsecond)^ 

Time -:-— 

(Seconds]^ Available Actual 


1... 

.. 2,600... 

... 25. 

2... 

.. 2,600... 

...lOOe 

8... 

.. 2,600... 

... 8. 

4... 

.. 2,600... 

... 8. 

6... 

.. 6,000... 

... 20. 

,6... 

.. 5,000... 

... 8. 

7... 

,. 6,000... 

... 60. 

8... 

., 6,000... 

... 8. 

9... 

.. 7,600... 

...125. 

10... 

.. 7,600... 

...100. 

11... 

.. 7,600... 

...100. 

12... 

.. 7,600... 

...100. 

18... 

..16,000... 

... 8. 

14... 

..16,000... 

... 60. 

15... 

..16,000... 

... 60. 

16... 

,..16,000... 

... 8. 

17.. 

...23,000.. 

.... 8. 

18.. 

.. .23.000.. 

.... 8. 

19.. 

...28,000.. 

.... 8. 

20.. 

...23,000.. 

_10, 


2,600. 


.14,600. 

.16.000. 

.14,500. 


. 26,600.. 

. 26.600.. 

. 26,600.. 

. 46,400.. 

.... 2,200.... 
....10,000.,.. 
.... 660.... 
.... 770.... 

..0.0033 _ 

..0.0060.... 
0 0018 ... - 

.. 635.. 
.. 535.. 
., 636.. 

.... 140 
.... 90 

.... 180 

!!o!oo48.... 

.. 368.. 

.... 360 

.77,200.. 

.16,400.. 

. 1,200.. 

.... 2,600.... 

.... 600.... 

.... 6,000.... 

.... 660.... 

..0.0026.... 

..0.0003.... 

..0.0008..,, 

..0.0061 

.. 386.. 

.... 470 

" 450 
.. 883 



....12,800... 
....13,700... 
.... 9,900..., 
.... 9,000,... 

..0.0042.... 

..0.0033.... 

...0.0060.... 

...0.0060.... 

.. 662.. 
.. 562.. 
.. 662., 
..1,170 

.... 900 
..,.1,600 
....1,100 

. 40,600.. 

. 31,600.. 

. 40,600., 

_ 700... 

9 Ann 

...0.0042.... 
0 0060 . .. 

.. 600., 

.....1,120 
. 460 

.... o,auu... 

_ 6,800... 

.... 670... 

9 « V V* Vv W • ♦ • • 

...0.0042.... 

...0.0026..., 

..1,060., 

600. 


200.. 

. 660... 

. 986... 

. 186... 

.. .0.0042 
.. .0.0042 
...0.0107 



. 260. 

. 380... 

.. .0.0107 




^ th. veiug. w.,. 

of which the short circuit occurs as indicated in figure 7. 

t Current ratings are subject to change pending the decision reached by the joint EBI-NEMA committee 
which is now studying tins subject. 
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Table I. Initial Root-Mean-Square Unsymmetrical Short-Circuit Currents Based on Ten Per Cent 

Subtransient Reactance 


Maximum kilovolt-ampere venerating ca¬ 
pacity. 10,000 - 20,000.... 60,000.... 100,000_ 160.000 

Three-phase short-circuit kilovolt-amperes 

bwed ou 10 per cent reactance.100,000.., .200,000_ 600,000... .1,000,000_1,600.000 

Initial short-circuit current, root-mean- 
square unsymmetrical 

Amperes at 2,300 volts. 43,000_ 86,000 

Amperes at 4,600 volts. 22,000_ 43,000.... 109,000 

Amperes at 6,000 volts. 14,600.... 29,000_ 72,000 

Amperes at 18,800 volts. 7,700.... 14,600_ 36.000_ 72,000.... 100,000 


Discussion 

T. G. LeClair (Commonwealth Edison 
Company, Chicago, Ill.): The develop¬ 
ment of a current-limiting power fuse is an 
important forward step in the art of circuit 
interruption. The advantages of this prin¬ 
ciple for a-c circuits are comparable to the 
advantages of the high-speed circuit breaker 
on d-c circuits because of the reduction in 
the destructive effect of high currents. 

The paper contains a very good descrip¬ 
tion of what takes place when the fuse satis¬ 
factorily interrupts the circuit. However, I 
assume that like all other interrupting de¬ 
vices. the fuse must have an upper limit be¬ 
yond which it will fail to function. I should 
like to ask Messrs. Prince and Williams 
what determines this upper limit and what 
is the nature of the breakdown when the 
limit is exceeded. Is the limit in interrupt¬ 
ing ability measured by the ability of the 
interrupting material to absorb the power 
loss in the arc during the period between the 
melting of the silver conductor and the next 
current zero? If so, is the interrupting 
ability then somewhat a variable depending 
upon the point on the voltage wave at which 
the short circuit occurs? 

We frequently use fuses for the somewhat 
special purpose of short-circuiting a current- 
limiting reactor in order to reduce the duty 
on the circuit breaker in the event of a three- 
phase short circuit. Would this applica¬ 
tion with high reactance paralleling a fuse 
tend to increase the rate of rise of recovery 
voltage, which is already high due to the 
characteristic of the fuse itself? 

Most of the discussion of this paper is 
naturally devoted to the essential feature 
of the new development, which is the speed 
of interruption and the consequent reduc¬ 
tion of short-circuit current. Another fea¬ 
ture which is important in the application of 
fuses, and particularly one of this type, is 
the time-current curve to determine the 
melting time of the fuse element at various 
percentages of normal fuse rating. It would 
seem to me from the fact that variations can 
be made in the number and size of fusible ele¬ 
ments, that it would also be possible to ob¬ 
tain some measure of control on the shape 
and time-current curve for initial fuse melt¬ 
ing. I would appreciate some comment from 
Messrs. Prince and Williams on this point. 


O. R. Schurig (General Electric Company, 
Schenectady, N. Y.): One of the important 
advances made in the development of the 
current-limiting fuse is represented by the 
high value of the available short-circuit 
current in circuits which the fuse will inter¬ 
rupt. 

As the authors have pointed out, the fuse 
has been successfully tested, interrupting 
available short-circuit currents up to 77,000 
root-niean-square amperes. This is accom¬ 
plished without developing high internal 
pressure and without expulsion effects, by 
so designing the fuse that circuit interrup¬ 
tion takes place without the decomposition 
of any products in the fuse and tliat a cur¬ 
rent-limiting action occurs causing large 
short-circuit currents to ,be cut off before 
the peak value of the available current has 
been reached. The resulting benefits in re¬ 
spect to reduced thermal and mechanical 
effects in the apparatus subjected to the 


short-circuit currents during operation of the 
fuse have been brought out in the paper. 

It can readily be shown that there is need 
for a fuse capable of interrupting the higher 
short-circuit currents. For thi« purpose, 
the available initial short-circuit currents 
(root-mean-square amperes unsymmetrical) 
in circuits at 2,300,4,600, 6,900, and 13,800 
volts with a maximum generating capacity 
witl^ the range from 10,000 to 160,000 kva 
are indicated in table I on the basis of ten 
per cent subtransient reactance. It is of 
course recognized that the actual system 
impedance determining the magnitude of 
the initial short-circuit current may differ 
from ten per cent in many systems, con¬ 
sidering on the one hand such factors as 
circuit impedance due to interconnections 
betwe^ separate generating stations, and 
arc resistance, which tend to lower the short- 
circuit current, and on the other hand the ef¬ 
fects of rotating machines other than genera¬ 
tors which tend to increase the initial short- 
circuit current. However, the values ar¬ 
rived at may be considered as fairly repre¬ 
sentative of the approximate order of magni¬ 
tude for the upper limit of short-circuit 
currents. 

It is seen from the table that a 2,300-volt 
system with 10,000-kya generating capacity 
at ten per cent subtransient reactance would 
have a root-mean-square unsymmetrical 
short-circuit of 43,000 amperes. A system 
with 20,000-kva generating capacity under 
similar conditions would have 86,000 am¬ 
peres unsymmetrical root-mean-square ini¬ 
tial short-circuit current. 

Similarly a system of 60,000-kva generator 
capacity would have 109,000 root-mean- 
square amperes initial unsymmetrical short- 
circuit current at 4,600 volts, or 72,000 am¬ 
peres at 6,900 volts. 

On the same basis, a system of 100,000- 
kva generating capacity would have an 
initial root-mean-square unsymmetrical cur¬ 
rent of 72,000 amperes at 13,800 volts. 

Short-circuit currents as high as those in¬ 
dicated in the table are no longer rare in 
central-station or industrial circuits. In 
testing the fuses at available currents as 
high as approximately 80,000 amperes root- 
mean-square unsymmetrical, the authors 
have not exceeded present-day maximum 
requirements in modem large systems. It is 
also significant that this current approaches 
the order of magnitude of the interrupting 
ratings of the largest oil circuit breakers 
specified in the NEMA oil circuit breaker 
standards (publication 36-38). 


G« F. Lincks and S. R. Smith, Jr., non¬ 
member (General Electric Company, Pitts¬ 
field, Mass.): Messrs. Prince and Williams 
have presented a development that is a very 
noteworthy advancement in the art of over¬ 


current protection. In comparing this new 
design with existing fuses, too much at¬ 
tention cannot be given to the principles 
described which produce the necessary con¬ 
sistent, high degree of current limitation 
below that available in the circuit. Many 
times tests have shown existing types of oil, 
expulsion, and other fuses to have current- 
limiting characteristics. This most gener¬ 
ally occurs with the lower current ratings 
of fuse links. Fuses may be divided into two 
groupings as regards the consistency and 
degree of this current-limiting ability. 

The first group of fuses comprises the 
more commonly known oil, expulsion, and 
other similar t 3 rpes. These employ the heat 
generated by the arc to aid in the elongation 
of the arc path and to provide pressure, 
turbulence, a gaseous medium, or other 
means of rapidly decreasing the conductivity 
between the burned ends of the fuse to pre¬ 
vent re-establishment of the arc after the 
first current zero. While current-limiting 
action occurs occasionally, it is not a con¬ 
sistent characteristic of this group, and is 
never attained to the degpree shown by; the 
present design described by the authors. 

The second group of fuses has two basic 
functions, which must be met consistently, 
namely, 

1. Instantaneously at tke end of the melting 
period it must in effect introduce a high re^stanoe 
so as to cause an immediate limitation or decrease 
in current. 

2, It must maintain this resistance at a suffi¬ 
ciently high value to limit the current appreciably 
below that available in the circuit in which the fuse 
is connected. 

Available current-limiting fuses accom¬ 
plish this by: 

1. Instantaneous physical removal of the fusible 
conductor throughout the full arc length required 
for interruption. 

2. Subjecting the arc to a high degree of cooling 
by a closely associated filler material which Is 
capable of high heat absorption without loss of 
dielectric strength. 

The efficiency of such a fuse in limiting 
current is dependent upon the ability of the 
long fusible section to volatilize instantane¬ 
ously, thus immediately creating the ulti¬ 
mate length of arc, coupled with the 
characteristics of filler in the absorption of 
heat and the volatilized metal as indicated 
by the authors. Certain materials are ex¬ 
ceedingly efficient in these respects, espe¬ 
cially when combined with certain physical 
arrangements. They function instantane¬ 
ously and reduce arc current, to a very low 
value immediately upon the melting of the 
fuse link, see figure 2 of the paper. Thus the 
arc energy is minimized to such an extent 
that littld or no pressure is developed within 
the fuse unit. With less efficient fillers, the 
current continues to rise, after the fuse lirifc 
melts, figure 1, the extent being dependent 
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rent-limiting efi&ciency of the fuse is indi¬ 
cated by the comparison of the current per¬ 
mitted by the fuse in circuits of varying 
magnitude and the currents actually avail¬ 
able in these circtdtSi see figure 7 of the 
paper. This is of vital importance to anyone 
applying these fuses from the standpoint of 
both economics and safety, as it indicates 
the stress to which connected apparatus will 
be subjected. Thus current-limiting fuses 
should have both an interrupting rating and 
a current-limiting rating. The interrupting 
rating should be based on the power avail¬ 
able in the circuit of greatest magnitude in 
which the fuse functioned successfully in 
interrupting a dead short circuit. The cur¬ 
rent-limiting rating should be based on the 
inflYiminn instantaneous peak current the 
fuse will permit during interruption in a 
circuit having available a root-mean-square 
current equal to the interrupting rating. 


upon the characteristics of the fusible metal, 
the filler, and the physical arrangement. 
Naturally, the arc energy and pressure 
generated within the fuse unit are much 
greater with this increase in arc current and 
time. Thus whhe current-limiting fuses em¬ 
ploying less efficient fillers are possible, they 
present real design problems in making the 
fuse tube or container of sufficient strength 
to withstand the greater stresses. So far 
this, coupled with economical fuse design, 
has imposed a definite limitation on the 
interrupting rating of such fuses consider¬ 
ably below that of the type described by the 
authors. Also, there is a tendency for these 
fuses with less efficient fillers to be affected 
more by circuit conditions and the point of 
the wave at which the fault occurs making 
them somewhat less consistent. This dif¬ 
ferentiation showing the marked improve¬ 
ment of the development described by 
Prince and Williams is based on four or five 
years' designing and testing and three yearn' 
actual service experience with current-limit¬ 
ing fuses of similar physical construction 
employing both the highly efficient and the 
less efficient fuse fillers. 

In testing fuses in group 1, which depend 
upon the forces of the arc to help to ex¬ 
tinguish it, the root-mean-square current 
measured at the instant arcing occurs is in 
general approximately the same as the sym¬ 
metrical Of the asymmetrical current avail¬ 
able in the test circuit. Thus the root-mean- 
square current, initial in arc which the fuse 
actually interrupts is a true measure of the 
interrupting ability of fuses in group 1, 
This is not true with the fuses of group 2 
which consistently littdt the current to 
values appreciably below that available in 
the test circuit. Oscillograph records of the 
currents from tests with current-limiting 
fuses only indicate the maximum current 
the fuses will permit when connected m cir¬ 
cuits having available pow^ equal to that 


of the test circuit. 

Therefore, in testing the current-hmit^ 
fuses of group 2, it is iiecessary to toennme 
by osciUograph measureinents the sym¬ 
metrical and asymmetrical curmats avad- 
ahle in the circtat without the fuse m ^ 
as the instantaneous peak ciir^t ^ 
will permit to flow in that circuit unda botii 
symmetrical and ^symmeW con^ 
The interrupting rating should be ^d on 
the power available in the circmt. The cur- 


E, J. Burnham (General Electric Company, 
Schenectady, N. Y.): For a long time there 
has been a need for a better power fuse that 
could be used either indoor or outdoor and 
on circuits at or close to large stations where 
the available short-circuit current is high. 

The fuse described meets these require¬ 
ments exceptionally well. 

In central-station work it is often desir¬ 
able to connect potential transformers or 
control power transformers to a. bus or a 
circuit where the available short-circuit cur¬ 
rent is very high. In the past, fuses have 
not been available to take care of many 
cases with the result that it often became a 
choice as to whether a circuit breaker riiould 
be used, or whether the transformer should 
be coxmected directly to the bus or line. 

The first choice would mean an expensive 
device and the second choice would mean an 
interruption in case of transformer failure. 
The fuse described should, therefore, have a 
wide use as a means of fusing potential and 
control power transformers. 

Another application for these fuses where 
an indoor type of fuse is desirable is for 
fusing the high-voltage side of metal-en¬ 
closed unit-type substations where the high- 
voltage side of the transformers may be 
13,200 volts to 23,000 volts. 


H. L. Rawlins (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors of tliis paper are to be 
congratulated for successfully working out 
the design of a current-linuting power fuse. 
The writer feels that this would be no easy 
task ev^ with fuses of the same general 
type available from European practice. 

In 1931 current-limiting fuses of the same 
general type as described in this paper were 
imported from Europe, their design studied, 
and exhaustive tests conducted to deter¬ 
mine the suitability of the fuse for use in this 
country. As a result of this study it was 
decided to proceed with the development of 
the boric-acid fuse for the following reasons. 

I. The maximum current rating and kilovolt¬ 
ampere carrying capacity of the current-limiting 
fuse is inherently limited. To cover adequately 
the field of fuse applications in this country would 
require two totally dissimilar lines of power fuses. 

2. Where a totally enclosed and quiet operating 
fuse is required, a condenser can easily be attached 
to the boric-add fuse. 

3. The current-limiting fuse requires a long fusible 
section. This is undesirable from the standpoint 


of beat generation at currents near the melting 
current of the fuse. Even with inorganic material 
used throughout the fuse, it was feared that exces¬ 
sive temperature rises would occur on the contacts. 

4. The benefit to the system and to the protected 
apparatus from the current-linuting action of the 
fuse was regarded as more theoretical than prac¬ 
tical. On heavy fault currents the boric-add fuse 
gives half-cyde operation. This will result in no 
serious disturbance to the systems and will ade¬ 
quately protect the lighter duty equipment usually 
employed on the load side of the fuse. 

fi. Although the interrupting action of the fuse 
was ideal for potential transformer protection, it 
was realized that the long fine fusible element could 
not provide adequate protection on secondary short 
circuits without causing unnecessary outages on 
magnetizing surges. 

In the study of these fuses it was observed 
that more reliable operation was obtained 
on the lower current ratings where the cur- 
rent-limiting action was more pronounced. 
Although there have been many improve¬ 
ments in design and materials since that 
time, we are wondering if .the maximum 
limit in current rating at a given voltage is 
the current rating at which the current- 
limiting action is not sufficient to insure re¬ 
liable performance. 

In table I actual recovery rates are listed. 
Are these the actual recovery rates at final 
interruption, or are they the rate of voltage 
rise at the time of peak current as shown in 
the cathode-ray oscillograms? Apparently, 
they are the latter in which case the term 
“recovery rate" might be questioned. It 
would seem that the important factors would 
be the available recovery rate and the 
mavimiim voltage peak occurring during 
Interruption. 


D. C. Prince and E. A. Williams, Jr.: The 
authors of “The Current-Limiting Power 
Fuse" are very grateful for the unusually 
constructive discussions of their paper. 
They feel that the replies to the many ques¬ 
tions raised will help the ultimate users of 
this new device to take advantage of several 
operating characteristics which otherwise 
might not have been appreciated. 

Mr. LeClair draws an interesting compari¬ 
son between the new fuse and high speed d-c 
circuit breakers. The two devices are some¬ 
what compsurable in speed and both of them 
reduce the destructive effect of high cur¬ 
rents, but the fuse is relatively more ef¬ 
fective due to the fact that in the fuse the 
arc is initiated at its maximum length 
whereas in the breaker the arc must be 
drawn out to its maximum length. Since 
both the arc and the moving parts of the 
breaker have mechanical inertia, the draw 
ing out necessarily requires a certain amount 
of time during which the current continues 
to increase. The current through the fuse 
does not increase after arcing begins. 

The only inherent limitation upon the 
interrupting ability of the fuse appears to be 
the ability of the interrupting medium to 
absorb the power loss in the arc. This 
means that, at least theoretically, a device 
of this type may be d^gned with prac¬ 
tically unlimited interrupting capacity by 
subdividing the arc into many parallel 
paths so that eac^ path may take only that 
amount of arc energy which it is capable of 
absorbing. However, the number of sub¬ 
divisions which, can be made are limited by 
economics and practical manufacturing 
considerations. The parallel arc paths must 
be kept sufficiently far apart to prevent any 
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material effect upon each other and, there¬ 
fore, the size and cost of the device increases 
directly with the number of conductors used 
for any given continuous current rating. It 
obviously follows that the interrupting rat¬ 
ing of the fuse can only be increased to the 
point at which the annual renewal cost of 
the fuse approaches the annual cost of 
operating a circuit breaker. 

The interrupting capacity of any a-c 
interrupting device, having sufficient speed 
to operate within the first few cycles of 
short-circuit current, is more or less af¬ 
fected by the d-c component of the current. 
It is rather generally agreed that the intro¬ 
duction of the d-c component of current 
increases the interrupting duty imposed 
upon the conventional fuse or circuit breaker 
as the arc energy is a function of the total 
arc current. In contrast, the d-c component 
of currents near the interrupting capacity of 
the ciurent-limiting fuse definitely decreases 
the interrupting duty by decreasing the 
initial rate of rise of the current. With the 
lower rate of current rise, the fuse melts at 
a lower instantaneous current, as illustrated 
in figure 2 of this discussion, and somewhat 
less arc energy must be absorbed by the 
interrupting medium. Specifically, the 
interrupting capacity of the fuse depends 
upon the point on the voltage wave at which 
^e short circuit occurs and the fuse will 
interrupt considerably more current with a 
completely offset current wave than with a 
symmetrical wave. 

If the current-limiting fuse described in 
the paper is subjected to a current or a volt¬ 
age above that at which it is designed to 
operate, the arc energy becomes suffici^t 
to increase the temperature of the inter¬ 
rupting medium (quartz granules) to a point 
at which it loses its dielectric strength and 
becomes a conductor. The short-circuit 
current continues until it is intenupted 
by a protective device at some other loca¬ 
tion in the circuit. The damage to the 
fuse depends entirely upon the duration of 
the short-circuit current. During failure 
there is practically no pressure generated 
and no explosive action. The disturbance 
is in no way comparable to that encount¬ 
ered under similar conditions with the con¬ 
ventional fuse or circuit breaker in which 
pressure is generated. 

The general conception of the terms "arc 
voltage" and "rate of rise of recovery volt¬ 
age," as applied to conventional interrupt¬ 
ing devices, must be somewhat modified 
when applied to the current-limiting fuse. 


Arc voltage is defined as the voltage across 
the terminals of an interrupting device dur¬ 
ing the arcing period. The arc voltage of 
a conventional interrupting device is very 
low, relative to the open-circuit voltage, 
and is usually almost 90 degrees out of 
phase with a S3nnmetrical short-circuit cur¬ 
rent. Just previous to arc interruption the 
voltage tends to be at its peak and just 
after interruption it rapidly “recovers" to 
a magnitude approaching twice its normal 
peak. The arc voltage of a current-limiting 
fuse, due to the high arc resistance, is 
practically equal to the open-circuit voltage 
except for an initial voltage surge as shown 
in figure 6 of the paper, and is almost in 
phase with the current. Arc interruption 
tends to occur at the zero of both voltage 
and current so that just after interruption 
the voltage does not suddenly increase but 
builds up along a normal-frequency wave. 
The voltage across the fuse “recovers" at 
the inception of the arc whereas the voltage 
across the conventional interrupting de¬ 
vice “recovers" after the extinction of the 
arc. In either case, the rate of rise of re¬ 
covery voltage is a function of both the de¬ 
vice and the circuit characteristics. With 
the conventional device, the circuit char¬ 
acteristics predominate while with the cur¬ 
rent-limiting fuse the device characteristics 
predominate in determining the rate of rise 
and the magnitude of recovery voltage. 

In direct reply to Mr. LeClair*s question 
concerning the effect upon the rate of rise 
of recovery voltage of operating the fuse in 
parallel with a reactor, it may be concluded 
from the above discussion that the effect 
will be negligible. 

A typical melting time-current curve for 
the current-limiting fuse is compared in 
figure 3 of this discussion with similar curves 
for conventional high-voltage power fuses. 
The curves are plotted in per cent of mini¬ 
mum melting current to eliminate differences 
due to methods of rating and thereby provide 
a common basis of comparison which is in¬ 
dependent of rating standards. A certain 
amount of error is introduced by plotting the 
curves on a per cent of rating basis and 
many of the individual fuses will not exactly 
meet the curves. In general, the fuses of 
low continuous-current ratings will be some¬ 
what faster and the fuses of high continuous- 
current ratings will be somewhat slower 
than shown by the curves. It will be noted 
that the melting time of the current-limiting 
fuse at the currents shown is not essentially 
different from that of existing conventional 
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A—^Available symmetrical wave 
A *—Available asymmetrical wave 
B — ^Actual peak current, symmetrical 
6'—^Actual peak current, asymmetrical 
C—-Melting time, symmetrical 
C'—Melting time, asymmetrical 
0—Arcing time, symmetrical 
D'—Arcing time, asymmetrical 
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Rgure 2. Comparison of fuse operation on 
symmetrical and asymmetrical currents 




A — Current-limiting fuse 
3-1—Manufacturer 5, fast-operating fuse 
3-2—^Manufacturer 3, standard fuse 
C-1—Manufacturer C, standard fuse 
C-2—Manufacturer C, time-lag fuse 
0-1—^Manufacturer 0, standard fuse 
E-1—^Manufacturer E, standard fuse 

Figure 3. Comparison of time-current curves 


fuses and that the fuse may be co-ordinated 
with relays and other fuses. Since the 
melting time is inversely proportional to the 
square of the current, the speed of operation 
increases very rapidly as the current in¬ 
creases and the reputed extreme speed of 
the current-limiting fuse, relative to other 
fu^s, exists principally because of its 
ability successfully to interjrupt higher cur¬ 
rents. 

The melting time-current curves of all 
types of fuses, utilizing a pure fusible metal, 
have the same fundamental shape as they 
are hyperbolic in form and may be approxi¬ 
mately determined by the general equation: 



where 

t =* time to melt at any current i 
I *= minimum melting current as t ap¬ 
proaches infinity 

K = the square of current required to melt 
the fuse in one second when all gen¬ 
erated heat is retained in the fusible 
conductor 

Since the current I is arbitrarily fixed by 
the continuous current rating of the fuse, a 
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variation in K offers the only method of 
ohftng tn g the relation between current, i, 
and time t. The magnitude of iC is entirely 
a function of the physical constants of the 
material used in the fusible conductors. 
Considering the specific case of a current- 
limiting fuse built into a given tube, the 
total cross section of the fusible conductors 
is determined by the current rating, the 
length of the conductors is determined by 
the voltage rating, and the number and di¬ 
ameter of the conductors is determined by 
the interrupting rating. It is, therefore, 
practically impossible to control the shape 
of the time-current curve by varying the 
number and size of the fusible <?onductors. 
Some measure of control may be obtained 
by varying the number and size of the ther¬ 
mal chambers shown in figure 1 of the paper. 

The suggestion is made by Messrs. Lincks 
and Smith that the fuse be given a current- 
limiting rating which they define as '*... the 
rnaritnum instantaneous peak current the 
fuse will permit during interruption in a 
circuit having available a root-mean-square 
current equal to the interrupting rating.” 
It is the opinion of the authors that a series 
of current-limiting curves, similar to figure 
7 of the paper, showing the action of the 
fuses at all currents below the interrupting 
ratings will be of more value to the ultimate 
user. The proposed current-limiting rat¬ 
ings will then be a point on the curve rather 
than a separate and distinct rating. 

The discussion presented by Mr, Rawlins 
brings out many of the reasons why three 
years of research, development, and testing 
were required to produce a new current- 
limiting fuse even when detail drawings, 
test data, and samples of certain European 
designs were at the disposal of the authors. 

The new fuse is so designed that the tem¬ 
perature rise is within the limits specified 
by AIEE standards. The potential-trans¬ 
former fuse unit is mechanically strong, it 
will function during secondary short circuits, 
and it has sufficient thermal capacity easily 
to withstand magnetizing surges. The 
reliability of the higher current ratings 
equals the reliability of the lower current 
ratings as each individual conductor is de¬ 
signed to interrupt approximately the same 
current regardless of the number of con¬ 
ductors, the voltage rating, or the continu¬ 
ous-current rating of the fuse. The current- 
limiting fu^ requires no muffler and there¬ 
fore it is unnecessary to reduce the interrupt¬ 
ing rating for indoor application. 

Mr. Rawlins has suggested that the 
ynfl-iritnittn continuous-current and voltage 
ratings of the current-limiting fuse may be 
inherently limited. No such limitation is 
recognized except that imposed by the 
physical size of the unit whi<i may be con¬ 
veniently handled and economically oper¬ 
ated. 

Short-time current tests made on discon¬ 
necting switches, contactors, and current 
transformers have shown that these devices 
may be destroyed during the first half cycle 
of short-circuit current. The results of 
these practical tests merely serve to check 
a well-established theory and to indicate 
the value of a new protective instrument 
which limits the current in the first half 
cycle to a low value thereby protecting 
utilization equipment, of low short-time 
current rating, and insuring the supply 
system against even momentary currents 
of high magnitude. 
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Traveling Waves Initiated by Switching 

By L. V. BEWLEy 
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T he dominating position of the 
lightning surge as the principal 
scourge of transmission lines has occupied 
so much attention in the technical litera¬ 
ture that traveling waves developed from 
other causes have been relegated to a 
zone of comparative unimportance. But 
latdy, a growing interest and curiosity 
concerning switching surges makes it 
imperative to investigate, theoretically, 
the possibility of initiating traveling 
waves from the steady state; for both 
the “energizing*’ and “de-energizing” 
transients associated with switching op¬ 
erations are calculable as traveling waves 
and their successive reflections. The 
object of this paper, therefore, is to lay 
the groundwork for a systematic treat¬ 
ment of switching surges by considering 
the general subject of the initiation of 
traveling waves from steady-state condi¬ 
tions. In general, such waves are started 
either by. closing or opening a switch; 
and the corresponding transients may 
be called closing transients and opening 
transients^ respectivdiy. If a “dead” 
line is connected to a generator, the 
ensuing transient is called an energizing 
surge, while if a “live” line is disconnected 
from a generator the transient is called 
a de-energizing surge. 

There are at least three methods by 
means of which a switching transient may 
be calculated, and these, in the order of 
their importance, as well as simplicity, 
will be called: (1) cancellation waves, 
(2) initiated waves, and (3) steady-state 
waves. As a matter of fact, the desig¬ 
nation is rather loose; for all three are 
mutually convertible; and the line of 
demarcation between them is sometimes 
vague. Also, both “cancellation waves” 
and “steady-state waves” may be derived 
from the general equation for “initiated 
waves.” It is rarely indeed that steady- 
state waves show a practic^al advantage 
over the other two, but their physical 
significance is intriguing, and they do 
provide variety in the treatment of 
switching problems. Very briefly: 

1. Cancellation waves are waves of voltage 
(or current) impressed on the switch termi- 
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nals to cancel the steady-state voltage (or 
current) of the switch, and thereby simulate 
its closing (or opening). 

2. Initiated waves are waves computed di¬ 
rectly from the general equations for an 
interruption of circuit. 

3. Steady-state waves arc pairs of fictitious 
waves which completely duplicate the actual 
steady-state distributions of voltage and 
current on the line and at its terminals; so 
that a change of circuit conditions, as by 
switching, may be negotiated by com¬ 
puting the subsequent reflections of these 
waves. 

These three methods will now be con¬ 
sidered in detail and illustrated by a few 
simple examples—often the same for each 
metifiod, so as to allow a direct comparison 
of their rdative merits. 

Cancellation Waves 

An old artifice for determining the 
effect of “opening” a switch (probably 
introduced by Heaviside) is to cancel the 
cmxent in the switch by impressing an 
equal and opposite current so that the 
resultant current is zero and the switch 
is essentially open. Of course this im¬ 
pressed current, suddenly applied, must 
flow into the coimected network, and will 
cause some sort of a transient therein. 
The resultant distribution of voltage or 
current in the network is the sum of that 
due to the steady state and the transient; 
that is 

( Steady-state 
distribution if 
switch is not 
operated 

Transient due to \ v 
switch cancellation/ ^ ' 

This device was used by Park and Skeats^ 
in their study of circuit-breaker recovery 
voltages. Assuming the circuit breaker 
to effect interruption of the circuit at a 
normal 60-cyde current zero, they im¬ 
pressed through the switdi a current 
equal and opposite to the fiO-cgrde short- 
circuit current and calculated the tran¬ 
sient due to it. 

Likewise, of course, a switch may be 
“dosed” by impressing an equal and 
opposite voltage to caned the steady- 
state voltage across it. The transient 
due to this cancellation is easily calcu¬ 
lated, and the resultant distribution is 
again given by (1). 

1. For numbered references, see list at end of paper* 

ELBCntlCAL Enoinbbring 




Referring to figure 1 there is shown a* 
bus on which n lines of surge impedances 
(si, Z 2 t * * • f sQ and series impedances 
Wje(p) (for example, current limiting 
reactors or transformers) terminate. 
There are also m generators or motors 
with series impedances. By putting the 
voltage of a generator equal to zero a 
fixed impedance load is specified. By 
convention, currents (except through the 
switch) flowing to the bus are regarded 
as positive, and therefore waves on the 
line are forward waves if approaching the 
bus, or backward waves if receding away 
from the bus. A generalized impedance 
Z (p ), which may or may not indude energy 
sources such as generators, charged ca- 
padtances or current-carrying induc¬ 
tances, is to be switched on to or off the 
bus. The steady-state voltages of the 
lines and generators are (Ei, E 2 , . . .), 
while the steady-state currents are 
(Ih hi ...). The total impedance on the 
bus, excepting 2(^), is 


UP) = 


Ji+m 

+ 1 : 


( 2 ) 


I + w^p) til WiUp) 


The total current flowing through the 
switch away from the bus is 

n + m 

(3) 

X 


and the steady state voltage on the bus is 
Eo = Efc - (4) 

Opening the Switch 

The opening of the switch is simulated 
by applying the current hi through it, 
and this current will cause a bus voltage 
of 

«o = UP)h (5) 

The backward voltage wave appearing on 
the Mh line then is 


eh 


Wh{p)+Zh 


Zj,p)h 


( 6 ) 


and the transient current from the ifeth 
generator becomes 


ZtUp) - Jo 
Whip) 


(7) 


These transient terms superimpose on the 
steady-state values. For example, the 
total voltage on the kth line is («*' + 
E*), or the total current in the Wi gen¬ 
erator is (4 + J*), etc. 


Closing the Switch 

The dosing of the switch is simulated 
by impressing across its terminals a volt¬ 
age —E 0 I. This voltage is in series with 


Zq(P) SLudZip) and will, therefore, dreu- 
late a current 

”“Eo 

*" “ MP) + Zip) 

and the transient bus voltage will be 


eo 


Zo(P) 

z^P)-yz(p)^^ 


(9) 


The voltage wave appearing on the i^th 
line then is 


e>k --5*- ^£^1 - ^ 

wm+tik ZIP)-v Z{,P)^ 

( 10 ) 

and the transient current from the k\h 
generator becomes 

** “ ww ■ z^p) + Z{p) ^ 

These transient terms superimpose on the 
steady-state terms according to (1). 

In addition, if Z(p) indudes energy 
sources, such as generators, charged 
capadtances, or current-carrying in¬ 
ductances; transient terms caused by the 
discharge of these energy sources must 
be calculated either from the differential 
equations of the circuit, taking cognizance 
of the initial conditions of Zip), or dse 
by substituting (E — Eo) for E) where 
E is the voltage of Z(p) at the instant of 
switching. It is easier to illustrate the 
procedure in particular examples, rather 



Figure 1. Switching a generalized impedance 
on a bus with any number of feeders and 
generators 

than attempt a generalized formulation. 

When the cancellation waves reach the 
other ends of the lines, they reflect like any 
other travding wave, so that the resultant 
distribution on the system is: 

/Resultant \ ^ /Steady-state\ ^ 

\distribution/ \distribution / 

( Waves of \ , /Successive\ y. . 
cancellation/ \reflections/ ^ 

A few examples will clarify the procedure. 


Sudden Grounding op a Charged Line 

Figure 2 shows a line, charged to 
a voltage E, suddenly grounded at 
one end. The cancellation wave is 
obviously e' = — El, which also follows. 
from (10) upon putting W(p) « 0, 
Z(p) ^ 0, and Z^ip) =» z. This wave, 
starting at the switch at the instant when 



Figure 2. Short-circuiting a charged line 


it is dosed, cancels the steady-state volt¬ 
age E at the switdi thereafter. The 
subsequent successive reflections are 
given by the lattice, and the resultant 
voltage at the free end of the line, com¬ 
pounded of E, — El, and the successive 
reflections, is plotted on the left of the 
lattice to the same time scale. 

Clearing a D-C Line Short-Circutt 

In figure 3 is indicated the removal of a 
line-to-ground short-circuit* of a d-c line. 
The steady-state current through the 
switch is h = JS/E, and therefore the 
cancellation wave is e' = zh where z is 
the surge impedance of the line. This 
also follows from (6) upon putting 
W(p) — 0 and Zq(P) ~ s. When this 
wave reaches the generator end it reflects 
from the series resistor R as 

(E - g) (E -g) E 
( 2 ? + «) • ~ (R+z)^R 

(1 - »/R) £ „ 

“ (1 + k/R) R 

The resultant voltage at the two ends of 
the line has been plotted for a value of 
z/R « 4. Of interest is the osdllation 
about normal voltage to four times nor¬ 
mal at the opened end. This corre¬ 
sponds to the ‘‘inductive kick” of lumped 
circuits. 
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Figure 3. Removal 
of a short circuit 
from a d-c line with 
series resistance 



of {zCLp^ + + 2 =* 0). This same 

result can be obtained by superposition, 
first applying (—Eil) across the switch, 
and to this result adding the discharge 
of the generator into the line with C 
initially charged to voltage E 2 . For a 
typical case of I» * 0.10, C = 0.01 micro¬ 
farad, and z = 500 ohms there is w 
0.20 and n = 0.005; and the initial wave 
is 


ej' « (JS 2 - Ei)[l + 1.025 - 

1.025 



This has been plotted in figure 5 for the 
worst possible case of E 2 =* —Ei. The 
dip in the wave is due to the bus capaci¬ 
tance. Due to reflections, synchronizing 
180 degrees out of phase may result in 
voltages of three to four times normal. 


Energizing a Line 


Synchronizing Out of Phase 


Initiated Waves 


Figure 4 shows a generator of voltage 
E cos oit and series inductance L (the 
inductance of subtransient reactance plus 
the leakage inductance of any transformer, 
both referred to the line side) switched 
onto an imcharged line. If the switch is 
closed at the crest of normal frequency 
voltage, the voltage across the switch is 
—E, so that the cancellation wave across 
the switch is + E. Putting Z^ip) = 
z and Z(p) — pL and W(p) = 0 in (10) 
there is (writing a = z/L ): 


«' - -V- ; ■ B =■ £(1 - €-^) 

z ± pL 

The reflection factor at the generator 
end is (pL — z)/{pL -j- 2 ), and the 
(»+l)th reflection at the open end gives: 

V V I” 

I 1 * l”~^ k-1 \ n-r+l 

2B{l-e-«‘} far«-0 

2Ei -1 + €-«[l + 2ai] } for « - 1 
2Eil - e—*!! + 2(<*<)*]} forw - 2 
2Ei -1 + + 2a< - %.cd)* + 

for»»3 



These first four reflections are plotted on 
figure 4 for aT = OA, The voltage at 
the open end builds up, in this case, to 
slightly more than double voltage. For 
larger values of aT the voltage may 
reach approximately, 2.5E (neglecting 
attenuation). The energizing transient 
is not, therefore, severe. 


Suppose that a line of voltage Ei is 
swit<ied onto a bus of voltage E 2 . The 
bus may be regarded as a small capaci¬ 
tance C, fed by a generator of series induc¬ 
tance Lf as shown in figure 5. The 
current in the inductance prior to switch¬ 
ing may be neglected. The voltage 
across the switch is (Ei — E 2 ) and, there¬ 
fore, the cancellation voltage is —E 0 I =» 
(E 2 — Ei)1. In this case Zo(p) » z and 
Z(p) =- pL / il + CLp^). The can¬ 
cellation wave on the line is given by 
(10) as 


= 


* + Z{p) 

2(1 -h CLp^) 


zCLp^ -h Lp + s 
L « — w\ 


(a - El) 

iEt - El) 


+ m*LC 


fnLC 


I -H n^LC 




nLC 




El) 


in which (—») and (—w) are the roots 


In appendix I the appropriate set of 
simultaneous equations are derived for 
calculating directly the waves and tran¬ 
sient terms initiated by switching, and it 
is shown that these are identical with the 
cancellation waves given by the previous 
equations (5), (6), and (7) (for opening a 
switch), and (8), (9), and (10) (for 
closing a switch). There is, then, no 
distinction between “initiated waves” 
and “cancellation waves”—merely a 
difference in the point of view from which 
they are derived—and, therefore, the pre¬ 
vious examples may be considered to il¬ 
lustrate either method. 

Steady-State Waves 

Steady-state waves are a generalization 
of the well-known fact that the ordinary 
a-c equations of a transmission line op¬ 
erating in the steady state may be ex¬ 
pressed as a pair of waves traveling in 


Figure 4. Energiz*- 
in$ a line 
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opposite directions. It is shown in 
appendix II that these waves are (see 
figure 6): 

forward 

backward 

in which E{t) and I(t) are the steady- 
state voltage and current, respectively, 
at point X — xo on the line. It is also 
shown in appendix I that the “steady- 
state” waves not only satisfy the voltage 
and current distribution along the line, 
but also duplicate its terminal perform- 


El = STEADV STATE " ’ L ^2 


E|»I.O ^STEADY STATE BEFORE SWITCHING' 



Fisure 5. Synchronizins 180 degrees out of 
phase 


ance, if e/ be regarded as the “re¬ 
flection” at one end and eg the “reflec¬ 
tion” at the other. The associated cur¬ 
rent waves are 

Ss - and ts -- 

z z 

If, now, at any point on the line the 
circuit is changed by a switching opera¬ 
tion, the “steady-state” wave receding 
from that point moves away without 
consequence, but the “steady-state” 
wave approaching that point impinges 



Figure 6. Steady-state waves 


January 1939, Vol. 58 


on the new impedance introduced by the 
switching and gives rise to a reflection in 
accordance with conventional traveling- 
wave theory. If Z{p) is the new terminal 
impedance, following switching, which 
may in general contain energy sources 
such as generators, charged capacitances, 
etc., then the reflected wave is 


a' 



/ Discharge of the en- 
yergy sources of Z{p) 


) 


A few simple examples win clarify the 
conception. Except in very simple cases 
it is too complicated as compared with 
“cancellation waves” or with “initiated 
waves;” because there are two “steady- 
state” waves of finite length (the length 
of the line) instead of a single infinite 
wave to de^ with. This not only ne¬ 
cessitates a double reflection lattice, but 
discontinuities at both head and tail of 
the waves. Generally, then, if successive 
reflections are to be taken into account, 
there is four times the work with “steady- 
state” waves as with either of the other 
two methods. It is shown in appendix 
II, however, that “steady-state” waves 
always combine in such a way as to 
yield an equivalent single infinite wave. 

Sudden Qroxxnding of a Charged Line 

Figure 7 shows an open transmission 
line charged to a uniform voltage JS, 
suddenly shorted to ground at one end. 
In this case there is no steady-state cur¬ 
rent, and the voltage is constant; hence 
E{t) « E and 7(0 « 0 so that 

while 


It is seen that eg and e,' are the reflec¬ 
tions of each other at the two ends of the 
open line. As soon as the switch is 
closed eg impinges on a grounded end, 
2;(p) 8= 0, causing a reflection —E/2, 
while the wave s/ moving to the left re¬ 
flects therefrom as a finite rectangular 
wave +E/2. The successive reflections 
from the two ends shuttle back and forth, 
as given by the lattice, and the resultant 
voltage is found in the usual way by com¬ 
bining the successive reflections at proper 
fimp- intervals, giving the oscillation 
^own in figure 7. * 

Clearing a Line Short Circxht 

Figure 8 shows a d-c generator and series 
resistance E supplying a line short-cir¬ 


cuited at its far end. The short-circuit 
current is I(t) = E/E and the line volt¬ 
age is E(t) — 0, since line resistance is 
neglected. Therefore, the “steady-state” 
waves are 

z E . , z E 

---- 

At the shorted right-hand junction eg' 
is obviously the reflection of eg. At the 


0 

T 


□ 

2T 

3T 


4T 

6T 


C 






Figure 7. Short-circuiting a charged line 


left-hand junction there is by (13), ap¬ 
pendix II, 

- (f^) ^ + (Iri) **' 

&E “h aeg' 

z E 
2 


in which the first term on the right is the 
discharge of the energy source (the gen¬ 
erator), and the second term the re¬ 
flection of e/. 


+ Og 


£ E £ E 
E 2 E 2 


thus correctly satisfying the line and 
terminal conditions. 

Now dear the short drcuit, so that 
eg thereafter meets an open-ended line, 
and reflects completely. The subse¬ 
quent reflections are given on the lattice 
of figure 8 for z/E « 4, in which the re¬ 
flection is e' — e from the right and 

a' « &E -i- aa a* 0.8E — 0.6a 

from the left. The voltage at both ends 
of the line osdUates about normal gen¬ 
erated voltage, but reaches four times 
normal at the far end. 
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Suddenly Grounding and Flsure 8. Removal 

Clearing the Midpoint of a Line circuit 

. . from a d-c line with 

In figure 9 a d-c line is shown with a resistance 

R — 100 ohm load at the far end, and a 
resistor r =* 100 ohms ready to be closed 
in at the midpoint. The line surge im¬ 
pedance is 2 « 400 ohms. There are 
now two pairs of steady-state waves; 
one pair on either side of the transition 
point They are: 


«, - * - + 



When the switch is closed, the reflection 
coefficients become: 



-g ^ ~40Q 

2R‘^z 200 + 400 

s= —0.67 at the midpoint 

R - z ^ 100 - 400 
R + z *“ 100 + 400 

*= “0.60 at the load 
“1.00 at the generator 

The lattice of figure 9 gives the reflec¬ 
tion history of the four steady-state 
waves once the smtdi is closed, and the 
resultant voltage at the switch is shown. 
The voltage suddenly drops to a third of 
normal, and then builds up to generator 
voltage in a series of steps at intervals of 
2r, the time of transit of the line. 

Suppose, now, after new steady-state 
conditions have been obtained, that the 


switch is opened, figure 10. For exam¬ 
ple, a line-to-ground fault clearing itsdtf. 
In this case, just prior to the opening of 
the switch, a current E/R is flowing in 
the right-hand section of the line, and a 
current E(l/i^ + 1/r) in the left-hand 
section. The steady-state waves are 





After the switch is dosed the reflec¬ 
tion coeffidents become: 


“1.0 at the generator 

0.0 at the midpoint (merely a point of 

passage) 

“0.6 at the load 

The lattice of figure 10 gives the his¬ 
tory of the reflections and the resultant 
voltage at midpoint. The voltage sud¬ 
denly leaps to three times normal, and 
then osdllates about normal voltage with 
decreasing amplitude. 

This example is somewhat similar to 
the operating cyde of an expulsion gap 
when tower footing resistance is involved. 

Equivalence op “Steady-State” 

Waves to a Single Infinite Wave 

That the pair of “steady-state” waves 
is always redudble, in effect, to a single 
infinite wave plus the steady-state dis¬ 
tribution, is proved in general in appen¬ 
dix II. But it is of interest to p^orm 
the reduction in detail for a special case. 
The d-c line of figure 11 is carrying a 
direct current I = E/R, and the line 
voltage in the steady state is zero. There¬ 
fore, the steady-state waves are 
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at the same time ^ 0 with the reflec¬ 

tion of ( — a—1 \ so that the combination 

is a single wave (—zZl) leaving the open 
end at i = 0. The single lattice of figure 
11 gives its history. Of course, the 
wave — all could have been inferred at 
once as the cancellation wave, for a cur¬ 
rent (—21) suddenly impressed through 
the switch cancels tiiereafter the steady- 
state current I flowing in the switch, so 
that the switch is opened; and this im¬ 
pressed current through the surge im¬ 
pedance of the line carries a potential 
wave (—aZl) with it. 

The wave (—s2l) arriving at the in¬ 
ductance at time T causes a train of re¬ 
flections, and according to the single 
lattice of figure 11 the resultant voltage 
at the inductance is 

e « — (1 + a) [1 (2*) + oi (sT) + 

a* 1 (6r) 4*. 


in which 1 is the unit function effective 
at ^ = 0 and 1 y the unit function effective 
at ^ = r. Follovring the opening of the 
switch, causing an open circuit at the 
near end, the wave ej reflects com¬ 
pletely, while at the inductance the reflec¬ 
tion factor is 

plfQ — z _ p — g/Lp p — a 

pLo + z /> + z/Lq ^ -f- « 

The double lattice gives the history of 
the successive reflections of and e/. 
But in accordance with (13) appendix 
11, the reflection of at the inductance is 

0^(1 -1r) 

in which the second term represents the 
discharge of the inductance, which ini¬ 
tially (at instant switch is opened) is 
carrying a current J, the negative sign 
being occasioned by the fact that the 
wave corresponding to this discharge is 
leaving the terminal (a backward wave) 
and must, therefore, be of negative po¬ 
larity to carry with it a positive current 
But 

zl 

ss — — 

2 

SO that the reflection of e, is 

_^(1 +air) 

A 

and the first term, being of the same 
magnitude and polarity as e,', but in¬ 
finitely long, simply follows directly be¬ 
hind e/ and thus prolongs it to infinity. 


RsurelO. Removing - ground .» Ae mid- The (» +l)th reflection yields 


point of a line 

Consequently the reflection of con- 

/ zl \ 

sists of a term ( the con¬ 

version of c/ into an infinite wave 

But arrives at the in¬ 

ductance at time T, leaves the open end 


—(1 -|- a) a^zl — 


oi\p’^a) 


Vir ILm \ijii 

for» =» 0 

—2zJ€”“ni — 2ofiI forn =« 1 

-2zJ€-«<[ 1 - 4of/ + 2aH^] for « = 2 
-2zl€-«<[l - 6a/ -h 6a*/* - 

4 

- a*/*] for « — 3 


Figure It. Reduction of “rteady-rteie- These first few reflections and their 
block waves to one infinite wave and Ae resultant have been plotted on ^pne 11. 
equivalence of double and single lattices It is clear that the ^rter the line the 
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closer together will the reflections be, 
and, therefore, the higher the resultant 
voltage. 

It is of interest to obtain an approxi¬ 
mate solution, regarding the line as a 
concentrated capacitance Co. Since the 
surge impedance of the line is s = \/L/C 
and the velocity of propagation is 
w=//VlC it follows that the total 
capacitance (line of length T) is 

I T 
Co = /C * - « - 
vz z 

The equation for the discharge of 
Lo with initial current I into capacitance 
Co gives a voltage 


e - - 7 ; sm (at 

(aCo 

in which 

" “ vW, “ Vl 


ZI . at 

VSr 


This approximate value of the reactor 
voltage has been plotted in flgure 11 as a 
•dotted curve, and is seen to be the final 
axis of the serrations caused by the ac¬ 
tual reflections. For this particular ex¬ 
ample the constants were: 

z « 50 ohms 

» surge impedance of a cable 
V » 500 feet/microsecond 
» velocity of propagation 
I « 16 miles 
I 

T =* 5,280 - = 168 microseconds 

V 

Lo sa 0.167 henry 
Co » T/z » 3.36 microfarads 
£K ** zfLo 300 
I =* 200 amperes 

The axis about which the reflections 
occur has a maximum of 


Vo5 \ al 


18s/ 

Vmfles 


therefore, the maximum voltage is ap¬ 
proximately; 

Miles of 

cable 5 10 20 40 100 * 1>. n) 

Maximum 

voltage 8(zl) 6 (sJ) 4(s/) 3(s/) 1.8(s/) 

or higher the shorter the cable. This 
calculation happens to have a practical 
significance in connection with d-c trans- 
missionfrommercury-arc-rectifierstations. 


the transition point. These waves are 
called initiated waves to distinguish them 
from the steady-state waves of appendix II. 
The magnitude and shape of the initiated 
waves depend upon the impedances at the 
transition point, the voltages and currents 
of all lines terminating there, and any new 
energy somces (charged capacitances, induct¬ 
ances with initial currents, and generators). 
A situation sufficiently general for most 
practical cases is given in flgure 1 , which 
shows n lines of surge impedances (asi, 22 ,...., 
Sn) which, just prior to the switching are 
carrying voltages (Fi, E%, -- jE^) and cur¬ 

rents (/i, / 2 , ...., In), these being specified 
as functions of time at the transition point. 
Bach line has a series impedance Wt{P) 
connecting it to a common bus. There are 
also connected to this bus, through series 
impedances Wr{p), a number of generators 
of voltages (^ + 1, £« + 2, . ..+ m) 
and delivering currents (/« + 1 , /n + 2 , ...., 
In + m)* The impedance Z{p) is suddenly 
switched onto the bus, so that (backward) 
traveling waves {ei\ $ 2 !, ...., Cn) with as¬ 
sociated currents W, ,..., 4 ') are initi¬ 
ated on the several transmission Ihies, while 

additional currents (4 + n 4 + 2 , __ 

4 + m) fiow from the generators. 

If Z{p) contains any energy sources 
(generators, charged capacitors, or current- 
carrying inductances), then the total tran¬ 
sient voltages and currents may be regarded 
as the superposition: 

/Total \ /Transient terms calcu-V 

f transient j =» f lated with zero energy )-)- 
\terms / \sources in Z{p) / 

/Transient terms calculated as\ 

( the discharge of the energy) (13) 
\sources in Z{p) J 

The second term on the right is easily 
calculated for any specific case by setting 
up the differential equations of the circuit, 
and solving for the discharge of the energy 
sources of Z{p), The procedure is illus¬ 
trated by the examples in the text. 

The terms due to switching in a '*quies- 
cent” Z{p)t that is with zero energy sources, 
are calculated from a set of simultaneous 
equations as follows. The total voltage on 
any line k is the sum of the transient and 
steady-state term, 

+ - 2 * = z{py 

r » n+OT "I 

S (■?>• + V) +2 (/r + tr) + 

L 1 n+l J 


WilP)ih+H') (14) 


while for any of the generators connected to 
the bus 


Bfc = Z{p) • 


Appendix I 


r « n+W "1 

(/r + if') + 2 (/r + 4) -I- 

L 1 «+l J 

^k{py{Ih + 4) (15) 
{k = n-h 1 ,-- W + m) 


Initiated Waves 


But for backward traveling waves 


Whenever the circuit conditions are v ' = _ fL 
changed, traveling waves are initiated at * * z* 


(16) 
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Substituting (16) in (14) and (15) and re¬ 
arranging 




+ 2(P) X 


r n ^ f n-Hn "1 

- E*r = 2 (^K.+ 

L I n+l J 

Wjcipyh - EjcAk ^ I .n) (17) 

r n g ( n+m "1 

L 1 n+l J 


Z(P) Io + - Ek 

(* = »+!, - ,n + m) (18) 


where 
Lo 


n+m 

Elr 

1 


(W) 


Equations 17 and 18 supply {n + m) 
simultaneous equations for the determina¬ 
tion of the {n + m) unknowns (si', ...., 

^ » 4 + l» ». • .# 4 + m). 

Opening a Switch 

If the switch opens or disconnects a part 
of the circuit, then Z{p) «= oo. Equations 
17 and 18 then give 


n+m 




( 20 ) 


n+l 


which by itself is insufficient for the deter¬ 
mination of the unknowns. But 


^k 


Wfcipyh' »z/ - Wr(pyi/ 


- -W,(pyir 

( 21 ) 

Hence by (16) 


., *» + Wt(p) s, . 

*; +W^r(^)‘*/* 

( 22 ) 

, + Wrl,p-) 1 . 

WAP) */* 

(23) 


Substituting ( 22 ) and (23) in ( 20 ) 
+ W,(p ) 

^k 


V X 


1 «+w 1 n . 


hence 


gjfcLo 


Zk+W,(p) 


E 


1 n+m J 

T^*r+>,(/>) + 2 


Zk 


^k,+ W,(p) 


upyio 


and 

Zo(p)Io 
Wr(P) 
in which 


u = 


2<<p) 


» 1 n+«i 

?*7 +Trx^) + 2 ^ 


(25) 


(26) 


(27) 
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is recognized as the total impedance as 
viewed from the open switch. Therefore, 
^o(/>)-/o is the voltage on the bus due to a 
^dden application of /o through the switch 
in the direction of Zn^p), But this is exactly 
the equivalent of cancelling the steady-state 
current existing in the switch prior to open¬ 
ing. The term Zk/izu + Wk) in (25) is 
merely that proportion of the bus voltage 
which appears as an outgoing wave on the 
line. Thus when a switch is opened the 
transient term may be calculated by sud¬ 
denly cancelling the switch current with an 
equal and opposite current (as function of 
time) a fact evident from first principles. 
Therefore: 

The effect of opening a switch may he simu¬ 
lated by suddenly impressing through the 
switch a current equal and opposite to the 
steady-state current through the switch. 

Closing a Switch 

Suppose that, in figure 1 , the switch is 
about to be closed on the impedance Z{p), 
Just prior to closing, the voltage across the 
switch is the voltage on the bus, 

£0 » Sfc - Wilpyik (28) 

and the total steady-state current flowing 
to the bus is (since the switch is open) 

n+m 

/« - 2 /, «« 0 (2S>) 

1 

The transient voltage on the bus is 

« cjb' - Wyfpyij,^ (30) 

and the total transient current flowing 

10 the bus is 

n »-H» 

*0 = 4' + X) 4 (31) 

1 »+l 

Substituting (28), (29), (30), and (31) in (14) 
and rearranging 

So » Zipyif, - (32) 

Now the total impedance as viewed from 

the bus, excepting Z{p) is 

A - Z^p) (33) 

—*0 

and therefore (32) may be written 


Z{p) 

ZIP) 


So - £0 


or 


Z,iP) 


zip)^z{py 


(34) 

(35) 


But this is identically the voltage which 
would appear on the bus if the open switch 
voltage E were suddenly cancelled by im¬ 
pressing across it a voltage —JS. There¬ 
fore: 

The effect of closing a switch may he simu¬ 
lated hy suddenly impressing across its ter¬ 
minals a voltage equal and opposite to the 
steady-state voltage across its terminals. 
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No Generators on Bus 

If there are no generators on the bus, then 
equations 17, with 4 ” 0, suffice for the de¬ 
termination of the voltage waves s*'. 


The instantaneous value of £ is the real 
of the above, or 

tax 

E(x, t) — Eo cos cot cos-h 


No Generators on Bus 
and Zero Series Impedances 

If there are no generators on the bus then 
4 — 0 , and if the series impedances are zero 
^Jb(P) = 0, then equations 17 give (since 

e/ St 62 ' ^-« « e' and £1 « £2 « 

.... £» « Eo) 


Z(pyio ~~ Eq 

l+Z(p)f^- 

1 


z+Z(p) 
in which 


[Z(^)-Jo-£o] 


(36) 


z 


^ = impedance of all lines in 

^ i parallel (37) 

1 
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i[ 


elo sin (cot — 0) sin — 
V 


Eo cos - (ac — vt) -H 

V 


CO / 

3/0 cos - (ac — vt -I 4“ 

» ca/J 

1 fjBo cos - (ac -h “ 

2 L » 

3 J 0 cos ^ I ac vt— — ) (40) 

V "/J 


This suggests the possibility of emplo 3 ring 
a pair of waves to represent the steady-state 
conditions on any line, whether d-c, a-c, 
or any other operating condition. These 
waves, once known, are then the incident 
waves for any change of circuit conditions, 
and the reflections may be calculated in 
routine fashion. 

Let the voltage and current in the steady 
state at the transition point prior to switch¬ 
ing be given as functions of time by £(/) and 
J(0, respectively. Let these conditions be 
specified in terms of a pair of forward and 
backward waves es and Cs* (the subscript s 
implying “steady-state** waves); 


Steady-State Waves 

It is well known that the solutions for 
voltage and current on a long transmission 
line operating in the steady state may be ex¬ 
pressed in terms of traveling waves. Thus 
the vector solution for the voltage at any 
point«(measured negative from the receiver) 
in terms of the receiver voltage £0 and cur¬ 
rent lo is 

E ^ Eo cosh ^zyx — 

Jo sinh (33) 

where 


1 

+ 

(41) 

- /(/) 

(42) 

But if 3 is the surge impedance of the line 

4 * Zgjz and ig = —eg*/z 

so that (43) in (42) give 

(43) 

«« - “ z-I(t) 

From (41) and (44) 

(44) 

e,-\ [£(0 + *•/«)] 

(45) 

- \ m) - z-im 

(46) 


« = r +j(aL 

= line impedance per unit length 

y — z 

« line admittance per unit length 
If the losses are neglected, r = g « 0, and 

\/^ B jto \/lc « J — 

4 - 4 - ' 

» surge impedance of the line 
V « velocity of propagation 

then 

<OX ‘ ojx 

R sa £0 cos- jzl sin — 

V V 

-> £0 cos — - zit e'(“«-«+>r/ 2 ) sJn ^ 

V V 

(39) 


Thus each wave consists of a component 
equal to half the steady-state voltage dis¬ 
tribution on the line, and a component equal 
to half the steady-state current distribution 
on the line; the first component reflects as 
from an open terminal while the second com¬ 
ponent reflects as from a grounded terminal. 

The functions eg and e,' at some point xo 
on the line are given by (46) and (46) as 
time functions. If, however, they are to be 
regarded as true waves, then 

For example, taking a. o and E(t) » 
Et cos od, /(/) io cos («st — 9 ), equations 
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(47) and (48) give the two terms of (40). 

\^ile (47) and (48) constitute the speci¬ 
fication of the steady-state conditions on the 
line in terms of traveling waves, it is neces¬ 
sary to show that they are also compatible 
with the terminal impedances at the ends of 
the line. This Is proved by showing that 

is the natural r^ection at one end of the 
line, and that Cs is the reflection at the other 
end. For ejcample, suppose the line termi¬ 
nates in an impedance Zi in series with a 
generator of voltage Ei. The wave Ss* is 
composed of the reflection of Bs from Zi and 
the discharge of Ei through Zi to the line. 
These two terms then are: 

(£ - Zil) 

“ i ~ 

In the same way may be shown to be the 
reflection at the other end of the line. 

If, now, at any point on the line the circuit 
conditions are changed, as by a switching 
operation, the '"steady-state” wave receding 
from that point moves away without conse¬ 
quence, but the "steady-state” wave ap- 
proaching the point impinges on the new 
terminal impedance and gives rise to reflec¬ 
tions and refractions in accordance with 
conventional traveling wave theory. It 
must be re m e m bered, however, that when 
the tail of the receding wave reaches the ter¬ 
minal impedance at the other end of the 
line, which it is approaching, it also will 
cause a transient reflection there. In addi¬ 
tion to the reflection of the approaching 
wave there is also a wave representing the 
discharge into the line of the energy sources 
(generators, charged capacitances, and cur¬ 
rent carrying inductances) of the terminal 
impedance; so that the total reflected wave 
from the impedance Z(p) is 



(50) 


If the transition point is at some inter¬ 
mediate point on the line, then there is a 
"steady-state” wave approaching the point 
from each direction, and the principle of 
superposition applies as usual. 

It remains, to show that the two "steady- 
state” waves of finite length (the length of 
^e ^e) are equivalent to the single semi¬ 
infinite "initiated wave” of appendix I. The 
total voltage at the transition point, by (60), 



Substituting for e, from (46) and subtract¬ 
ing the steady-state line voltage E gives the 
"initiated wave” 


» c - E 


T ^Z(P) "ll 
L^(^) + sj 2 


[Energy discharge term] — i 


[Z{pyi - E] + 


Z{p) + z 

[Energy discharge term] (52) 


defined in equation (36) of appendix I. 
Now Cs and e^ being finite waves of length 
T may be represented as 


— 1r) at one end and — l^) at 
other end of line (53) 

that is, each as the superposition of two in¬ 
finite waves of opposite sign, displaced by 
r. But since is the perpetual reflection 
of es'1 at the other end of the line, and since 
by (41) 


esi + e/1 = E(0 (54) 

it follows that the transient must be due 
entirely to a wave, of which (1 r) is a 
component, initiated at the transition point 
at the instant of switching, and of which 
(62) is the specification. Thus the two 
steady-state waves of finite length are re¬ 
placeable by a single infinite wave, and this 
infini te wave is the "initiated wave” of 
appendix I or the "cancellation wave” de¬ 
scribed in the text. 
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Discussion 

T. J. Carpenter (General Electric Company, 
Pittsfield, Mass.): In the application of 
protector tubes, one of the important 
characteristics which must be known is the 
transient recovery voltage characteristic 
when the tube clears, as both the tube's di¬ 
electric strength and the recovery voltage 
are a function of time. If the recovery volt¬ 
age exceeds the tube's dielectric strength, 
current will restart and the line will not be 
cleared by the tube. 

From the field tests made on protector 
tubes, some data have been secured which 



Figure 1. Oscillogram of recovery voltage 


^ow that the transient voltage due to open¬ 
ing a simple circuit may be quite accurately 
calculated even though a number of simpli¬ 
fying assumptions are made. Figure 1 
shows the oscillogram; figure 2, the circuit, 
and the transcribed and calculated voltage 
of one test. This test was made on a 116- 


kv system. The phase wires of this double¬ 
circuit 30-mile line, with a single ground 
wire were tied together at the far end from 
the station making the total length of tlie 
line 60 miles. A 40,000-kva generator, 
25,000-kva transformer, and the 60-mile 
length of line were short-circuited to ground 
by a fused expulsion protector tube located 


L-a225h 

n 


60-MILE LINE 

(Z^482a) 


PROTECTOR TUBE 



Figure 2. Comparison of computed and tran¬ 
scribed reflections 


on the station side of the line. The pro¬ 
tector tube cleared the circuit after a half 
cycle of current, and the transient voltagre 
was measured by a cathode-ray oscillograph. 

The equation was set up on the following: 
assumptions: (1) the impressed voltage is 
coi^idered as a constant direct voltag^c 
which is justifiable as the computation is 
carried out only for a fraction of a half cycle; 

(2) the current is treated as a sine wave; 

(3) the arc voltage is taken as a sine wave 
(used only in the determination of the cur- 
rent); (4) the arc voltage at current zero 
defines the start of the recovery voltagfc 
characteristic; (6) the station capacitance 
is neglected; (6) the coupling between the 
two circuits is neglected; and (7) the at¬ 
tenuation is neglected. 

The derived equation for these conditions 
is: 


-44 + 92.8[(1 - -h 2^/6*- 

+ 2/3/6-0«(1 - . j 

e is the voltage in kilovolts 



Z is the surge impedance calculated from 
the physical constants of the line 
Ir is the equivalent inductance which deter¬ 
mines the fault current 
Ini' is the unit function effective at 1 » nST 
where T is the time for a wave to travel 
the length of the line 

In plotting the equation the propagation 
velocity was taken to check with the oscillo¬ 
gram and works out to be 95 per cent of the 
velocity of light which checks closely with 
other investigations.* 

The discrepancies between the calculated 
and measured recovery voltages are small, 
and can be accounted for by errors in the 
a^umptions. For example, the cuir^t was 
(ported by the arc resistance, and the sta¬ 
tion cap^tance and coupling between the 
looped lines and phases were neglected. 

Howevw, an exact solution does not seem 
to be justified, as the approximate solution 
^ves a very good check. These simplify¬ 
ing^ assumptions make the solution much 
easier, and it is suggested that they be kept 
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Flashover Characteristics of Transformer 
Condenser Bushings 


By H. L. COLE 

MEMBER AIEE 


T erminal bushings for high-voltage 
power transformers require many elec¬ 
trical tests to demonstrate their fitness for 
service. A vital part of the complete 
transformer, they operate under extreme 
variations of temperature and weather 
conditions. They are subject to all the 
variations m load, ambient temperature, 
and surges that the transformer windings 
receive, and in addition must be built to 
withstand severe attacks of ice and snow, 
rain and hail, hot sun, smoke, fog, dust, 
and dirt. They must be stronger against 
fiashover than the protective apparatus. 


Paper number 38-72, recommended by the AIEE 
committee on electrical machinery, and presented 
at the AIEE summer convention, Washington, 
1>. C., June 20-24, 1038. Manuscript submitted 
April 6, 1038: made available for preprinting 
May 24, 1038. 

H. L. CoLB is electrical engineer with the Westing- 
house Electric and Manufacturing Company, 
Sharon, Pa. 

1* For all numbered references, see list at end of 
paper. 


in mind when setting up equations for this 
type of problem. 

Reference 

1, THBORV and TbSTS of THB COUNTBKPOISB, 
L. V. Bewley. AIEE Lightning Reference Book, 
page 1392. 


R. D. Evans and A* C. Monteith (Westing- 
house Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): We quite 
agree with Mr. Bewley as to the growing 
interest and curiosity in the subject of 
switching transients, but we believe that this 
interest grows out of the recognition of the 
increasing importance of switching surges. 
An example of one type of switching tran¬ 
sient is the recovery-voltage transient, which 
is important in connection with the applica¬ 
tion of interrupting devices, such as circuit 
breakers, fuses, and protector tubes. This 
phase of the problem has been of particular 
interest to us and results from our investiga¬ 
tions have been given in two papers, the first 
presented at the last summer convention and 
the second at the last winter convention. 

In the introduction of Mr. Bewley*s paper 
he discusses only theoretical methods ap¬ 
plicable to the study of transients due to 
•circuit changes. We bdieve that any re¬ 
view of methods for stud 3 ring transients of 
this character should include mention of the 
method utilizing the a-c network calculator. 
By this method any theoretical circuit or 


and must maintain their strength year in 
and year out. The terminal bushing is a 
part of the transformer and not an indi¬ 
vidual piece of apparatus; under normal 
service conditions it should be propor¬ 
tioned in strength to the winding, and 
should be co-ordinated with the winding 
under impulse voltage conditions. 

The purpose of this paper is to discuss 
the dectrical performance of bushings, 
particularly flashover characteristics, how 
they are obtained, and the rdiation of 
factory and development tests to re¬ 
quirements of service. 

To determine the performance of trans¬ 
former bushings, the following electrical 
tests are made: 

1. Sixty-cycle, or low-frequency tests: 

(a) Dry flashover. 

(b) Wet flashover. 

(c) One-minute hold; dry. 

(<i) Ten-second hold; wet. 

(e) Power factor and capacity. 

(f) Temperature rise under loading. 


practical system can be simulated in minia¬ 
ture and subjected to circuit changes corre¬ 
sponding to those of the system under con¬ 
sideration. Such an arrangement permits 
taking into account the effects of initiating 
and subsidence transients, losses, arc charac¬ 
teristics, etc., and the interaction of these 
factors. In general, we have found that it 
is impracticable by the use of anal 3 rtical 
methods alone to consider all of these fac¬ 
tors. Furthermore, as demonstrated by our 
recent paper presented at the winter conven¬ 
tion, the a-c calculating board method is ad¬ 
mirably adapted for the general study of 
switching transients. 

We quite agree that of the three general 
methods discussed by Mr, Bewley the '‘can¬ 
cellation method’* is the most useful: In 
the practical application of this method to 
three-phase systems, it will be found that 
the relation into symmetrical compo¬ 
nents, as outlined in our earlier paper, will 
constitute a simplification over “single 
phase” methods. 

It may be inferred from the title and the 
treatment of the subject ’ that transients 
arising from switching operations require a 
different treatment from that which has been 
developed for the study of lightning surges. 
It is believed that these problems are essen¬ 
tially the same, as both can be considered 
as transients arising from changes in cir¬ 
cuits. Hence, the work on lightning surges 
also applies to switching surges. 


(g) Endurance tests (puncture strength 
under continuous high voltage at 
elevated temi}eratures). 

(h) Radio interference tests. 

2. Impulse tests: 

(i) Full-wave strength, or minimum 
(50-50)- flashover, with iVa x 40 
wave. 

(j) Voltage flashover—^time lag curve 
(IV 2 X 40 wave). 

(k) Flashover on steep wave front. 

(0 Puncture strength, bushing im¬ 
mersed in oil. 

The above list of electrical tests is by 
no means complete, but it gives the prin¬ 
cipal ones made in the development of a 
line of high-voltage terminal bushings. 
The one-minute hold test (c), and the 
power factor test (e), are made on all 
condenser bushings and are considered 
commercial or production tests. The re¬ 
maining tests are made during develop¬ 
ment or on a representative number of the 
bushings only. 

(a) Sixty-Cycle Dry Flashover 

One of the earliest purposes of the 60- 
cycle dry flashover test was to demon¬ 
strate that the bushing, under compara- 
tivdy short-time application of voltage, 
would flashover at the air end before it 
would puncture. It was also an indica¬ 
tion of strength against switching surges. 
Before impulse tests were made, the 60- 
cycle dry flashover was a rough measure of 
the impulse strength of the air end of the 
bushing. 

At the present time, the value of the 
60-cycle dry flashover test is of minor 
importance in demonstrating the serv¬ 
iceability of the bushing. The wet 
flashover is the limiting feature with re¬ 
spect to switcliing surges, the one-minute 
test is a stronger proof of puncture 
strength, and the impulse flashover is a 
direct measure of lightning strength. 

Like most of the tests, the 60-cycle dry 
flashover test must be made separate from 
the transformer. During the test the oil 
level at the bottom end of tlie bushing 
must he the same as in the transformer 
itsdf. The tank of oil on which the bush¬ 
ing is mounted for test must be suffi¬ 
ciently large to prevent corona disturb¬ 
ances at the bottom end of the bushing. 
The cover should have sufficient area to 
produce the same effect on the electric 
field above the tank as on the transformer; 

Sixty-cyde dry fiashovers of bushings, 
like tests on sphere gaps and rod gaps, will 
vary with the air density and must be 
corrected to a relative air density of 1.0 
to obtain a comparison with the perfor¬ 
mance data recommended by the trans¬ 
former subcommittee of the AIEE. For 
all ordinary tests, where the relative air 
density is within ten per cent of unity, 
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The fidshovers shown 
here are on a steep 
wave front that 
reached nearly a 
million volts and 
90^000 amperes. In 
these tests the bush¬ 
ing was equipped 
with a top electrode 
for control of posi¬ 
tive wave flashovers, 
and a flange elec¬ 
trode for the control 
of negative wave 
flashovers 


Figure 1 • Positive (left) and negative (right) ’ 
impulse flashover of condenser bushing 


it is sufficiently accurate to assume that 
the flashover is directly proportional to 
the relative air density. This correction 
is applied to bushings of all sizes. 

Sixty-cycle dry flashovers of a bushing 
will vary with humidity, and will increase 
with an increase in humidity, other fac¬ 
tors remaining constant The standard 
correction proposed by the transformer 
subcommittee of the AIEE* is that the 
measured flashover voltage sh^ll be in¬ 
creased by three per cent for each grain 
that the absolute humidity falls below 
standard (6.5 grains per cubic foot) and 
decreased by three per cent for each grain 
above standard, to obtain the dry 60- 
cycle flashover for standard humidity. 
This correction applies only to bushings 
for 23-kv service and higher, and also 
only when they are gapped. For smaller 
bushings, the humidity correction is 
negligible. For ungapped bushings no 
humidity correction has been specified. 

The standard for humidity, referred to 
in this paper as 6.5 grains per cubic foot 
is the same as the vapor pressure standard 
of 0.6085 inches of mercury now being 
proposed by the transformer subcommit¬ 
tee of the AIEE. 

Q>) Sixty-Cycle Wet Flashover 

From the standpoint of ability to with¬ 
stand switching surges, the 60-cycle wet 
flashover value of a bushing is of more 
importance than the dry characteristic. 
The 60-cycle wet flashover is necessarily 
lower than the dry; the closeness to 
which the two can be brought together is 
to some extent a measure of the efficiency 
of the design of the bushing and its 
weather casing. 

The following conditions have been 
proposed by the transformer subcommit¬ 
tee of the AIEE* for standard wet flash- 


over tests: 12,000 ohms per centimeter 
cube resistance of water, with a 0.1 inch 
per minute precipitation at a 45-degree 
angle to the bushing. The correction 
factors for various resistivities are: 


Water Resistance Correction 

Ohms Per Centimeter Cube Factor 


3,000.1.28 

4,000.1.19 

6,000.1.13 

6,000.1.10 

8,000...1.04 

10,000.1.02 

12,000.1.00 

20,000.0.99 


The measured flashover voltage times the 
correction factor gives the flashover at 
12,000 ohms resistivity. This correction 
factor is useful because, while it is com¬ 
paratively easy to regulate the amount of 
precipitation during a test, the control of 
the water resistance is difficult and would 
require a complicated tank supply to 
maintain a definite resistivity. 

The temperature- of the water affects 
the resistivity, and also affects the rela¬ 
tive air density and absolute humidity. 
These apparently have little effect on 
flashover. This feature, however, has 
not been studied by the writer outside of 
the range of temperatures (10 degrees 
centigrade to 25 degrees centigrade) 
obtained in an ordinary city water supply. 

(c) Sdcty-Cycle 

One-Minute Hold Test, Dry 

In contrast to the flashover tests 
(which are mainly a check on the design 
of the bushing), the dry one-minute hold 
test is a commercial test given all bush¬ 
ings. The object is to check the manu¬ 
facture of the bushing, the materials 
used) and the assembly. This test is 
often employed in the field to determine 
the suitability of a bushing for service. 
While the rejection of a bushing because 
of failure to meet this test is very rare, 
nevertheless it has been considered a good 


policy to subject transformer tc 
a higher one-minute test thai 
ceive during the test on the 
The one-minute hold test is r 
voltage of 75 to 90 per cent < 
cycle dry flashover voltage. 

(d) Sixty-Cycle 
Ten-Second Hold Test, Wi 

This test, made at a voltage 
90 per cent of the wet flashove 
is a special test which serves p 
to demonstrate further the effi 
the design of bushing and weath 
It is doubtful whether such a 
tributes much to the standard o 
performance, and the test is n: 
in special cases. 

The following 60‘‘cycle tests 
electrical performance of bushii 
though they do not come wi 
subject of flashover. Reference 
is made in this paper because 
fully as important as the flasho* 
acteristics in deter mining the si 
of a bushing for service. 

(e) Power-Factor 
and Capacity Tests 

The power-factor test is a good 
to determine the quality of the ii 
in the bushing. This test, toget 
the capacity measurement, is mat 
condenser bushings as a check c 
rials and manufacture. 

(/) Temperature Rise 
Under Loading 

This is a development test, t 
mine the safe loading for each 
bushing with a given size of cable 



Figure 2 (left). Condenser with unevt 
on upper end 


Figure 3 (right). Condenser with ev< 
on upper end 
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Figure 5. A line of 
transformer conden¬ 
ser bushings, for 
standard voltages 
from 69 lev to 161 
kv (inclusive) 



lead. In service, the lower end of the 
bushing is in the hottest transformer oil, 
and the upper end is subjected to higher 
than ordinary ambient temperatures. It 
is important to keep the temperature rise 
of the central part of the bushing low. 

(g) Endurance Tests (Puncture 

Strength Under Continuous 

High Voltage) 

An important development test is that 
which demonstrates the strength against 
puncture, over long applications of volt¬ 
age at high temperature. It is well 
known that practically all insulating 
materials have higher power factors at 
high temperatures. The total loss in a 
bushing must be sufficiently low so that a 
stable temperature condition is main¬ 
tained. If the power factor is too high, 
the dielectric losses will increase the tem¬ 
perature, winch in turn will increase the 
power factor, increasing the losses, etc., 
until breakdown will occur. Such a 
critical condition will not be caught in a 
one-minute test, but may take several 
hours to develop, 

A method of making an endurance test 
has been to mount the bushing with the 
lower end in 100-degree-centigrade oil, 
and the upper end in 100-degree-centi- 
grade air,^and to apply a continuous 60- 
cycle voltage, raising the voltage ten 
per cent every eight hours until failure 
occurs. This is a severe test, but one 
which is witliout doubt justified for trans¬ 
former bushings operating in high tem¬ 
perature localities. 

(h) Radio Interference Tests 

The standardization of radio inter¬ 
ference tests on high-voltage bushings is 
now under consideration. Tests have 
been made on old and new bushings, by 
the method proposed by the joint Edison 
Electric Institute, National Electrical 
Manufacturers Association, and Radio 



Figure 4, Sixty-cycle flashover voltages for 
S5-centlmeter sphere-to-plate and rod-tp- 
plate gaps 
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Manufacturers Association committees 
on radio interference.® 

(s) Impulse Tests; 

Full Wave or Minimum Flashover 

Since impulse testing of transformers 
has become general, it has been proposed 
to standardize the full wave or minimum 
flashover voltage of transformer bush¬ 
ings.^ A positive 1V 2 x 40 wave has been 
recommended for this standardization. 
Until recently, the flashover streng^ was 
designated by the “equivalent gap*’ 
length of the bushing, meaning the length 
of standard rod gap in inches which, when 
connected in parallel with the bushing, 
would produce 50-50 flashovers between 
bushing and gap. At the present time 
the full wave strengths of bushings are 
measured by voltage values, by sphere 
gap, or cathode-ray oscillograph. From 
the standpoint of co-ordination of trans¬ 
former winding and bushing, the bushing 
must not have an excessively high im¬ 
pulse flashover. This is also true with 
respect to negative full-wave values, 
particularly when a rod gap is used as a 
protective device. This point is dis¬ 
cussed further under actual tests reported 
for condenser bushings. 

The full-wave strength, or minimt im 
impulse flashover of a bushing will vary 
with the air density and humidity.® The 
correction for air density is the same as for 
60-cycle dry flashover and is applied to all 
bushings—^the minimum imptdse flash- 
over being directly proportional to the 
relative air density within the limits under 
whidh ordinary tests are made. For varia¬ 
tions in humidity, the mtnimmn impulse 
flashover is 2 V 2 per cent lower for eadi 
grain below the standard humidity con¬ 
dition of 6.5 grains per cubic foot, and 2Vs 
per cent higher fca: each grain above 6.5. 
This correction is applied only to gapped 
bushings, for 23-kv service and above. 
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A considerable number of impulse 
flashover tests have been made on bush¬ 
ings under wet or rain conditions, with 
0,1 inch per minute water precipitation. 
When the correction for relative air den¬ 
sity and 100 per cent humidity is taken 
into consideration, the effect of the water 
reduces the impulse flashover not more 
than two or three per cent, and is con¬ 
sidered negligible. For this reason wet 
impulse flashover tests are not required 
to demonstrate the performance of stand¬ 
ard bushings. 

( 7 ) Impulse Voltage— 

Time Lag Curves 

The impulse flashover voltage of bush¬ 
ings at short time lags is important in 
determining the amount of protection 
against winding failure which the bushings 
will offer, and the factor of safety of the 
bushing itself against puncture. 

{k) Flashover on Steep Wave Front 

With steep wave front surges, on the 
order of 1,000 to 2,000 kv rise per micro¬ 
second, it is important to know the flash- 
over voltage of bushings for three rea¬ 
sons: (1) To determine what protection 
is afforded the bushing by tlie protective 
device—lightning arrester, rod gap, or 
line insulation; (2) to determine what 
protection the bushing offers the trans¬ 
former winding, and (3) to determine the 
factor of safety of the bushing against 
puncture. Figure 1 shows photographs 
of steep wave front flashover, with heavy 
surge currents. 

(/) Impulse Puncture Strength 

The impulse puncture strength of the 
bushing must be known in order to have 
complete data for the design and applica¬ 
tion of the bushing. These tests are 
made with the entire bushing immersed in 
oil. 
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Condenser Bushings and Rod Gaps 

Bushing flashover characteristics are 
closely associated with the dielectric 
strength of air between various types of 
electrodes. Since the development of 
impulse testing measurement of surges 
by means of the cathode-ray oscillo¬ 
graph, much data have been taken to 
determine the effect of condenser design, 
shape of bushing cap, height of flange 
above the cover, location and design of 
bushing gaps, etc., on the impulse and 60- 
cycle flashover of condenser bushings. 

It has been known for years that the 
shape of the electrodes has a decided effect 
on the impulse flashover strength of air, 
and that when the positive polarity is 
applied to the electrode having the higher 
field intensity, the flashover voltage is 
lower. A practical study^ of electrode 
shapes over a wide range of voltages, 
made a few years ago, has confirmed pre¬ 
vious observations and brought out many 
important facts, useful in bushing de¬ 
sign. 

Some of the facts brought out or con¬ 
firmed in the Bellaschi-Teague paper are: 

1. The impulse flashover voltage from 
point to plane is lower when the point is 
positive and higher when the point is 
negative. 

2. The 60-cycle flashover occurs with the 
positive polarity of the wave on the point. 

3. A sharp projection extending out from 
the plane on a rod-to-plane electrode test, 
will reduce the impulse flashover for tests 
with negative polarity applied to the rod. ‘ 

4. A sphere-to-plane gap has higher flash- 
overs (60-cycle and positive waves) than a 
rod-to-plane gap, up to openings SVa times 
the sphere diameter. For larger openings 
the flashovers are less. See figure 4, 

An examination of considerable data 
taken on condenser bushings previous to 
the tests described above disclosed that 
fundamental data on rod and rod-to 
plane gaps would be desirable. Pre 


vious condenser-bushing data showed 
that there were several ways in which 60- 
cycle and impulse flashover voltages 
could be controlled. The tests* confirmed 
the conclusions drawn and enabled future 
design work to be made on a firmer basis. 
These conclusions are: 

6. A pronounced change in both 60-cycle 
and impulse voltage flashover can be made 
by changing the length of the condenser 
steps on the air end of the bushing. A 
bushing with even steps (see figure 3) on 
the upper end of the condenser has a lower 
60-cycle and positive wave flashover than 
one in which the steps are long at the top 
and short at the bottom (as in figure 2). 
For example, a 115-kv bushing with long 
steps at the top of the condenser, had a 
positive-wave flashover of 15 to 25 per cent 
higher, and a 60-cycle flashover 15 per cent 
higher than one with equal steps for the 
entire length of the air end. The positive 
full-wave flashover was higher than the 
negative, due to the reduction of field in¬ 
tensity at the top of the bushing. 

6. Using the principle that a positive-wave 
flashover is initiated by, and is lower when 
a rod or point electrode is provided at the 
positive terminal, the impulse flashover for 
both positive and negative waves can be 
controlled independently, when desired, 
within practical limits. One way of ac¬ 
complishing this is by means of positive 
and negative electrodes, mounted at 180 
degrees. With this electrode or gap design, 
a positive wave applied to the bushing lead 
will flashover coxisistently from the cap elec¬ 
trode to the metal flange of the bushing. 

A negative wave on the lead (positive at 
the flange) will flash from the point elec- 
^ode at the flange to the side of the bush¬ 
ing cap. Repeated tests will produce the 
same phenomena*—positive wave from cap 
electrode to flange, negative from flange 
electrode to cap—even though the two 
distances are unequal in length as much as 
10 or 15 per cent. 

7. It is pointed out in the Bellaschi- 
Teague paper* that the 60-cycle flashover of 
sphere-to-plane electrodes is higher than a 
rod-to-plane, up to SVa times the sphere 
diameter. 



Voltages are corrected for standard air con¬ 
ditions. The full line Is for standard rod gaps 
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The electric field surrounding a con¬ 
denser bushing on a transformer cover is 
in some respects similar to sphere-to-plane 
or rod-to-plane electrodes. 

Bushing caps vary from 4 to 16 inches 
in diameter, and the distances from cap to 
fl^ge vary from one to six times the cap 
diameter. At 138-kv the opening be¬ 
tween cap and flange is about 3 V 2 times 
the effective diameter of the cap. For 
higher-voltage-class condenser bushings, 
the 60-cycle flashover may be increased 
slightly by the addition of a point elec¬ 
trode to the cap. 

SiXTY-ChrcLE Tests 
ON Condenser Bushings 

A large number of 60-cycle tests on 
transformer cond^ser bushings have been 
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made during the past four years. Some 
of them have been made without bushing 
gaps, some with special shaped electrodes, 
some with top and bottom electrodes at. 
180 degrees with each other, and others 
with bottom electrodes only. The data, 
in Figures 6 and 7 give aU the flashovers. 
measured on busings with top electrodes,, 
or both top and bottom electrodes 
place. The voltages are each an average 
of five flashovers, and are plotted against 
the vertical distance in inches from top 
electrode to flange. 

The dry flashover voltages are corrected 
to relative air density = 1 and for 6.5 
grains per cubic foot (0.6085 inch mer¬ 
cury) absolute humidity. The wet flash- 
over voltages are corrected for water re¬ 
sistance in line with the Institute standard 
correction given above. Actual water 
resistances were from 3,500 to 7,500 ohms, 
per centimeter cube during tlie tests. 

A number of tests have been made with 
0.2 inch per minute precipitation, instead, 
of 0.1 inch per minute. Of 12 bushings 
tested, up to and including the 69-kv, 
class (approximately 24 inches length) 
the wet flashover for 0.2 inch per minute 
precipitation averages 84 per cent of that 
for 0.1 inch per minute; the minimum 
was 77 per cent, the maximum 90 per 
cent. 

Impulse Tests on Condenser Bushings 

Impulse flashover data on a large num¬ 
ber of condenser bushings are given in 
figures 8 and 9. IV 2 x 40 waves were. 



« 10 20 40 60 60 100 ' 

DISTANCE V M INCHES 

Figure 7. Sixty-cycle wet flashover of con- • 
denser bushings 

Precipitation 0.1 Inch per minute at 45 degrees - 
to bushing. Voltages are corrected for' 
standard water resistance of 12,000 ohms per 
centimeter cube 

used. Corrections for air density and, 
humidity have been made, in accordance 
yrith Institute standards, for all the bush¬ 
ings tested. In the case of positive - 
waves, the flashovers are plotted against 
distances from top electrode to flange. 
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Tor negative waves the distances are from 
flange electrode to the cap. 

The straight line curves in figures 8 
and 9, representing two-microsecond and 
full-wave values are from time lag curves 
ior standard rod gaps. These curves 
have been published previously, and are in 
the Bellaschi-Teague paper,^ figures 3 
and 4. The rod gap curves are drawn on 
the bushing flashover points to indicate 
that co-ordination of condenser bushings 
with rod gaps, for both positive and nega¬ 
tive waves and down to at least two micro- 
:seconds time of flashover is accomplished. 
The data for the bushings, as well as the 
rod gaps, have been taken directly from 
time lag curves. The time lags are 
measured from the 60-cycle crest voltage 
flashover value to the time of flashover. 
The variation of tests from the curves is 
reasonably small, considering the nature 


of less importance than that of the flange 
electrode, as the positive-wave flashover 
from the plain cap of the bushing to the 
flange dectrode is usually lower than the 
negative-wave flashover from flange elec¬ 
trode to cap. 

A reference to figure 4, which is drawn 
from data in the Bellaschi-Teague paper^ 
shows that sphere-to-plane electrodes 
have higher 60-cycle fiashovers than rod- 
to-plane, for distances up to 3 V 2 times the 
sphere diameter. For longer distances 
the flashover is less. The same is true 
for positive and negative impulse flash- 
overs. The standard requirements for 
bushing flashover follow dosdy the rod- 
to-rod and rod-to-plane. A bushing 
which has: (a) a low flange (bottom of 
porcelain dose to the cover), (b) no dec- 
trode on the flange, and (c) a cap with no 
sharp edges or gap, will have flashover 



/Figure 8. Positive wave impulse flashover of 
condenser bushings 


Rgure 9. Negative wave impulse flashover 
of condenser bushings 


lVs ^ 40 waves were used. Voltages arc 
corrected for standard air conditions. The 
full lines are for standard rod gaps 


IV 2 X 40 waves were used. Voltages are 
corrected for standard air conditions. The 
full lines are for standard rod gaps 


•of the tests and the fact that they have 
been made at different times over a period 
•of four years. The impulse flashover data 
are in reality more consistent than the 
■60-cycle data. 

Use of Electrodes 
OR Gaps on Bushings 

There has been some discussion in the 
Institute proceedings as to the need or 
desirability of gaps or dectrodes on 
transformer bushings. 

Several years ago the design of con¬ 
denser busUngs to meet the co-ordination 
requirements then prevailing, without the 
use of gaps, was considered. Even with 
the flexibility of design provided by the 
•condenser bushing, where considerable 
range of control of the electric field is 
possible by location of condenser steps, it 
has been found desirable to use an dec- 
trode projecting out from the flange to ob¬ 
tain the desired negative-wave fiashovers. 
The function of the top or cap dectrode is 


diaracteristics which differ from a rod-to- 
rod curve in a maimer similar to the 
sphere-to-plane curve in figure 4. The 
extent to which it will depart from the 
straight line rod-to-rod curve will de¬ 
pend upon how dosdy (a), (&), and (c) 
above are met. Whether the flashover 
will be above, or below the straight line 
curve will depend upon the relative di¬ 
ameter (effective) of cap and hdght of 
porcdain. 

From the standpoint of uniformity of 
design, co-ordination of bushing with pro¬ 
tective apparatus, and possible protec¬ 
tion to the winding offered by the bushing, 
the use of a gap on the flange of bushing 
seems desirable. The writer’s experience 
has been that bushings with gaps have 
less erratic flashover values (see figure 10, 
showing negative impulse-time lag curves 
for bushing with and without gap at 
flange). A gap will often prevent a 
flashover to other metal parts of the trans¬ 
former, such as caps of adjacent bushings 


or grounded metal projecting above the 
transformer cover. This is especially 
true of the gap at the flange of the bush¬ 
ing. A gap is a ready means for fixing 
the flashover values and adjusting the 
flashover for spedal applications. The 
humidity correction factor is more defi¬ 
nitely known for gapped bushings. 



Figure 10. Impulse flashover-time lag curve 
of bushing, showing spread of polnb 

A-A'—^Without gap at flange 
3-8'—^With gap at flange 

Tests made with negative 1 Va x 40 wave 

Co-ordination of bushing and winding 
becomes practical when a gap is used. 
For example, a 138-kv transformer wind¬ 
ing has a safe impulse test strength (based 
on an impulse ratio of 2.2) of 860 kv. If 
we sdect a bushing with an equivalent 
gap of 44 inches (the previous recom¬ 
mended standard), it will have a 60- 
cycle dry flashover (from figure 6) of 
approximatdy 426 kv, a 60-cycle wet 
flashover (figure 7) of approximately 350 
kv. The impulse fiashovers would be 
(from figures 8 and 9) positive minimum 
flashover 700 kv, negative minimum 
flashover 800 kv. These data show that 
without allowance for factor of safety in 
the winding insulation the bushing is co¬ 
ordinated with the winding for full waves 
and for waves chopped by the bushing at 
fairly long time lags (three to six micro¬ 
seconds). In other words, the bushing is 
substantially another co-ordinating gap, 
of similar characteristics but with slightly 
higher flashover values‘than the former 
standard gap. 

The writer knows of only two cases of 
bushing fiashovers on modem power 
transformers during the past three years. 
In neither case were the windings dam¬ 
aged. The bushings were gapped. With¬ 
out gaps, these bushings would have had 
from 6 to 10 per cent higher positive-wave 
flashover, and 26 to 60 per cent higher^ 
negative wave flashover. 
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In conclusion, it is desired to point out 
that the data in this paper refer only to 
bushings for transformers. The recom¬ 
mendations and conclusions should not 
be interpreted as recommending the same 
practice on bushings for other apparatus. 

Conclusions 

1. It is necessary to make many 
electrical tests to prove that bushings 
will meet service conditions. 

2. Correction factors for flashover 
tests of gapped bushings, as proposed by 
the AIEE transformer subcommittee, 
hold within reasonable limits as indicated 
by tests over a considerable period and 
under widely varying conditions. 

3. Present correction factors for 
humidity do not apply to ungapped bush¬ 
ings unless they are provided with the 
equivalent in the form of sharp or square 
comers. 

4. ^ Flashover values for ungapped 
bushings may be erratic or in some cases 
lower than when equipped with gaps. 

^ 5. Ungapped bushings may have very 
high negative-wave flashovers, and may 
result in flashovers directly to other 
windings rather than to ground unless 
excessive distances are taken. 

6. Properly gapped, bushings meet 
all of the characteristics at present recom¬ 
mended by the AIEE transformer sub¬ 
committee. The fact that special elec¬ 
trodes or gaps are furnished may not re¬ 
sult in any reduction in guaranteed 
strengths. 

7. Bushings having performance sub¬ 
stantially equivalent to the ^‘equivalent 
gaps*’ proposed for bushings can furnish 
a considerable margin of protection to 
^ansfonner windings without encroach¬ 
ing upon the factor of safety. It is prob¬ 
able that, including the factor of safety, 
and for a single surge, high-voltage surges 
at short time lags could be withstood. 

^ 8. It is desirable, under normal condi¬ 
tions, to use bushings having characteris¬ 
tics w nearly as possible equal to the 

equivalent gaps** previously proposed 
because much protection at no cost is 
tiiereby obtained, and the location of the 
initial flashover can be controlled. 


Discussion 

R. E. Pierce (Ebasco Services Inc., New 
York, N. Y.): Regarding the question of 
whether or not bushings should be provided 
with gaps, the author’s reasons for advocat¬ 
ing their use are sound. They are a 
measure of protection to the transformer 
winding, and control the location of any 
flashovers. 

However, because they do fix the location 
of flashovers, I feel very strongly that the 
gap electrodes should not be integral with 
the bushing itself, as illustrated in the 
paper, as experience has shown that a gap 
in this position is certain to cause thermal 
damage to the porcelain in the event of 
flashovers, but rather that the gap elec¬ 
trodes should be mounted or arranged on 
Idle bushing terminal and transformer cover 
in such a way that any arcing will be at a 
good distance from and preferably above 
the porcelain. Practically, therefore, com¬ 
plete knowledge of the characteristics, cor¬ 
rection factors, etc., for the ungapped bush¬ 
ings is essential, in order to intelligently co¬ 
ordinate the insulation. 
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L. WeflieiiU (General Electric Company. 
Pittsfield, Mass.): This paper presents a 
broad view of the scope of the develop¬ 
ments testing which may be needed to 
establish the suitability of a line of bushings 
for modem s^ce conditions. It is well 
that the magnitude and complexity of such 
an investigation should be appreciated 
since it also has a bearing on the circum¬ 
stances encountered in revision of charac¬ 
teristics of existing bushings. 

Quite a large number of tests are dis¬ 
cussed, and it seems desirable that a way 
should be found to eliminate some of the 
tests which contribute little, if any, addi- 
Uonal infomation. It is pleasing to note 
that Mr. Cole recommends discontinuance 
of the wet ten-second hold test. While 
this test has been used occasionally on 
circuit breaker bushings, it yields prac- 
ticaily no additional information beyond 
that which is shown by the wet flashover 
^t and the dry one-minute hold test 
There certainly seems to be little justifica¬ 
tion for the retention of this test. 

Mr. Cole refers to the one-minute hold 
test as being more severe than the dry 
^ovtf test. This doubtless results from 
me specific construction under considera- 
tw Im® been the writer’s experience 
^t, eitter with smaU bushings in which 
me dissipation of heat is easily accomplished 
without My g^t temperature rise, or in 
large bushmgs m which numerous oil ducts 
^ di^o^ M as to thoroughly cool the 
main dielectnc, -it is possible to apply a 
on^mmute hold voltage which is limited 
only by the tendency to flashover on the air 

A flashover test is cor- 

rmted for atmospheric conditions, whereas 
the on^mmute hold test is independent of 
ataosphenc conditions, the relative severity 
*4**® depends on atmospheric 

conditiOM. For standard atmospheric con- 

toiOM the dry fl^hover test is more severe, 
but for low air density and humidity the 

conditions, become more severe How- 

M smt^ by Mr. Cole, the one-minute 
test IS mtended primarily for the purpose 
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of verifying correct manufacture, and it 
would appear that for this purpose the one- 
minute test is preferable to the dry flash- 
over since the voltage held is independent 
of atmospheric conditions. 

The usefulness of the 60-cycIe dry flash- 
over test may well be questioned since the 
impulse flashover test is somewhat more 
severe. The impulse flashover test also has 
the advantage that it is more representative 
of the type of overvoltages which occur in 
service. 

^ The fact that different designs have 
different characteristics is again illustrated 
by the 60-cycle endurance test in hot oil. 
It can be shown theoretically that the lem- 
pemture rise produced by dielectric losses 
inside of a bushing having solid dielectric 
is proportional to the square of the applied 
voltage and is not affected by the thickness 
or configuration of the dielectric. The 
presence of condenser foils modifies this 
principle somewhat but does not alter the 
general principle that for low voltages the 
temperature rise is low and for high voltages 
the temperature rise is higher, even though 
the^ thickness of dielectric is increased to 
maintain the same stress intensity. As a 
result, it follows that on low-voltage bush¬ 
ings, there is no danger of a run-away ther¬ 
mal condition as long as suitable materials 
and thicknesses are utilized. On very high- 
voltage bushings with solid dielectric, the 
temperature rises are greater, and the 
possibility of run-away thermal condition 
must be considered. Even at very high 
voltages, if oil ducts are located so as to 
cool the major dielectric, there is no danger 
of a run-away thennal condition, and bush¬ 
ings of such design will demonstrate a di¬ 
electric strength on endurance test at high 
temperatures equal to or greater than that 
at low temperatures. 

A sii^ar distinction is found in the 
appheation of power factor and capacitance 
measi^ent to bushings of different con- 
stn^m. It has been our experience that 
on bushing which have no floating metal 
fods or which have floating metal foils with 
^ ducts between them, there is no tendency 
for the capm^ce to vary more than the 
Mount which is caused by the normal varia- 
fron m the properties of available materials. 
Therefore, whde we record power factor 
measuremmts of bushings, for the purpose 
readings which may 
later be taken m service, we find that the 
capacitMce readings are not useful in this 
connection. 

It has been our experience that for bush- 
m «ceM of 25 kv the best possible 
noise characteristics can be obtained 
compounds 

will have no tendency to form voids 
due to cwlmg or due to electrical discharges 
by overvoltages encountered in 
advantageous 

It is satisfying in some ways to be able 
of puncture strength 

nW* have found it prefer- 

able to measure this strength in terms of 
^urance ratter than voltage. It has 
^ w experience that standard bushings 
«Mot be pimctured on impulse since they 
^ always flashover on the outside, even 
though totally immersed under oil. It also 

trengtt should be verified with reference 
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to its relation to the external flashover 
voltage. We have, therefore, undertaken 
to establish the impulse puncture strength 
by means of repeated flashover tests. In¬ 
vestigations with impulse flashover voltages 
of varying forms ranging from the full 
1.5 X 40 microsecond wave to very steep 
waves rising at a rate of several thousand 
kilovolts per microsecond have indicated 
that the severest condition appears to result 
from the use of steep waves rising at ap¬ 
proximately the rate of 1,000 kv per micro¬ 
second. We have made numerous endur¬ 
ance tests using this wave with which we 
•expect a bushing to be good for approxi¬ 
mately 1,000 applications at intervals of 30 
seconds. 


V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): Mr. Cole has 
presented a very complete paper giving the 
electrical characteristics of bushings. Un¬ 
fortunately the paper emphasizes the use 
of gapped bushings as a protection to trans¬ 
formers against lightning. 

There is one point in connection with the 
characteristics of a gapped bushing that 
should be mentioned. Unless the arcing 
length is appreciably reduced by the gaps, 
the benefits of the gaps in reducing the 
impulse flashovers disappear on steep wave 
flashovers when they are most needed. In 
fact, extremely steep-front waves will often 
flashover at some place other than on the 
gap electrode. 

This, naturally, leads us to the question 
of why gaps were put on bushings in the 
first place. The principal reason was that 
when commercial impulse testing of trans¬ 
formers was set up a few years ago, it was 
required that the magnitude of the applied, 
impulse wave be measured by flashing over 
the bushitig. This required controlling the 
bushing flashover values by means of ad¬ 
justable gaps. These gaps were provided 
primarily for this purpose and not as a 
protection to the transformer in service. 

Now that impulse testing of transformers 
is to be made on a kilovolt basis, instead of 
on bushing flashover, there is no longer any 
necessity for the use of adjustable gaps on 
bushings dturing impulse tests. The prin¬ 
cipal objection to bushings is that gaps may 
give some operators the impression that 
they will protect the transformer under all 
conditions. 

On account of the faster rise in impulse 
kilpvolts of the volt-time curve of an air 
gap (as the time to flashover gets shorter), 
gaps give no positive protection to trans¬ 
former windings against steep waves unless 
set much lower than that provided by 
standard gaps on bushings. 

It is strongly recommended that if it is 
felt that a gap must be used for protection 
against overvoltage, it should be connected 
to the circuit a few feet away from the 
transformer bushing to prevent the possi¬ 
bility of a flashover damaging the bushing. 

There is not much question but that some 
of the statements made in the paper will 
not dear up but will still further confuse 
the question of protecting transformers 
with gapped bushings. The statement 
"Co-ordination of bushing and winding 
becomes practical when a gap is used" 
might lead an operator who does not know 
the whole story to think that if a bushing 
has a gap on it with a standard spacing 


there is no need of providing any further 
protection. If hit with a direct stroke it 
is very doubtful if the transformer could 
stand it. All operators who are using gaps 
to protect transformers use spacings much 
lower than 44 inches for 138-kv circuits. 
One large operating company started with 
20 to 22 inches for 110-kv service but later 
changed to 24 inches; another company 
changed from 20 or 22 inches to 11 inches. 

Other well recognized and effective 
methods of protecting transformers as well 
as service, are available and these methods 
should be used instead of relying on gapped 
bushings which give only partial protection 
to the transformer and no protection, to 
service. 

It would have been much better if Mr. 
Cole’s paper had pointed out the conditions 
under which gapped bushings give partial 
protection, rather than giving the impres¬ 
sion that if the bushings are provided with 
gaps the transformer is co-ordinated which 
to many means that it needs no further 
protection. 


P. L. Bellaschi (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa,): 
The improvements in the present condenser 
bushing, discussed in Mr. Cole’s paper, are 
the . outcome of extensive work during the 
past several years. In view of the more 
exacting requirements fundamentals have 
been brought to bear on the various prob¬ 
lems particularly where this approach was 
more conducive to practical results. One 
instance of this is the design for flashover 
to meet specified values and also means 
of readily controlling this important charac¬ 
teristic. 

Standing back of this development are the 
extensive tests in the laboratory. Hun¬ 
dreds of repeated teste, both with long and 
very steep impulses have been applied to a 
bushing design or to bushings in combina¬ 
tion with transformer windings. Of par¬ 
ticular interest to operators is the experi¬ 
ence in testing over 1V 2 million kva of trans¬ 
formers equipped with condenser bushings. 
Further improvements in bushing design 
have been suggested through this experience 
but in particular it has been on this testing 
ground that ample proof has been given of 
the present condenser bushings design in 
fulfilling its specific impulse requirements. 

The extent to which the development de¬ 
scribed by Mr. Cole has been pursued is 
illustrated in figure 1 of the paper. Here 
we have virtually a lightning stroke dis¬ 
charge across the bushing. The voltage 
applied rose at the rate of 3,000 kv per 
microsecond followed upon flashover by a 
current discharge of 90,000 amperes having 
a duration greater than 100 microseconds. 
While such severe teste may not be alto¬ 
gether a check on all possible service con¬ 
ditions to which a bushing may be subjected 
in the course of service, nevertheless, it is 
clearly an indication of the progress that 
has been made in the field of bushing design. 


F. J, Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Mr. Cole’s paper lists the electrical charac¬ 
teristics of bushings and shows the large 
number of tests necessary to show that a 
bushing is satisfactory,for service. Most of 
these tests are design teste which ate not 


feasible on each and every unit. Control 
tests and guaranteed tests can be reduced 
to relatively few. These latter tests can be 
made on the individual units. 

It is of interest to go into the history of 
insulation co-ordination. Some years ago, 
statements were freely made that the higher 
voltage transformers as a whole were 
stronger against impulse voltages than line 
insulation, and that the windings in turn 
were stronger than the bushings. Experi¬ 
ence was used as the evidence, and the surge 
generator had not been developed for use 
with transformers. Data of a reliable na- 
ture were not available for the common in¬ 
sulating materials. 

The advent of the surge generator made 
it possible to check impulse strengths of 
materials and complete units, and it was 
found that experience was a poor teacher 
as shown by the results of the laboratory. 
In many cases, the strength of transformer 
windings was found to be lower than the 
strength of the bushing, and the bushing 
lower than the line insulation. It was felt 
that if the relationships between line insu¬ 
lation, bushing, and winding were specified 
when it was not known whether they could 
be obtained or not, they must be desirable 
and they should be obtained if possible. 
Careful investigation has showed that they 
could be obtained within reasonable limits, 
except in the cases of severe or direct 
strokes. The trend has been to abandon 
these desirable characteristics because they 
were found to be difficult to obtain gener¬ 
ally. The acceptance of voltage values has 
led to a big reduction in the requirements 
and possibilities of a reduction in the im¬ 
pulse strength of equipment as now built. 

There is one point which I would like to 
re-emphasize. That point is covered in 
Mr. Cole’s paper, showing that a consider¬ 
able degree of co-ordination has been ob¬ 
tained with bushings and insulation for the 
138-kv insulation class. When the use of 
protective gaps was recommended, the gap 
length given was 38Vi inches. From figure 
9, the full-wave value for negative waves 
for a 38V4-inch gap is about 700 kv, as 
high in voltage as the 44-inch gap for posi¬ 
tive waves. It is understood that the 
negative-wave flashover of some types of 
bushing may be the same or less than the 
positive flashover. In this case, bushing 
flashovers might have occurred instead of 
protective gap flashovers due to insufficient 
margin between the protective gap and the 
bushing flashover. This should not have 
occurred with past designs of transformer 
condenser bushings due to the fact that the 
negative-wave flashover has been higher 
than the positive flashover. 

The statement has been made that bush¬ 
ing flashovers invariably damage the por¬ 
celain. This is not always true. By the 
use of gaps properly arranged, the power 
arc can be largriy directed away from the 
porcelain even though the gap parts are on 
the cap and flange. This can be demon¬ 
strated. ‘Also, the initio flashover, either 
60-cycle or impulse, can be made to clear 
the porcelain and not damage it. These 
features have not been emphasized, since 
it has been felt that bushing flashovers 
should be avoided. The use of a service 
gap, say 34Va inches long for the 138-kv 
class, at the terminals of bushings should 
avoid bushing flashovers and provide a 
considerable measure of winding protection. 
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Where arresters are used, such a gap would 
only flashover in cases when the discharge 
current was excessive or the arrester was 
too far away from the transformer to supply 
protection for steep high surges. 

Under these conditions, flashover is 
bound to occur somewhere, and the gap will 
locate it so that it will do the least damage 
and protect the transformer windings. 


H. L. Cole: The subjects presented in the 
paper have resulted in some useful and 
interesting discussions, and the author 
appreciates the interest shown. 

Mr. Pierce recommends that gap elec¬ 
trodes be away from the bushing and not 
integral with the bushing itself. If the 
gap is removed to a point where no damage 
can be done by flashover, it will probably 
be far enough away so that the bushing 
may be said to be not co-ordinated. Such 
a gap would be special for each transformer 
and the design would lose much of its sim¬ 
plicity and practicability. 


Mr. Wetherill discusses the ''endurance 
test from the standpoint of type of bushing 
construction. Now there are a number of 
different types of bushing construction, all 
of which have been developed to a high 
degree of perfection. It was not the inten¬ 
tion of the author to discuss differences 
between types of bushings, but it is im¬ 
portant to note that the presence of con¬ 
denser foils, as Mr. Wetherill describes the 
application of the condenser principle to a 
bushing, is what actually distributes the 
stresses uniformly throughout the dielec¬ 
tric, keeps the temperature at a low value, 
and makes the use of oil ducts to prevent 
overheating unnecessary. 

It is not proposed that the bushing be 
used as a principal means of protection for 
the transfonner. What is proposed, and 
what has been practiced for the past five 
yeara, is that a substantial amount of 
additional protection be obtained by making 
the bushing with impulse flashover charac- 
t^istics so that it will have a flashover 
slightly under the transformer winding 
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strength for as many types of waves as 
practicable. 

Referring to Mr. Montsinger^s discussion, 
the primary reason for controlling bushing 
flashovers was not for measurement pur¬ 
poses, but to give some winding protection. 
Originally the operators insisted that bush¬ 
ings have a lower impulse level than the - 
windings. They did not require the use of 
gaps. Gaps were installed by the manu¬ 
facturer to obtain either uniformity of re¬ 
sults or the desired level. The bushing 
gapped or ungapped was demonstrated to 
give some protection to the transformer in 
service, and was not in itself a measuring 
device. 

Kven before commercial testing, there 
was a demand for co-ordinated bushings. 
Some engineers disagreed with the idea,, 
saying that it was impractical. The de¬ 
mand persisted, and the writer tackled the 
problem of producing a bushing which would, 
have as good co-ordination as possible. The 
present paper describes the progress made* 
and the results obtained. 
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Co-ordination of Physics With Electrical 

Engineering 

By J. M. BRyANT 

MEMBER AIEE 


T he early departments of electrical 
engineering in American universities 
were outgrowths of courses developed in 
pli 3 rsics. In most engineering colleges 
some member of the physics faculty of¬ 
fered application courses in physics for 
engineering students and after a few 
years these developed into a complete 
curriculum with a separate faculty for 
electrical engineering in parallel with the 
older dvil and mechanical engineering 
curricula. 

The early courses were mostly descrip¬ 
tive in nature with some emphasis on 
design of electrical machinery. The only 
text available was that of “D)mamo Elec¬ 
tric Machinery,** a two-volume text on 
d-c machinery by S. P. Thompson, an 
English author. The early American 
texts in a-c theory were inadequate, with 
very few proofs, and the minimum of 
mathematics. The early papers and texts 
of Doctor C. P. Stdnmetz were the first 
to lay a proper foundation in mathe¬ 
matical development for advances in a-c 
theory. Practicing electrical engineers 
were not properly prepared in either 
physics or mathematics to understand 
these texts and Doctor Steinmetz adopted 
calculus methods for the solution of dif¬ 
ferential equations and series methods for 
solution of long transmission lines, so that 
his texts might be of real use to these 
engineers. To the early text on “Alter¬ 
nating Current Phenomena’* he added 
others, induding his well-known text on 
“Transient Electric Phenomena** and then 
one on “Electrical Engineering,’* a book 
adopted as an elementary text for stu¬ 
dents in some engineering colleges. In 
each of these texts, the solution of dr- 
cuits by the use of the complex nmnber 
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was introduced and the machines were 
reduced to drciiits for their solution. 
This was a revolution in method, since 
most previous authors had developed a 
new theory for each machine and the ma¬ 
chine and the drcuit did not fit together. 

Many colleges were slow to adopt these 
newer mathematical methods of analysis 
partly from the inertia and poor prepara¬ 
tion of the faculty and partly from the 
lack of proper emphasis along these lines 
in the fundamental fields of physics and 
mathematics. When students, trained in 
these new methods of analysis, were ab¬ 
sorbed by the industry, and more empha¬ 
sis was placed on fundamentals of analy¬ 
sis rather than on descriptive methods, 
a distinct gain, was possible in the de¬ 
velopment of better designs for electrical 
devices and machines and the extension 
of the field was much accelerated. The 
rapid advance of electrical engineering 
in the past 25 years is due in a large 
measure to the ability of engineers to 
analyze the problems mathematically and 
to measure the quantities involved with 
exactness. 

At the present time adequate texts are 
available in a-c theory for both under¬ 
graduate and graduate instruction ,of 
electrical-engineering students and as 
reference texts for practicing engineers. 
In these texts the authors have adopted 
mathematical proofs with application to 
modem machinery and transmission cir¬ 
cuits. Much praise is due to the willing¬ 
ness of publishers to encourage better 
texts in this field when profit has not been 
their only motive. 

In the field of communication the early 
texts were mostly descriptive of the equip¬ 
ment and circuits witli little emphasis 
on calculation or of background physical 
principles. Devdopment in research by 
physicists in the fidd of electrical dis¬ 
charges in gases and the devdopment of 
the theory of dectron emission have made 
possible the devdopment of vacuum tubes 
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which have revolutionized the whole field 
of wire communication and have brought 
forth the newer fidd of radio communi¬ 
cation. The vacuum tube-and improve¬ 
ments in transmission circuits have 
changed the entire fidd of transmission 
of speech and music over wires by intro¬ 
ducing repeaters at frequent intervals 
along the line which with better drcuit 
equalization have made long-distance 
wire-communication clearer and of higher 
fiddity than local communication was a 
comparatively few years ago. With the 
advance of radio from that of telegraphy 
to that of tdephony, it has been possible 
to link all phones in one international 
system. The early courses in vacuum 
tubes and radio were developed in some 
universities in the department of physics 
and in others in electrical engineering. 

The vacuum and gas-filled tubes have 
invaded the power fidd of electrical engi¬ 
neering and these new applications are 
rapidly expanding into the fields of cir¬ 
cuit control and d-c transmission of 
power. The early carbon-filament, 
vacuum incandescent lamp was displaced 
by others using tungsten filaments, at. 
first having a vacuum and later by those 
filled with inert gases.. These advances, 
were brought about by research in the 
fundamental physical phenomena. Other 
developments along parallel lines have 
produced the numerous dectric lamps us- ” 
ing dectrical discharges in gases and 
vapors at low and medium pressures. 
Further research by physicists in gas laws, 
and dectric discharges have laid a back¬ 
ground for the study of lightning, for the 
X-ray tube, and for various new sub¬ 
divisions of the atom, giving rise to new 
products and new technique in both 
physics and engineering. 

The two fields of physics and dectrical 
engineering are again becoming more- 
dosely allied, so that courses may be de¬ 
veloped by teachers in either department, 
and taken by students in both depart¬ 
ments, At the University of Minnesota,, 
courses in acoustics, in electronics, vac¬ 
uum tubes, and communication, both 
wire and radio, are taught in dectrical 
engineering while those in the funda¬ 
mental gas laws and nudear physics axe- 
taught in physics. These courses are- 
taken as majors by graduate students, 
in dther department 

In the fidd of mathematics a similar 
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The Co-ordination of Mathematics and 
Physics \(^ith Electrical-Engineering 

Subjects 

By WALTER A. CURRY 

FEUOW AIEE 


N O DEFENSIVE arguments are re¬ 
quired to justify the need and desir¬ 
ability of co-ordination between mathe- 
xnaticSi physics, and electrical-engineering 
subjects; such co-ordination must exist 
to some degree in every electrical-engi¬ 
neering curriculum and the essential ob¬ 
jective of this symposium is to create a 
discussion of views and to reveal the 
instrumentalities whereby such co-ordina¬ 
tion may be and is achieved. 

Fundamentally, the initial objective of 
an engineering program of studies is to 
inculcate in the student an appreciation 
and grasp of that approach to the solu¬ 
tion of problems which has been desig¬ 
nated as the scientific method, repre¬ 
sented by an ordered sequence consisting 
of observation, analysis, generalization, 
and application. 

This method rests squarely upon the 
science of physics, which treats of matter 
and energy, and the science of mathe¬ 
matics, which sets up the philosophy 
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co-operation has been experienced as 
with that of physics. In spite of the 
handicap of poorer preparation in mathe¬ 
matics of students entering our colleges, 
the mathematics departments of the 
universities have been able to prepare 
these students for their undergraduate 
work in calculus. By a co-ordination of 
this work with a greater application of 
mathematics in electrical-engineering 
courses dunng the junior and senior years, 
the student is now better prepared than 
formerly at the end of his senior year. 
The department of mathematics has also 
co-operated by offering courses in dif¬ 
ferential equations and advanced calculus, 
in operational analysis, vector analysis, 
functions of comply variables and 


and techniques whereby the quantitative 
relationships of physical laws and prin¬ 
ciples may be expressed, investigated, and 
evaluated. The student entering upon 
the course in physics, having previously 
prepared himself in mathematics, is there¬ 
fore qualified to fuse the two fields in the 
combined relationship which is basic to 
the scientific method. Thus, in the Co¬ 
lumbia program, the student has a year of 
mathematics before entering upon the 
course in general physics, and two years 
of mathematics and one year of physics 
before he reaches his first course in elec¬ 
trical engineering subjects. 

Training the student, in his physics 
courses, to search for the fundamental 
principles upon which a statement of the 
problem may be formulated, to trans¬ 
late such statement into its mathe¬ 
matical equivalent, to solve this equiva¬ 
lent and to interpret the results so ob¬ 
tained, represents an invaluable educa¬ 
tional process. Such training actually 
expresses co-ordination with subsequent 
engineering courses to the highest degree, 
since these courses will utilize the same 
principles in attacking problems presented 
by their subject matter. 

Such co-ordination does not imply that 


matrices for graduate students in elec¬ 
trical engineering and physics to parallel 
new methods of analysis required by these 
students and by industry. Through the 
use of these fundamental methods elec¬ 
trical engineering has passed from an ex¬ 
perimental to an exact science. The hope 
for future advances in the field of elec¬ 
trical engineering still lies in the ap¬ 
plication of mathematics and physics to 
the solution of new problems and the de¬ 
sign of new equipment. 


Discussion 

For discussion see page 43. 


there shall be no overlapping of subject 
matter; a student in the electrical-engi¬ 
neering subjects may be effectively 
‘‘tuned’* to new material if the instructor 
gives a brief r&um^ of the underlying 
physical laws, in spite of the fact that 
these are known to have been discussed 
in previous courses. This not only re¬ 
freshes the student’s memory, but re¬ 
emphasizes the alliance between the new 
applications and the earlier subject mat¬ 
ter, problems in both of which are amen¬ 
able to the same scientific method for 
their attack and solution. 

To keep such r&umd within reasonable 
limits, however, there must be effective 
co-ordination between the electrical- 
engineering subjects and physics. At 
Coliunbia, this is provided in part through 
informal and voluntary discussion be¬ 
tween instructors in the two fields. It is 
accepted as part of their duty, that in¬ 
structors in physics inform tliemselves 
specifically as to the knowledge of physics 
assumed in engineering courses by mem¬ 
bers of the engineering-school staff, and 
conversely, those giving instruction in the 
engineering school are charged with keep¬ 
ing definitely informed on the instruction 
in general physics. There are available 
in the electrical-engineering department 
detailed specifications of the subjects 
treated in general physics, which vitalized 
by interpretive discussion, provide those 
elements necessary to the efladent collabo¬ 
ration of the two fields. 

Referring to the student in engineering, 
the objectives of these courses (in general 
physics), recently defined by a faculty 
committee, are as follows: 

1. To give the student knowledge of the 
phenomena of matter and energy, and train¬ 
ing in how they can be quantitatively 
analyzed and classified by measurement and 
theory, so that he may make use of this 
knowledge and training as a common basis 
of introduction for further study in various 
courses in engineering. 

2. To give the student a knowledge of the 
interrelationships of the different branches 
of physics, and an understanding of the 
development of the science of physics, its 
direction of progress, and the developments 
that have not as yet proceeded to the point 
of engineering application. 

Thus, the desired co-ordination be¬ 
tween the physics courses and the engi¬ 
neering subjects which follow is recog¬ 
nized in the first objective, while the 
second is essential to the broad engineer¬ 
ing program. It may be noted inci¬ 
dentally that only about 60 per cent of 
the groups which attend the general 
course in physics are headed for engineerr 
ing; the course is taught as. physics and 
is designed for all students who intend to 
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major in science, including those who will 
specialize in physics and those who will 
enter engineering. 

The electrical-engineering subjects rely 
on the preceding work in physics to estab¬ 
lish dear concepts and understanding of 
the fundamental laws and relationships 
governing elementary magnetic phenom¬ 
ena, dectrostatics, and the laws of current 
flow in simple d-c drcuits. Dimensional 
rdationships and systems of units are im¬ 
portant adjuncts. The subject of light, 
as discussed in the physics course, is 
planned to establish a sound basis for the 
subject of illuminating engineering in the 
subsequent dectrical-engineering pro¬ 
gram, and similarly treatment of sound 
and wave motion, atomic physics, and the 
conduction of electridty through gases, 
form foundation elements for the sub¬ 
jects of communication and electronics. 
Knowledge of the laws of motion for rotat¬ 
ing bodies, treated in physics and me¬ 
chanics, is manifestly essential to the 
proper understanding of generator and 
motor performance discussed in subse¬ 
quent dectrical-engineering courses. 

The co-ordination between electrical- 
engineqring subjects and mathematics 
follows along lines similar to those rdat- 
ing to the work in physics. The earlier 
mathematics subjects (analytic geometry 
and the calculus) coming throughout the 
first and second years, provide a basic 
training which is essential to all fields of 
engineering. These subjects are given in 
the college and are taken by mixed 
groups, of which possibly 60 per cent are 
planning to enter engineering. The major 
objective of this two-year sequence of 
formal mathematics is the development in 
the student of an appreciation and dear 
understanding of the science which is 
mathematics, coupled with the attain¬ 
ment of a measure of skill and confidence 
in the application of this sdence to the 
solution of problems, many of which have 
thdr framework in the fields of mechanics 
and physics. 

This two-year sequence is followed in 
the third year by a one-semester course in 
engineering mathematics which discusses 
such items as: 

Fourier series, line integrals, ordinary and 
partial diflerential equations, complex num¬ 
ber operations, determmants» elliptic inte¬ 
grals, empirical equations, harmonic analy¬ 
sis, nomographs, probabHity, gamma and 
Bessel functions. 

Naturally, with a content of this scope 
projected for a one-semester course, the 
student does not proceed to great depth 
in any one of the above items. The ob¬ 
jective is rather to acquaint him with 
them, and to give him some indication of 


their application to practical problems, 
particularly in the fidd of dectrical engi¬ 
neering. The subject of differential equa¬ 
tions, however, touched upon in a pre¬ 
ceding course in the calctdus is, in this 
course, carried considerably further, about 
one-half of the time being devoted to this 
item. 

This course was instituted at the re¬ 
quest of the dectrical-engineering depart¬ 
ment and its objective is *'to equip the 
student with the mathematical mecha¬ 
nism commonly used in all branches of 
engineering, but pointed particularly 
toward dectrical engineering.’* It repre¬ 
sents a directed effort to advance the 
student from what may be termed the 
“minimum” type of educated man to the 
“superior” type, these types being defined 
as follows: 

The ‘‘minimum” type knows the important 
physical concepts and is fairly well aware of 
their function in engineering problems, but 
he is not very strong in the mathematical 
management of these physical concepts. 
His strength is intuitional and experimental. 
He may be a valuable man. 

The “superior” type has aU that the 
minimum type has, but in addition he has 
learned with his concepts of physics, the 
mathematical formulation of them. This 
man has superior capacities for design and 
research. 

The liaison between mathematics and 
the electrical-engineering subjects is pro¬ 
vided by an “engineering-minded” mem¬ 
ber of the department of mathematics, 
Professor L. P. Siceloff, who conducts 
the course in engineering mathematicSi 
and who is the author of the preceding 
definitions. This link is an effective one 
and through it there flows an easy inter¬ 
change of suggestions and requirements 
which may arise from time to time. 

The sequence in mathematics beginning 
with analytic geometry, continuing 
through calculus, and concluding with 
engineering mathematics, provides the 
necessary skill to enable tlie student to 
master the mathematical, aspects of his 
subsequent work in electrical-engineer¬ 
ing subjects. 

Furthermore, these courses, jointly 
with those of physics, are directly utilized 
in the fourth year, by two-semester 
course in electrical-engineering problems, . 
the purpose of which is to give the student 
an indelible realization of the intimate 
relationship which exists between elec¬ 
trical engineering, mathematics, and 
physics. 

The means chosen for accomplishing 
this objective is a series of very carefully 
constructed problems which are so de¬ 
signed that their solution demands dear 


anal 3 d;ical procedure, combined with a 
certain degree of resourcefulness and per- 
spicadty, while at the same time the 
student is required to understand and 
explain fully the origin of the underlying 
ftmdamental ideas and their extension and 
application to the problem at hand. 

In the lectures that accompany this 
course the student has pointed out to 
him the connection between the general 
fundamental idea and the engineering 
applications. The fundamental ideas are 
always expressed in their general mathe¬ 
matical form, often using mathematics 
not available to the student at the time 
the principle was originally introduced in 
physics. The student learns the applica¬ 
tion of mathematical processes to engi¬ 
neering problems and the significance of 
mathematical operations interpreted in 
terms of physical and engineering phe¬ 
nomena. 

As has been indicated in the foregoing 
discussion of co-ordinating courses, an 
essential factor in such co-ordination re¬ 
sides in the establishment of close per¬ 
sonal relationships between the instruc¬ 
tors of the several departments concerned, 
enriched by a cordial spirit of co-operation 
and motivated by a high idealism in the 
objectives to be sought and attained. 
But co-ordination, once achieved, cannot 
be left to maintain itself. The inevitable 
and necessary revision which the subject 
matter of an engineering or science course 
undergoes as time brings new devdop- 
ments and viewpoints in those fields, de¬ 
mands that such co-ordination be re-ex¬ 
amined at intervals to insure its continued 
existence. At Columbia, during the past 
several years, this has been accomplished 
through committees, with membership 
representative of the departments in¬ 
volved, including those , of mathematics 
and* physics. Such a committee is serv¬ 
ing at the present time, and it is antici¬ 
pated that similar committees will be 
appointed from time to time in the 
future. 

In conclusion it may be said that there 
is an essditial -unity to all knowledge, 
and the student in electrical engineering 
will value and appreciate his early and 
later courses more highly if there is an 
efficient continuity throughout his sched¬ 
ule of studies. Tffis wfll b.e accomplished 
if there exists a planned co-ordination of 
his three major fields, namely mathe¬ 
matics, physics, and electrical engineer¬ 
ing. 


Discussion 

For discussion see page 43. 
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Mathematics and Physics in Engineering 

By MICHEL G. MALTI 

MEMBER AiEE 


M any definitions are given of an en¬ 
gineer. For the purpose of this 
discussion I would define an engineer as 
a scientist who uses physics and niathe- 
matics to promote the welfare of man¬ 
kind. His use of physics and mathe¬ 
matics presupposes a thorough knowledge 
of them and demands that he be capable 
of: 


(a) Reducing his engineering problems to 
fundamental physical facts. 

(b) Expressing the physical facts in mathe¬ 
matical form. 

(c) Deriving from the mathematical state¬ 
ment the desired mathematical result. 

(d) Interpreting the mathematical result 
physically. 

These points are so important that they 
justify further elucidation. Let us illus¬ 
trate them through the familiar problem 
of determining the transient current in a 
series circuit, with resistance and induc¬ 
tance, which is suddenly subjected to a 
constant electromotive force: 


(a) The physical facts here Involved are 
that the applied electromotive force is 
consumed in drops through the resistance 
and inductance. 

(b) The mathematical expression of the 
physical facts is: 


E » ft -J- Ldi/di 

(c) The derivation of the mathematical 
result consists in solving this differential 
equation and obtaining 

i - {E/R) + 

(d) The interpretation of this result is that 

the current may be anything depending 
upon K, Hence we resort to the physics 
of the problem and assert that the current 
is zero at the instant t ^ 0 when the elec¬ 
tromotive force is impressed. This gives 
^^ "“E/R and hence the current for 

this particular initial condition is; 

i - (E/R)(l - 

I have used this simple illustration to 
show the four processes involved in all en- 
gine^g problems. The degree of ease 
or difficulty of one or the other of these 
processes varies with the nature of the 
problem. But each process exists in 
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every engineering problem no matter how 
difficult or easy it may be. 

Now it so happens that part c (the ac¬ 
tual derivation of mathematical results) 
is something that an engineer need not 
master because he can always resort to 
the mathematician for the performance of 
this task. But every engineer should be a 
master of parts a, b, and d because neither 
the physicist nor the mathematician can 
be of assistance to him in this matter. 

I doubt if there exists any disagreement 
among engineers about these statements. 
We also admit that the majority of engi¬ 
neers lack these essentials otherwise we 
would not be holding this symposium. 
We therefore conclude that something is 
wrong either in our teaching of physics 
and mathematics or in the proper co-or¬ 
dination of these subjects with engineer¬ 
ing courses or in both. 

All these are facts which we agree upon. 
What we do disagree upon are the real 
causes of this condition and the remedies 
to be adopted. I do hope that when this 
symposium is ended we shall have at¬ 
tained a clearer insight into the real 
causes of the trouble and shall have 
adopted a course of action which con¬ 
stitutes a fimdamental and effective 
remedy. 

I shall now endeavor to give some of the 
causes and suggested remedies as I have 
collected them through talks with educa¬ 
tors, students, and engineers and through 
personal observation and experience. 
This will then be succeeded by a critical 
analysis of them and a suggested solution 
of the problem. 

(а) Incompetence of Mathematics and 
Physics Teachers, Some educators trace 
our woes to the teachers of mathematics 
and physics. They assert that these 
teachers do not understand the point of 
view of the engineer and are, therefore, 
unable to teach him these subjects. Both 
mathematicians and physicists are prone 
to emphasize facts which are essential to 
them but which are utterly useless in 
engineering applications. Furthermore 
physicists and mathematicians do not 
know engineering problems. Hence they 
are not capable of discerning what is and 
what is not essential to engineering. Ob¬ 
viously the remedy here consists in hav¬ 
ing mathematics and physics taught to. 
engineers by engineers. 

(б) Lack of Co-operation, Another 
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group agrees that the viewpoint of the en¬ 
gineer should be stressed in both mathe¬ 
matics and physics courses but are less 
antagonistic to teachers of mathematics 
and physics. They are inclined to take 
a little of the blame upon themselves and 
ascribe the trouble to lack of proper co¬ 
operation between teachers of engineer¬ 
ing on the one hand and teachers of 
mathematics and physics on the other. 
Some of the remedies here suggested in¬ 
clude: 

1. Frequent conferences between faculty 
members with a view of co-ordinating 
efforts. 

2. Actually supplying the departments of 
mathematics and physics with typical en¬ 
gineering problems which these depart¬ 
ments could use for illustrative purposes. 

3. Telling the teachers of mathematics and 
physics what is and what is not essential 
in en^eering and requesting that only 
essential facts be stressed in teaching phys¬ 
ics and mathematics to engineers. 

(c) Lack of Time, A third group 
blames neither the teachers of engineer¬ 
ing nor the teachers of physics and mathe¬ 
matics. They assert that competence 
and co-operation exist to as high a degree 
as may be expected. Time or rather the 
lack of it is the cause of our trouble. In¬ 
deed the engineering curriculum is so 
crowded and the student is so rushed with 
his courses that there exists no time to 
stress the mathematical and physical as¬ 
pects of engineering. To train an engi¬ 
neer to correlate physics, mathematics, 
and engineering is truly a time-consuming 
and a very exacting task. Moreover 
since time caimot be conserved through 
the elimination or revision of engineering 
courses there appears three possible reme¬ 
dies. 

1. Extension of the engineering course to 
more than four years. 

2. Offering graduate courses in colleges to 
men who expect to engage in strictly engi¬ 
neering work. 

3. Delegating, to industry, the responsi¬ 
bility of training engineers through ad¬ 
vanced courses. 

(d) Incompetence of Engineering Teach¬ 
ers, A very small fourth group is willing 
to shoulder the whole blame and admit 
that, sometimes, the cause of the trouble 
can be traced to the very teachers of en¬ 
gineering themselves. This group argues 
that there is a golden opportunity for en¬ 
gineering teachers to correlate mathe¬ 
matics and physics in their own courses. 
Such teachers should stress the physical 
laws and mathematical relations which 
form the bases of engineering applications 
in order that the student may form a con- 
Crete picture of how physics and mathe- 
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matics are used by the engineer. If the 
contention of this group is true, then the 
remedy obviously consists in having, on 
our engineering faculties, men who com¬ 
bine a good engineering training with a 
thorough and comprehensive knowledge 
of mathematics and physics. Such men 
should, moreover, possess the gift of con¬ 
veying their thoughts in a logical, clear, 
and comprehensive manner to their stu¬ 
dents. The task of the engineering 
teachers thus becomes most exacting and 
their selection requires the most careful 
scrutiny of college presidents, deans, and 
department heads. 

It would appear that elements of truth 
exist in the contentions of all four groups. 
Let us, however, examine them a little 
more critically. 

(a) While it is desirable that physicists 
and mathematicians do appreciate the 
engineer’s point of view, such appreciation 
is of precious little help to the freshman 
and sophomore student who has no ink¬ 
ling of what engineering is! To tell a 
freshman tliat the laws of gases are used 
in connection witli engines, turbines, and 
air-conditioning machines might attract 
his interest. But it means little or noth¬ 
ing to him because he knows nothing 
about the design or operating charac¬ 
teristics of such machines. Nor would it 
profit the sophomore much when he is 
advised that Faraday’s law of induction 
is the basis of the design and operation of 
all electric machines because he knows 
little if anything about electric ma¬ 
chines. It still means less to an immature 
student to be told that a linear differen¬ 
tial equation of the first order with con¬ 
stant coefficients represents a series cir¬ 
cuit with R and L or with R and C be¬ 
cause such a circuit is just as mysterious 
to him as the differential equation itself. 
Indeed, to an immature freshman and 
sophomore, engineering is more strange 
than the physics and mathematics he 
studies. It would appear, therefore, that 
the time to show the application of phys¬ 
ics and mathematics to engineering prob¬ 
lems is not during the freshman and 
sophomore years but during the junior 
and senior years when the student is ac¬ 
tually engaged in studying engineering. 
It thus becomes incumbent on the teachers 
of engineering rather than those of physics 
and mathematics to demonstrate and 
elucidate the application of these basic 
sciences to engineering problems. 

Q>) There is much to be gained from 
conferences between teachers of engineer¬ 
ing and of the basic sciences provided 
these conferences are well planned and 
well directed and provided that a sincere 
effort is exerted by all to see one another’s 
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point of view. Such conferences should 
have for their object: 

1. The understanding, by mathematicians 
and physicists, of the processes involved in 
the solution of engineering problems as out¬ 
lined earlier in this discussion. 

2. The understanding by engineers of the 
processes of analysis which a mathematician 
utilizes in formulating and solving his 
problem and the physicist uses in making 
his discoveries of physical laws and in cor¬ 
relating physical phenomena. 

To my mind it would be disastrous to 
dictate to a physicist or mathematician 
what he should or should not teach engi¬ 
neering students or how he should present 
the subject matter. To dictate the con¬ 
tents of a course would emphasize the 
utilitarian and exclude the interest aspect 
of education. To dictate methods of 
presentation would rob the student of the 
mental enrichment which comes out of 
stud 3 dng several modes of attack and es¬ 
tablish in his mind narrow tracks and 
processes of reasoning which might or 
might not prove helpful in attacking his 
future problems. 

(c) The problem of lack of time is a 
serious one and I would welcome the ex¬ 
tension of the engineering course to more. 
than four years provided all educational 
institutions throughout the country agree 
to do so. But I insist that, even in four 
years, engineering colleges can do better 
by their students if they require less sub¬ 
stitution in formulas, less graph plotting, 
less slide-rule work, and more brain work. 
In fact, even if the engineering course is 
extended to five or six years I would rec¬ 
ommend that the present mode of run¬ 
ning some courses, with the idea of con¬ 
suming the student’s time rather than 
exercising his brain, be abandoned, and 
the courses be so changed that time is 
spent in thinking rather than in slide-rule 
pushing and graph plotting. 

(d) It is obvious that all these recom¬ 
mendations lead to one effective solution 
—the improvement of engineering facul¬ 
ties, The remedy lies in having engineer¬ 
ing teachers who are not only well-trained 
engineers but who are also good mathe¬ 
maticians and ph 3 rsicists. The time is 
past when a knowledge of algebra and of 
Ohm’s and Faraday’s laws were all the 
tools that an electrical engineer needed. 
The time is gone when an engineer jok¬ 
ingly remarks that the place of an integral 
sign is on the violin. Such mathematics 
as functions of complex variables, func¬ 
tions of real variables, theory of sets, 
theory of groups, calculus of variation, 
ordinary and partial differential equa¬ 
tions, advanced algebra (tensors, etc.), 
and vector analysis are commonly used in 
the solution of engineering problems. As 
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to physics, the electron theory comprising 
conduction of electricity through gases, 
electron emission, photoelectricity, X- 
rays, etc., and such subjects as quantum 
mechanics, light, heat, and others are just 
as essential to the electrical engineer of 
today as Ohm’s law and Faraday’s law 
of electromagnetic induction were to the 
pioneer engineer. Engineering teachers 
should realize these facts and prepare 
themselves to meet present-day demands. 

The following evolutionary process may 
be suggested to improve our present facul¬ 
ties in the larger universities: 

{a) Have all graduate students in engi¬ 
neering who are working for a degree of 
doctor of philosophy take mathematics 
and physics as minors. 

(&) Appoint assistants from among these 
graduate students and keep records of their 
scholarship and teaching ability, as well 
as their character and personality. 

(c) Select from among the assistants those 
who show most promise and encourage them 
to specialize along various lines. These 
men, upon receiving their degree of doctor 
of philosophy should be appointed as in¬ 
structors. 

(d) Make research accomplishments and 
teaching ability necessary (although not 
sufficient) conditions for promotion. 

(s) Have the faculty keep in touch with 
industry in order to follow the developments 
of the time. 

If this policy is adopted by our leading 
educational institutions every first-class 
college would, within a brief period of 
perhaps ten years, have an excellent 
faculty and the problem we are discussing 
in this symposium would become of minor 
importance! 

But I hear the voice of the personnel 
man reminding me that over 80 per cent 
of our graduates finally end in sales offices 
or in executive positions vrith very little 
possibility of their ever using physics, 
mathematics, or even engineering and 
that the remaining 20 per cent or per¬ 
haps even 10 per cent who actually do 
engineering work are trained in special 
industrial courses! So why all this fuss 
about knowledge of mathematics and 
physics and their correlation with engi¬ 
neering subjects? To the personnel man 
and his ilk I say: 

The purpose of all education is mental 
training. College courses are but ve¬ 
hicles to attain this end. In these courses 
facts are learned and quickly forgotten. 
What the student retains are the mental 
processes which he unwittingly acquired 
while he pursued these courses. If one’s 
mind is fertile and receptive and his tu¬ 
tors are alert, enthusiastic, and compe¬ 
tent, then one’s mentality should be so 
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Courses to Develop Facility in the Use of 
Mathematics and Physics in the Solution 
of Engineering Problems 

By B. R. TEARE, JR. 

MEMBER AIEE 


I N RECENT years engineers and 
teachers have recognized^** that many 
graduates lack facility in the use of 
mathematics and physics in the solution 
of engineering problems. Appearing to 
know the principles of science that under¬ 
lie engineering, the young graduates fre¬ 
quently cannot apply them correctly in 
new situations. It is evident that the de¬ 
velopment of the requisite facility depends 
upon first, mastery of the basic sciences 
and second, adequate training in their ap¬ 
plication. Thus, there is need for two 
different kinds of co-ordination of mathe¬ 
matics and physics with electrical engi¬ 
neering: co-ordination of the depart¬ 
mental teaching activities for most effec¬ 
tive instruction, and co-ordination of the 
subject matter in the student’s mind for 
most effective use. 

Co-ordination of the first kind may be 
achieved by dose co-operation between 
the faculties of the departments con¬ 
cerned. Various ways of obtaining the 
co-operation are available.To dte an 
example, there is a committee for this 
purpose at Yale University, composed of 
representatives from the mathematics, 
physics, mechanics, and various engineer- 
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developed, when he completes his college 
training, that he can: 

(a) Study independently of teachers. 

(h) Synthesize isolated facts. 

(c) Generalize from fundamentals. 

(<0 View facts objectively. 

(e) Visualize things. 

(/) Do original work. 

I know of no mental faculties that are 
more essential to an engineer than the 
above. This holds true whether he be a 


ing departments. Committee meetings, 
held frequently, provide opportunities for 
the interchange of points of view and for 
suggesting, where desirable, a redistribu¬ 
tion of the emphasis placed on particular 
topics in the various courses. Although 
the first type of co-ordination is recog¬ 
nized as essential, it does not remove the 
necessity for the other type. 

The student has been well instructed in 
the basic sciences but too often has not 
received adequate training and practice 
in their co-ordinated use. Such training 
and practice can be given by means of a 
course organized for this purpose. For 
example, the advanced course in engineer¬ 
ing of the General Electric Company,* 
working with a selected group of gradu¬ 
ates in industry, has for one of its objec¬ 
tives the development of facility in the 
application of mathematics and physics 
to the solution of engineering problems, 
and is notably successful in attaining this 
end. It is the purpose in what follows 
to discuss a program to give such training 
to the student before he leaves college. 

For the last six years the electrical engi¬ 
neering department at Yale has given 
junior and senior courses of three hours 
each comprising a unified two-year pro¬ 
gram of this type, and also a parallel 
one-year graduate course. The subject 
matter, and manner of conducting the 
courses are selected for the most effective 
co-ordination of the basic sciences with 
electrical engineering. The introduction 
of new topics is subsidiary to the develop- 


salesman, a designer, an executive, a 
teacher, or a gang boss. Moreover I 
know of no courses which develop these 
mental faculties more intensively and 
more sharply than mathematics, physics, 
and engineering. 
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ment of a thorough understanding of the 
old. 

Since the aim is to develop facility in 
the use of mathematics and physics in 
the solution of engineering problems, 
naturally the chief emphasis is on problem 
solving, both in dass discussions and in 
assignments. As far as possible, problems 
are sdected which present new situations, 
where the solutions are to be obtained not 
by substitution in handbook formulas 
but by the application of such fundamen¬ 
tal prindples as, for instance, Newton’s 
laws of motion, or Fourier’s law of heat 
conduction. Two examples, representa¬ 
tive of the more difficult assignments, 
are given for illustration. 

1. It is proposed to support a motor by 
means of an elastic mounting in order to 
reduce vibrations that are transmitted 
through the mounting to the supporting 
foundation. The vibrations originate in 
centrifugal forces due to mechanical un¬ 
balance, or in pulsating dectromagnetic 
forces, and occur at definite frequencies. 
The effectiveness of the mounting is to be 
measured by a quantity called transmis- 
sibility, which for vibrations of a given fre¬ 
quency is the ratio of the steady-state 
amplitude of the force transmitted to the 
base through an elastic mounting to that 
transmitted through a rigid mounting. 

For an elastic mounting, which has damp¬ 
ing, and considering only vertical vibra¬ 
tions, 

(a) Determine the transmissibility in 
terms of frequency and system constants. 

(&) Illustrate the result by sketched 
curves of transmissibility as a function of 
vibration frequency for various values of 
damping. 

(c) Discuss the value of an elastic mount¬ 
ing which has little damping, if the vibra¬ 
tion frequency is about half the natural 
frequency of the vertical vibrations of the 
motor on its mounting 

2. In a proposed thermocouple ammeter, 
the current to be measured is passed through 
a thin straight metal strip supported be¬ 
tween two massive terminal blocks. One 
junction of a thermocouple is placed at the 
midpoint of the metal strip, the other junc¬ 
tion on one terminal block, but electrically 
insulated from it. The thermocouple is con¬ 
nected to a galvanometer. 

(а) Express the temperature difference 
between junctions in terms of the voltage 
drop between terminal blocks, dimensions, 
and thermal constants. 

(б) What length of heating element will 
give the largest temperature difference be¬ 
tween jtmctions for a given power loss? 

(c) What are the disadvantages of this 
type of meter? 

That these problems are of practical 
engineering interest is shown by the fact 
that they were presented in technical 
papers appearing during the last five 
years.®*® The students were not given the 
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references until after they had obtained 
solutions. 

In all the assignments, except the rela¬ 
tively few exercises employed for drill in 
new topics, the student is given an un¬ 
familiar situation in which simplifying 
assiunptions must usually be made in 
order to obtain a solution, and in which 
as far as possible he must select the vari¬ 
ables with which to work. The required 
physical principles and mathematical 
techniques, however, will have been 
covered in class work and perhaps in 
other assignments. 

Through the duration of the courses 
much emphasis is placed on the orderly 
arrangement of thought processes in the 
solution of problems. The arrangement 
which is applicable to problems of the de¬ 
ductive type, has been discussed else¬ 
where^ and may be summarized in the 
following steps: 

I. Stating the problem and specifying 
the desired result. The student is to use 
his own words and illustrate with sketches 
where possible. 

II. Formulating a plan of solution, which 
includes 

(a) Selecting a principle to be applied; 

(b) Making whatever simplifying asstunp- 
tions may be necessary; 

(c) Planning the treatment as far as it 
may be foreseen. 

III. Stating in precise English the im¬ 
plication of the chosen principle in the par¬ 
ticular problem. 

IV. Translating the statement of III 
into mathematical form which includes 

(a) Specifying notation; 

(i) Selecting co-ordinates; 

(c) Writing III as an equation. 

V. Solving IV^;, which usually includes 
introducing additional relations, and per¬ 
haps also additional simplifying assump¬ 
tions. Should a solution of TVc be impos¬ 
sible, a fresh start applying a new principle 
is to be made. 

VI. Testing the solution 

(a) For dimensional homogeneity; 

(b) With extreme values assigned to vari¬ 
ables; 

(c) For reasonableness in the light of ex¬ 
perience; 

(d) For possible effect of the simplifying 
assumptions. 

While this formulation may appear in¬ 
flexible, it is so only as regards the inclusion 
of all the steps and in order. Many prob¬ 
lems require the use of more than one 
principle; in other words the desired solu¬ 
tion can be considered to result from the 
simultaneous application of a number of 
principles. However, this organization 
of thought processes implies that but one 
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is to be chosen to start the solution, and* 
there may be some latitude in the choice. 
Moreover, there may be another kind 
of selection to make since some physical 
laws are merely different expressions of 
the same fundamental truth. Any one 
of these may be used in a given case, 
although often a particular one leads to 
a more direct solution. 

The principles which are discussed in 
the courses and used in the solution of 
problems comprise the general funda¬ 
mental laws of mechanics, heat trans¬ 
mission, electrostatics, magnetostatics, 
and circuit theory, such as Newton’s laws 
of motion, conservation of energy and of 
momentum, the principle of superposition, 
Fourier’s law of heat conduction, New¬ 
ton’s law of cooling. Coulomb’s and 
Gauss’s laws for electric and magnetic 
fields. Ampere’s and Kirchoff’s laws, 
Faraday’s electromotive-force law, and 
the constant-linkage theorem, to name 
but a few. The student has encountered 
most of these previously in mechanics and 
physics and indeed can usually state them 
with fair accuracy. He is expected, how¬ 
ever, to develop such understanding of 
the laws, their range of application, and 
the physical quantities they relate, that 
he can select appropriate ones for the 
solution of a new problem. 

Considerable time is devoted to the re¬ 
view and use of familiar mathematics 
and to the treatment of more advanced 
techniques, including the solution of 
second-order linear differential equaticms 
with constant coefficients, elementary 
vector anal 3 rsis, Fourier series, symmet¬ 
rical components, and dimensional analy¬ 
sis. These new topics are introduced in 
the solution of particular problems and 
later generalized. 

The analogous behavior of electric cir¬ 
cuits, mechanical systems, and heat con¬ 
duction systems, expressed in exactly 
similar equations, provides a natural uni¬ 
fication of portions of mathematics and 
physics with engineering, and is of great 
assistance in augmenting the student’s 
understanding. Likewise the broad an¬ 
alogy among the space fields of electro¬ 
statics, magnetostatics, gravitation, ther¬ 
mal and dectric conduction, and fluid 
flow described by similar vector equa¬ 
tions and identical field maps, fumidies 
another natural means of integrating the 
subject matter. A consideration of the 
points of difference between analogous 
systems is as helpful in building up un¬ 
derstanding as the mention of matters 
of similarity. 

Classes are conducted as seminars, 
where each student contributes to the 
discussion, rather than by formal lec¬ 
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tures. Supplementary laboratory exer- 
dses are given in the junior year, in which 
the student is required first to solve a 
given problem theoretically and then 
verify his result experimentally. In the 
senior year the work culminates in proj¬ 
ects, individual devdopment problems 
usually requiring work in the laboratory, 
and short enough so that two or three 
can be completed. Such projects, for 
example, may be the combined theoretical 
and experimental study of dynamic brak¬ 
ing of d-c machines, or of the performance 
of thyratron inverters. About a quarter 
of the senior course is devoted to this 
kind of activity. 

The relation of these two undergraduate 
courses to the program as a whole has 
been described elsewhere.^ They are 
required of all the undergraduates in 
electrical engineering, and each course is 
allotted one-fifth of a year’s time. They 
are co-ordinated with each other and 
with the other electrical engineering 
courses to unify the program as a whole. 
At the end of the senior year the student’s 
grasp of the entire technical portion of 
his work in all four years is tested in a 
searching departmental, or comprehen¬ 
sive, examination. 

In conclusion, the courses to develop 
facility in the use of mathematics and 
physics in engineering problems have 
these essential features: 

{a) Training in an orderly thought proc¬ 
ess; 

{b) Integration of the student’s knowl¬ 
edge of the basic sciences; 

(c) Extensive practice in the solution of 
actual engineering problems. 
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Co-ordination of Mathematics and Physics 
With Electrical-Engineering Subjects 

• By THEODORE H. MORGAN 

MEMBER AIEE 


I N RECENT years all branches of en¬ 
gineering have experienced rapid 
growth and progress. Technolo^cal ad¬ 
vancement has been accompanied by an 
increasing realization of the breadth and 
scope of the profession. College curri¬ 
cula have been altered and adjusted in 
attempts to meet changing conditions. 
We have been forced to realize that the 
solution of our educational problems is 
not to be found in ah increased amount of 
work or in adding further courses to al¬ 
ready overcrowded curricula, but rather 
in more complete co-ordination and uni¬ 
fication within the programs themselves. 
Due to the manner in which the engineer¬ 
ing curricula have been built up through 
the years, new subjects being added from 
time to time as was found necessary, we 
are in danger of thinking of a curriculum 
as being composed of separate blocks, 
i.e., so much mathematics, so much phys¬ 
ics, chemistry, and so forth. Our prob¬ 
lem is to break down the well-defined 
boundmes of these blocks so that they 
will be combined to form a unified and 
coherent whole. We might compare the 
curriculum to a painting for which the 
artist carefully chooses a number of colors 
which are not used separately in blocks, 
but are harmoniously blended and inter¬ 
mingled in a complete pictured 
Let us look at mathematics and phys¬ 
ics. When taught only as the science of 
order, giving quantitative and magnitu- 
dinal relations of pure numbers, mathe¬ 
matics loses much of its value to the engi¬ 
neer. The student should become famil¬ 
iar with this subject as providing an in¬ 
dispensable and powerful tool of the pro¬ 
fession. In teaching mathematics, as the 
beauty and mystery of pure numbers is 
unfolded to his mind, the student should 
learn at the same time the practical value 
of the sub jept in dealing with physical re¬ 
lations. This can best be accomplished 
through a high degree of co-ordination 
between the courses in mathematics and 
those dealing with the physical sciences, 
of which the subject of physics is perhaps 
the best example. The co-ordination 
that I have in mind requires close rela¬ 
tionship between departments. The in¬ 
structor in mathematics must be thor¬ 
oughly conversant with the course in 


physics, and vice versa, so that the work is 
carried forward simultaneously—the 
mathematician applying the laws of 
physics in his maliematical develop¬ 
ments at the same time that the physicist 
is building in the student’s mind an un¬ 
derstanding of a fundamental law which is 
being given definite form and expression 
in mathematical S 3 ?mbols. The learning 
of general mathematical principles, ma¬ 
nipulations, and technique, should go hand 
in hand with their use and application. 
The Student would thus realize that in 
mathematics he has a powerful and pre¬ 
cise instrument which can be used with 
perfect ^actitude to solve physical 
problems. As this usefulness became 
increasingly evident both mathematics 
and physics would take on new interest 
and importance in his mind. 

The subject of physics by its very na¬ 
ture covers a greater field than any other 
course in the curriculum. It is the foun¬ 
dation for all engineering courses, which 
are largely specialties in physics having 
important practical value. It thus be¬ 
comes essential that the engineering 
student form proper habits of thought in 
such matters. His introduction to prin¬ 
ciples whidh are new to him should be 
accomplished in such a way as to appeal 
to his common sense and intuition. In 
contrast to the memorization of stated 
formulas the student should be required 
to perform for himself the much more im¬ 
portant and difficult task of expressing 
physical laws and facts in mathematical 
terms. Once this is accomplished the 
mathematical developments and manipu¬ 
lations would follow simply and easily. 
The acquisition of fundamental knowl¬ 
edge would go hand in hand with the de¬ 
velopment of scientific analysis, requiring 
deep-seated understanding and proper 
habits of thinking and reasoning, and the 
student would recognize physics and 
mathematics as belonging to fundamental 
science, together forming the foundation 
of engineering. 

Furthermore, the student who dects 
an engineering course has a natural inter¬ 
est in and zeal for his chosen field of work. 
The proposed plan would capitalize upon 
this enthusiasm by permitting the student 
to start his college course with work which 


he would recognize as possessing the es¬ 
sential properties of engineering, instead 
of feeling that he must wait for about two 
years brfore starting work of this charac¬ 
ter. Not only would his interest be 
greatly enhanced thereby but aptitudes 
would be discovered at an earlier date. 

Under the present plan a student may 
come to graduation without full apprecia¬ 
tion of the unity that exists throughout 
all of his work. Relationship between 
courses, while an interesting speculation^ 
may never be fully understood. Indi¬ 
vidual courses ^e frequently viewed as 
something which must be passed and 
thus “gotten out of the way” before more 
advanced work can be undertaken. 

The question might be raised as to 
whether certain important educational 
losses would not be sustained through the 
introduction of such a plan. There is no 
doubt that the study of mathematics and 
physics as pure science can have great 
value to the engineering student. The 
very nature of these subjects gives the 
student a broad philosophy and view¬ 
point with respect to science which it is 
difficult to develop in engineering courses 
because of their limitations. These 
values need not be lost but might even 
be increased by proper teaching of the co¬ 
ordinated work. To accomplish this,, 
great care should be taken to insure that 
the student is made to fully appreciate 
the compute unity and the simple beauty 
that exists in natural law. Co-ordina¬ 
tion of science subjects would give a bet¬ 
ter opportunity to develop a more com¬ 
plete understanding of the uuderl 3 dng 
correlations between the various elements 
of science. Respect and esteem for the 
umty, beauty, and truth in natural law 
would be enhanced by a fuller and deeper 
appreciation of the interrelationships and 
parallelisms which constantly present 
themselves. 

Considering the co-ordination of mathe¬ 
matics and ph 3 rsics as the first step, the 
second step in our proposed program, 
would be to tmify and co-ordinate all 
electrical-engineering courses themselves. 
These subjects can all be brought to¬ 
gether into one closely woven whole and 
developed as one broad course from the* 
initial dementary work to the time of 
graduation. Laboratory and classroom, 
courses should not exist separately, but 
each division of the work should receive* 
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investigation in the laboratory at the 
same time it is being discussed in the 
classroom. Thus theory and practical 
understanding would be developed to¬ 
gether in a logical manner. Comprehen¬ 
sive knowledge and understanding would 
thus be obtained as a result of thorough 
investigation from different points of 
view. 

The third and final step requited to 
complete our program of unification 
would be the bringing together of the co¬ 
ordinated work in mathematics and phys¬ 
ics with similarly organized work in elec¬ 
trical engineering. The problem here is 
to make the student realize that he has 
not completed a course which can be left 
behind and forgotten, but rather that he 
is going forward into more advanced work 
which is a continuation of what has gone 
before requiring constant use of the prin¬ 
ciples he has learned. In order to carry 
this out with smoothness and harmony, 
instructors in each department should be 
thoroughly familiar with that portion of 
the work of the other department which 
lies dose to the transition point. Even 
with the best co-operative spirit on the 
part of the faculties concerned it will take 
considerable time to plan such a program 
and effectually put it into operation. 
Many difficulties will exist in any institu¬ 
tion, but no worth-while accomplishment 
in education is easy of attainment. 

At Worcester Polytechnic Institute the 
previously outlined general plan is wdl 
underway for the electrical-engineering 
curriculum. The order in which the 
separate steps were undertaken has been 
somewhat different from that outlined 
herein. Our initial effort was devoted 
to co-ordinating thoroughly all of the 
undergraduate work given by the electri¬ 
cal-engineering department. The cur¬ 
riculum was completely revised foiur years 
ago in order that this work might go for¬ 
ward and the present senior class is the 
first to graduate under the new plan. 
There is unanimous agreement on the 
part of the department staff that the re¬ 
sults show marked improvement in the 
students' comprehensive knowledge and 
general understanding. 

Our second step is to co-ordinate the 
work of the physics and dectrical-engi- 
neering departments. The problem has 
received much discussion and is being 
attacked with a fine spirit. Small 
groups composed of members of both de¬ 
partments are now working together on 
the many details. It is realized that if 
lasting good is to be accomplished much 
care and attention must be given to every 
step. In order to help the student appre¬ 
ciate the union between physics and dec- 


trical engineering the staff of the latter 
department will stress the importance of 
work in physics by frequently referring 
back to principles previously covered in 
physics courses, thus emphasizing the 
continuity. Similarly, members of the 
physics department will attempt further 
to awaken student interest by pointing 
out practical applications of the prindples 
taught by them. 

The objection may be raised that the 
amount of ground covered in a co-ordi¬ 
nated curriculum of this nature neces¬ 
sarily would be less. The answer is that 
the student’s knowledge, understanding, 
and power of analysis would be increased. 
The measure of a college education never 
was, and never should be, the number of 
items covered in the separate courses of 
the curriculum. Many years ago the 
college with which I am associated 
adopted as a motto *Tauca Fidditer”—a 
few things faithfully. As we look for¬ 
ward to greater accomplishment in engi¬ 
neering education we must break down 
the barriers between the individual sub¬ 
jects so that the unity which exists so 
abundantly in nature shall permeate the 
separate parts and consolidate them into 
one complete whole. 


Discussion 

Royal W. Sorensen (California Institute of 
Technology, Pasadena): This symposium 
comprising the several papers has, indeed, 
been interesting and very instructive. It 
is so complete as to leave little that may be 
said in the way of condusions; for, after 
all, all of us assembled here are not only 
engineers, but are professional teachers. 
We have, or should have, attained this pro¬ 
fessional standing by virtue of being men 
who can discern and devise our own ways 
of finding and overcoming students’ im¬ 
pedimenta to learning. I don’t agree with 
the ideas which some have presented, that 
the best teaching is always the one which 
makes learning easy. In fact the lifetime 
work of an engineer is that of doing new 
things. Invariably starting friction is 
greater than running friction. A future 
engineer should, therefore, while he is a 
student, leam to avoid being dismayed by 
heavy starting friction: that is he should, 
at least a part of the time, have the stimulus 
of unraveling problems in his own way even 
though that may be a very difficult one. 
Naturally as a teacher I try my best to 
present subject matter in such a way as to 
be readily understood; but I am not overly 
e^rercised if the students find the explana¬ 
tions difficult to understand: Will not 
these men, as they go out into practice after 
graduation, often be placed in the position 
of having to take instruction ‘from men 
difficult to understand? And is it not a 
part of their business as students to leam 
how to interpret difficult and sometimes 
befogged instructions? 

Reference has been made to poor in¬ 
struction in high schools In science and 


mathematics. I am of the opinion that the 
present high-school graduates who enter 
our engineering schools with good entrance 
requirements, are today better prepared 
in science and mathematics than was the 
case a score of years back. Are we not 
prone to judge preparation by what we 
require rather than by actual standards 
of today as compared to those which pre¬ 
vailed a generation ago? 

The California Institute of Technology 
has for several years recognized the ex¬ 
panding scope of engineering and has in¬ 
cluded a large amount of humanities in its 
courses. This fact combined with the ex¬ 
panding field of engineering technique has 
made it seem wise to grant for four years 
work the degree of bachelor of science in 
engineering, rather than specifying a par¬ 
ticular branch of engineering. At the 
present time, by doing an additional year of 
work, our students may obtain the degree, 
master of science in some special branch of 
engineering, such as electrical, mechanical, 
or civil. Our meteorology and aeronautics 
departments, however, have deviated from 
this plan, and at the end of the fifth year 
are granting the degree, bachelor of science 
in aeronautical engineering or in meteor¬ 
ology as the case may be. My years of 
teaching experience have led me to look 
upon the four-year engineering courses as 
dual-purpose courses—the major purpose, 
perhaps, being that of a general education 
rather than a professional education, the 
professional education to be obtained by 
added years. With this thought in mind 
I do not advocate extending what may be 
known as the regular engineering courses 
to five-year or six-year courses, but I 
rather think it better to have our present 
terminal, four-year courses and add thereto 
such work as seems desirable for engineering 
preparation. Undoubtedly this means that 
an increasing number of men will spend at 
least five and preferably more than five 
years in college work in preparation for an 
^gineering career. Such a program may 
introduce a dangerous situation if we en¬ 
courage men to go on beyond the fifth 
year for a doctorate degree and use for 
courses leading to the doctorate degree, 
simply additional technical work of the type 
which has been given in our undergraduate 
courses. Men sdected and encouraged to 
go on. for doctorate degnree courses should 
be limited to men who have outstanding 
anal 3 rtical ability and who can without 
difficulty master advanced courses in 
mathematics and physics. In fact a large 
part of the graduate work leading to a 
doctorate degree for engineers should, in 
my opinion, be work done under the in¬ 
struction of our ablest mathematicians and 
physicists. 

My own experience with younger teach¬ 
ers, in fact even with men pursuing graduate 
work, used as teachers, has been most 
excellent. By carefully selecting the men 
who are to do the teaching and introducing 
them to the work first through laboratory 
courses and then in the classroom, we find 
the restdts equal to and frequently better 
than the results sometimes obtained by 
older teachers. This is no doubt due to the 
great enthusiasm of the young men who» 
wish to try teaching, coupled with their 
recent contact as young undergraduates 
with the problems as they appear to the 
undergraduate. 
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Returning to the undergraduate courses, 
I question very much the advisability of 
including in the first four years of work, 
courses in transients, long transmission 
lines, and higher mathematics courses, 
because I think, for the large group of 
students, the first four years of work can 
best be spent in acquiring training in the 
simple fundamentals of science and aigi- 
neering plus a considerable amount of 
general cultural education including such 
subjects as English, public speaking, his¬ 
tory, economics, geology, etc. This thought, 
I suspect, agrees with Professor Malti, 
who suggests that we have all graduate 
students working for a doctorate degree 
take mathematics and physics as minors. 
With this I agree, except that the minor 
should comprise a large part of the gradu¬ 
ate students* course work. Professor Malti 
seems to recommend the appointment of 
men who have just received their doctorate 
degrees as instructors. I think it would be 
much better to have such men enter indus¬ 
try for several years before being selected 
as instructors. Haiti's comments regarding 
ability to do research as a prerequisite to 
teach, and regarding having the faculty 
keep in touch with industry are pertinent. 


E. M. Strong (Cornell University, Ithaca. 
N. y.): For something over ten years I 
have met nearly all of the students in 
engineering at Cornell as they come fresh 
from mathematics and physics to begin 
their study of electrical fundamentals in 
the sophomore or junior years. The place 
and nature of mathematics and physics 
in the engineering curriculum continuously 
interests me and I am appreciative of the 
cross section of current thought provided 
by this S5rmposium. 

I do not believe that we need here to sell 
the idea that mathematics and physics 
have in the electrical curriculum a place 
which is both important and steadily 
growing. Anyone really interested in the 
symposium is alive enough to be well aware 
of this.' What he wants to know is "How 
can the faculty and curriculum best func¬ 
tion to accomplish the admitted objec¬ 
tive?” 

I am surprised that no one has mentioned 
the economic factor in the situation because 
with few exceptions it is a most potent 
element in the whole program. Possibly 
there is something in the local atmosphere 
here whidi taboos recognition of economic 
restrictions. There are several angles to 
the economic problem. Let me mention 
two of outstanding importance; 

1. The use of instructorships to subsidize 
graduate study and research. 

2 . Insufficient supervised computation. 

In physics and mathematics particularly 
we find too many young men holding in¬ 
structorships who have no interest in 
teac^g except as it alleviates the im¬ 
mediate financial stress during their gradu¬ 
ate study. Sometimes they seriously lack 
essential qualifications for teaching and 
especially for the teaching of the less mature 
student in the freshman and sophomore 
years who consequently functions as the 
"guinea pig” or the "goat” for these 
"instructors.” Students during these years, 
more than at any time later, need the best 
Uacking talent on the faculty. However 


good the ciuriculum and however good the 
ad minis tration it can produce results only 
in so far as the personnel which ultimately 
and directly contacts the student is compe¬ 
tent not only in technical knowledge but 
also in ability to impart that knowledge 
and to inspire enthusiasm in the student. 
No man can do this except that he be genu¬ 
inely interested in the student—he cannot 
do it if his mind is filled with graduate study 
or research to the exclusion of all else in the 
mad scramble for a degree by June 1. 

The problem is largely an economic one 
for faculty and graduate student alike. 
I have no solution to offer. 

Returning now to item number 2 (in- 
sufiScient supervised computation). Engi¬ 
neering faculties are" confronted with an 
increasing difficulty in obtaining from the 
public schools of the coimtry any depend¬ 
able foundation in mathematics—let alone 
physics or chemistry or habits of study and 
conduct. In college the departments of 
mathematics and physics lack facilities for 
building up the student in these deficiencies. 
One of the most successful methods em¬ 
ployed in engineering instruction is the 
computing period which provides for the 
student a time and place to develop what we 
call engineering habits in the approach to 
problems and their solution—^not only 
time and place but the S3rmpathetic super¬ 
vision which makes for more efficient work 
in the earlier years, in particular, than can 
be found in home study alone. 

The problem is primarily an economic one 
to provide the required facilities of staff 
and room. 

There is one other phase of the general 
problem about which I am moved to com¬ 
ment. I am fully in sympathy with any of 
the true co-operative movements which 
some of the authors have outlined for us. 
However, there are two kinds of "co¬ 
operation.” One of these is not found 
defined under the word itself in Webster 
but is formally defined under "coercion.** 
Engineering says to physics: "Your work 
isn't giving our students the foundation we 
need—will you co-operate in a revision?” 
"Yes, of course we'll co-operate.” "Well, 
here’s what we want—so and so and thus.** 
"But I can't teach that, it doesn't do 
justice to physics.” "Well, if you don't 
want to co-operate, we'll give it ourselves.” 
Whether this work is then taught in engi¬ 
neering or in physics the result is deplor¬ 
able. 

Engineering does not go to English and 
dictate that only technical and scientific 
English be taught—nor to history for ex¬ 
clusively technical or scientific history. 
For the most part it hasn't had the face 
to go to language and insist on technical 
German or French, exclusively. If and 
when engineering in a university cannot 
co-operate with the rest of the university 
it might as well set up by itself as a technical 
school because any university affiliation is 
then not only unprofitable but possibly 
detrimental to its functioning. 

I quite agree with Doctor Malti that 
these university departments of mathe¬ 
matics and physics must not be "bull¬ 
dozed” into teaching their work according 
to rigorous engineering specifications. Let 
• them have something of a cultural as well 
as the strict utilitarian purposes. Let 
them be supplemented or complemented 
by work in engineering, possibly concurrent 


in part, which will supply the point of view 
and the missing factors which no mathe¬ 
matician or physicist can be expected to 
provide in good faith with his own profes¬ 
sion. 

Again the question is an economic one 
—can it be done without increase in facili¬ 
ties?—can it be done in a four-year pro¬ 
gram? 


M. L. Manning (Wesi±tighouse Electric and 
Manufacturing Company, Sharon, Pa.): 
The paper by M. G. Malti is well written 
and offers among other things valuable 
suggestions for a proposed program of 
engineering teacher training. 

I should like to contribute to this plan 
of engineering teacher training from the 
standpoint of the practicing engineer. 

For selected teachers of engineering not 
only graduate work equivalent to a master 
of science degree, or better, with minors in 
mathematics and physics would be desir¬ 
able but also following this work with at 
least a three- to four-year program of 
practical experience in industry leading to 
a doctor of philosophy degree. Since engi¬ 
neering is about three-fourths common 
sense a practical basis is necessary. This 
experience should be in design work fol¬ 
lowed by research and development prob¬ 
lems, In this way a not-too-theoretical 
frame of mind is formulated but attention 
is also focused on the economics of the 
problem. The lack of this training is 
often so noticeable when former teachers of 
engmeering enter into practical work. In 
setting up a problem the mathematical or 
physical beauty so engrosses the thought 
that all sight is lost of the practical side or 
how the results are to be obtained in the 
laboratory. 

For an example, let us consider the re¬ 
sponse of a three-mesh transformer network 
to an impressed impulse voltage wave. 
Two thoughts are uppermost in the trans¬ 
former design engineer's mind; namely, 
the initial and final or steady-state solutions. 
In the intricacy of the solution, it is easy 
to overlook these two important practical 
consideiations. Because of the oversight 
results are sometimes expressed which lead 
to incorrect conclusions. 

If ^e teacher were trained to recognize 
such important facts by experiencing them 
in industry, by actually designing and fol¬ 
lowing the manufacture of electrical ma¬ 
chinery, by obtaining a knowledge of the 
dollars and cents part of the picture, and 
by noting the attitude of industry toward 
these problems and toward educational 
work as a whole, a decided improvement 
in the quality and relationship to industry 
of teaching would be noted. An attempt 
should, of course, be made to make the 
equalization balanced; that is, not to lose 
sight of the educational as well as the 
industrial processes simultaneously. 

It might be argued that such a program 
is difficult to fulfill, but it seems to the 
writer a staggered plan could be formulated. 
Due to the imeven keel of industry at times 
the absorption of this teacher training by 
industry would vary but over a period of 
time a program could be devised. 

For an example, let us consider the gradu¬ 
ate program of the Westinghouse Electric 
and Manufacturing Company as a sug¬ 
gested training course. The work is co- 
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ordinated at all plants. This means a 
student or engineer at the South Philadel¬ 
phia works may receive graduate credit for 
a subject if he is transferred to the East 
Pittsburgh works, or to the Sharon works, 
etc. During the past year over 1,600 
engineers and students participated in this 
plan and about 600 received graduate 
credit under the University of Pittsburgh— 
Westinghouse arrangement. A compre¬ 
hensive program was also organized in the 
transformer division, the Sharon works. 
The average attendance for the courses was 
92 per cent. The subjects included ‘'dif¬ 
ferential equations for electrical engineers,” 
“symmetrical components” and a well- 
organized transformer course. This latter 
course consisted of 31 sessions followed by 
comprehensive examinations. The classes 
were conducted by members of the trans¬ 
former engineering department who were 
specialists on the particular topics studied. 
These topics were from one to five sessions 
in length. The course content follows: 

I. Fundamentals (five’**). The general differen¬ 
tial equations, transformer vector diagrams, 
physics of the transformer, etc. 

2* Practical distribution transformer design prob¬ 
lems (two). 

3. Fundamental considerations of reactance and 
stray losses (two). 

4. Iron losses (two). 

5. Magnetic forces (one). 

6 . Magnetic noise (one). 

7. Radio interference (one). 

8 . Insulation (two). . 

8 . Heating and cooling of transformers (two). 

10. Condenser bushings (two). 

II. Tap changers (two). 

12. Inertaire equipment and oil filters (one). 

13. Instrument transformers (one). 

14. Distribution transformers (one). 

16. Power transformers (one). 

16. Constant-current regulators (one). 

17. Preventive autos—series transformers (one). 

18. Three-winding transformers (one). 

19. Current-limiting reactors (one). 

20. A-c welding transformers (one). 

This course is mentioned only to suggest 
how other courses in electrical apparatus 
might be outlined for a program of engi¬ 
neering teacher training. 

The method of presenting engineering 
problems as proposed in the paper by 
B. R. Teare, Jr., is commendable. The 
fact must not be overlooked that self- 
education at least in part is the only prac¬ 
ticable way in which most students can 
acquire higher mathematics and physics. 
Most students fail to grasp the concept of 
expressing physical relations in mathe¬ 
matical form. The technical student often 
finds, upon entering a class in engineering, 
that he has to deal with mathematics under 
a new form. The particular engineering 
subject he is studying must be translated 
into mathematical terms and this causes 
difficulty. The sense of perspective is often 
lacking. This can be developed as the 
student becomes more mature provided he 
makes actual use of mathematics. 

Skill in the use of mathmatics is the 
really essential thing. Use of arithmetic 
with algebra, perhaps, or a simple diagram 
often leads to more satisfactory results 
than others secured through elaborate 
processes involving lengthy equations and 
complicated operations. In the latter, 

^Number of sessions. 


errors are apt to occur, and the common- 
sense part of the problem is likely to be 
overlooked. Assumptions may be made to 
facilitate calculations which are physically 
unwarranted, as one loses sight of the 
physical problems in the intricacy of the 
mathematical solution. Abstract mathe¬ 
matical studies, if pursued as a kind of 
intellectual exercise, may produce a pure 
mathematician, but these studies may unfit 
a man for practical engineering. A tool 
expert is not necessarily a successful manu¬ 
facturer, nor is a mathematician necessarily 
an engineer. 

Mathematics is used in engineering to 
express the quantitative relations of natural 
phenomena. The mathematician delights 
in the relations. He may divorce them from 
the phenomena and give them abstract 
expression. The engineer is concerned 
with the natural phenomena and demands 
the physical conception. The medium of 
expressing these relations is of secondary 
consequence. 

In summarizing, the engineer is concerned 
with applied mathematics. The ability 
to state a problem, to recognize the ele¬ 
ments which enter into it; to see the whole 
problem without overlooking some impor¬ 
tant factor; to use good judgement as to 
the reliability or accuracy of the data or 
measurements which are involved and the 
ability to interpret the result; to recognize 
its physical sig^cance; to get a common- 
sense perspective of its meaning and the 
consequences which may follow; to note 
the bearing of the various data on the final 
result, such abilities as these are of higher 
order than the ability to take a stated prob¬ 
lem and work out the answer. It is this sort 
of judgment and insight which makes 
mathematics useful. 

We should emphasize not the subject 
matter nor the students but the method of 
teaching. Aside from the imparting of 
knowledge and technical ability, the teach¬ 
ing of the use of mathematics and physics in 
engineering problems gives opportunity for 
training in the use of logical methods, and 
in the drawing of intelligent conclusions 
from unorganized data which will make 
efficient men, whether they follow pure 
engineering or semitechnicsd, or business 
pursuits. Such teaching does not come 
from the textbook, it comes from the 
teacher. He must be in sjnnpathy with 
engineering work and have a just apprecia¬ 
tion of its problems and its methods. He 
must be imbued with the spirit and the 
ideals of the engineer. 


M. S. Coover (Iowa State College, Ames): 
Professor Curry has presented an admirable 
discussion on the means of co-ordinating the 
three major component parts of training for 
engineers and more particularly electrical 
engineers. His paper reads very much as I 
would hope that mine might read if I were 
called upon to expand the objectives as 
they have been written just recently for the 
curriculum in electrical engineering at the 
Iowa State College. 

The problem that concerns me most is 
the crowding that seems to be so necessary 
in order to stay within a normal four-year 
program. The subject matter of a majority 
of courses is assigned to the student in 
such rapid sequence that even the better- 
than-average student finds it difficult to 


make a really satisfying useful assimilation 
either from his own viewpoint or that of his 
instructor. This problem may not be so 
serious for these institutions who have the 
opportunity to hand pick their students, 
but it is a problem the solution of which is 
not so easy for publicly supported institu¬ 
tions. 

At the college which I represent there is 
a growing tendency on the part of the truly 
conscientious student to realize the value 
of the best training that he can get if he is 
to reach a satisfying place in this highly 
competitive social and scientific age. Ac¬ 
cordingly, we find more engineering students 
taking advantage of our summer school 
offerings in order to lighten the number of 
credit hours during the winter months, 
thereby making available more time for the 
remaining courses. By this process he is 
spreading his training and mental efforts 
over the eqmvalent of five academic years 
within the space of four calendar years. 

If we as teachers are intending to give to 
the student the best that it is possible to 
give him we should not only make every 
effort closely to co-ordinate our own work 
within a given department but as Curry 
points out, maintain a closer personal rela¬ 
tionship among the several departments 
concerned. 

Malti has done a good job of stating the 
processes involved in the handling of engi¬ 
neering problems from the purely technical 
viewpoint. 

He makes the statement that something 
seems to be wrong either in our teaching of 
mathematics and physics to engineers or in 
the proper co-ordination of these subjects 
with engineering courses or both. What 
serious-minded student, teacher, or engi¬ 
neer has not entertained similar thoughts 
from time to time? 

No doubt some of the reasons for these 
undesirable situations are present in various 
degrees in most educational institutions. 
Some of the remedies which Malti suggests 
are good. Physicists and mathematicians 
cannot help but improve their teaching of 
engineering students if they will -take a 
closer interest in engineering and engineers. 
Since mathematics and physics combine to 
form the foundation upon which the engi¬ 
neering educational structure is to be 
built, co-operation among those concerned 
is essential if the structure is to be useful. 

The desirability of competent teachers 
with an adequate education cannot be 
disputed. However, a man with an armful 
of degrees is not necessarily the best 
teacher. The individual is more likely to 
be a good teacher if he has had a reasonable 
amount of responsible commercial or indus¬ 
trial seasoning. If he has demonstrated his 
ability, he is more likely to know his sub¬ 
ject better, to appreciate its significance, 
and therefore, more likely to be enthusiastic 
and inspiring, thus developing and stimulat¬ 
ing the student's intellectual curiosity. 
Simply to specify a certain type of academic 
training for the teacher in order to qualify 
for an appointment is most likely to lead to 
what has been cited as one of the prevalent 
ills. If, for the sake of argument, it is 
granted that we do not now have good 
engineering teachers, how can the present 
teachers educate better ones along the lines 
suggested? 

On the matter of co-operation between 
and among the departments of physics. 
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mathematics, and electrical engineering, I 
venture with apologies to cite what we are 
doing at the Iowa State College for the 
reason that 1 am not familiar with what is 
being done along the same line at other 
institutions, but in so far as I am informed it 
is with but one exception practical only at 
those institutions where say the departments 
of physics and electrical engineering are 
under one and the same headship. At 
the Iowa State College, each of the three 
departments under discussion is adminis¬ 
tered separately. The instructor in the 
mathematics department who is assigned 
to the instruction of electrical-engineering 
students in differential equations teaches 
one section of junior electrical-engineering 
students in a-c circuits in the electrical¬ 
engineering department; exchanging with 
one of our own staff members who teaches 
one section of differential equations to 
engineering students in the mathematics 
department. It goes without sa 3 ring that 
close co-ordination thus becomes a requisite. 
A similar arrangement is practiced between 
the departments of physics and mathematics 
and is being developed between the de¬ 
partments of physics and electrical engineer¬ 
ing, thus closing the triangle. 

On another point, I believe that physics 
and mathematics are chosen almost in¬ 
variably as minors for work leading to the 
degree of doctor of philosophy with a 
major in engineering. 


Albert A. Nims (Newark College of Engi¬ 
neering, Newark, N. J.): The co-ordina- 
rion about which we are talking is well 
illustrated by the papers themselves. Pro¬ 
fessor Brsrant refers to the lack of co¬ 
ordination in his student days among the 
terms and methods used. to explain the 
quantitative rriationships in electric cir¬ 
cuit, and the performance of the different 
varieties of electrical machines. The pres¬ 
ent situation is reflected by Professor Curry, 
who refers to ‘'training the student.... to 
search for the fundamental principles upon 
which a statement of the problem may be 
formulated.... since subsequent engineering 
courses will utilize the same principles!** 
It might well be said that the same search 
should be coxistantly in the mind of every 
tocher who wishes to increase his profes¬ 
sional effectiveness. 

One of the most promising ways of in¬ 
creasing the efficiency of our teaching 
methods is so to organize our subject matter 
that the number of new concepts to be 
mastered is a minimum, and the usefulness 
and appHcability of each is a maximum. 
Some indication that this search for common 
denominators is making progress is found 
in Professor Teare's references to “the 
analogous briiavior of electric circuits, 
mechanical systems, and heat conduction 
systems, expressed in exactly similar equa¬ 
tions/* and “to the broad analogy between 
the space fields of electrostatics, magneto¬ 
statics, gravitation, thermal and electric 
conduction, and fluid flow, describe by 
similar vector equations and identical field 
maps.** 

Not too much can be expected of, this ideal 
simplification, however. Professor Strong 
has referred to the practical considerations 
which intrude themselves into every theo¬ 
retic^ plan, no matter how ideal, and has 
mentioned the economic factor. Professors 
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Bryant and Coover have referred to the 
time factor whirii creates a continual pres¬ 
sure for increased efficiency in presentation 
of subject matter. Another practical con¬ 
sideration is the mind of the student himself, 
which sets a practical limit to the process 
of searching for common denominators. 

Highly generalized statements are of 
little use as an initial approach to the 
phenomena of electrical engineering. The 
increments of knowledge by which a new 
subject is mastered are limited in size. 
The assimilable increments vary in size 
with each individual, but, with our mass 
production methods, some working average 
must be used. Teaching efficiency is likely 
to be a maximum when the number of 
fundamental concepts is sudb that 
be acquired in the minimum number of 
practical steps, and each will be of the 
widest use after it has been mastered. 

Professor Morgan has pointed out that 
instruction is more efficient when “labora¬ 
tory and classroom courses do not exist 
separately; each division of the work should 
receive investigation in the laboratory at 
the same time that it is being discussed in 
the class room.*' Professor Strong has 
rrferred to the effectiveness of computa¬ 
tion exercises for driving home fundamental 
relationships in the minds of the students, 
Computation might well be made a third 
approach, co-ordinate with classroom dis¬ 
cussion and laboratory exercises. “Slide- 
rule pushing*' and “graph .plotting," when 
properly organized and motivated, can be 
potent tools with which the student can 
reveal to himself relationships that other¬ 
wise he might not grasp. One of the com¬ 
ments most frequently made about the 
course in winding specification and per¬ 
formance computation offered at the New¬ 
ark College of Engineering under the name 
of electric machine design is to the effect 
that “you certainly know what goes on 
inside a generator after you have figured 
out one of those designs." 

Computation is a kind of laboratory work 
that requires very inexpensive equipment. 
In fact, it is about the only kind of labora¬ 
tory exercise one can have in a mathematics 
course. At the Newark College of Engi¬ 
neering at least one computation exercise 
per week is scheduled in the second-year 
calculus course. The project method, based 
almost entirely on computation, is the 
procedure adopted for studies of networks, 
and of transient phenomena in the junior 
year. 

The one-semester course in transients is 
the outgrowth of a brief theoretical dis¬ 
cussion given in preparation for some labora¬ 
tory exercises. It naturally involves con¬ 
siderable work with differential equations of 
a few varieties. The interest aroused by 
this course, together with that generated 
by the discussion of tensor analysis in the 
technical press, has resulted in the schedul¬ 
ing of two optional after-hour courses for 
the juniors. One deals with differential 
equations for one semester, and the other 
mth vector analysis for an equal length of 
time. The optional and after-hour features 
operate automatically to select the abler 
students. The courses are conducted by 
the head of the mathematics department, 
who makes no claim to being an engineer. 
The method of presentation involves a 
minium of manipulative theory and a 
maximum of applications, such as engineers 


are constantly meeting. The results of 
these courses seem to be twofold; an in¬ 
crease of mathematical interest and under¬ 
standing on the part of the students who 
take them, and an increase of engineering 
interest and understanding on the part of the 
teacher. 


WttL A. Del Mar (Habirshaw Cable and 
Wire Corporation, Yonkers, N. Y.); Speak¬ 
ing as an engineer to an assembly composed 
chiefly of teachers, I can pay my compli¬ 
ments to the teachers of mathematics and 
say that they have not sinned so much as 
been sinned against in being forced to 
expend their energies on refractory material. 

It is quite possible that a genius of a 
tocher may be able to make a mathema¬ 
tician of almost anyone, given ample time 
to work with him, but in college education 
we are concerned with mass production and 
a time must assuredly be reached when the 
teacher realizes that certain students are 
by nature mathematically inept, as far as 
mass education is concerned. Such men 
should not be forced to drag their classes 
and develop inferiority complexes by being 
eith^ flunked or allowed to proceed with 
nothing but a memorized knowledge of 
data and standard processes. 

It should not be difficult to deflect into 
oth^ activities men whose minds run 
against a blank wall in trying to express 
physi^ problems in mathematical terms. 

Is it not the failure to do this that gave 
rise to the need of this symposium? 


W. A. Curry: Discussion has added a 
number of valuable suggestions and view¬ 
points on this matter of co-ordination and 
confirms the importance and interest which 
tl^ problem holds for all who are concerned 
with electrical-engineering curricula. It 
wotdd appear that we may attempt to 
achieve this objective in a variety of ways, 
and this diversity indicates that there is no 
single, royal road to its realization. Only 
by continued vigilance can an effective 
co-ordination be attained and maintained 
through the changing years. 


M. G. Maid: I should like very much to 
endorse Sorensen's ideas regarding contact 
with industry. I have had the good fortune 
of being a consultant for a manufacturing 
concern over a period of several years and 
the pleasure and stimulus which this contact 
with industry has given me have been re¬ 
flected both in my teaching and writings. 
Every trip I made to the plant and every 
summer I spent in it have given me more 
insight into the practical applications of 
my ^ecialty which I have conveyed to my 
students. It is extremely desirable, there¬ 
fore, that gmduate students keep in constant 
touch with industry either through consulta¬ 
tion or through regular employment. 
Whether such men would return to teach 
as instructors after they have been in in¬ 
dustry, for some time, is questionable. 

Strong's stress on the economic problem 
is misplaced. The fact that a graduate 
stodent takes an assistantship to enable 
him to do graduate work does not neces¬ 
sarily imply that he makes a poor teacher. 
Nor is it true that a researcher is invariably 
absorbed by his research to the exclusion of 
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everything else. I agffee that instances 
do occur where a graduate student has 
turned out to be a poor teacher. This, 
however, is a fault of the individual con¬ 
cerned rather than of the system of using 
graduate students as assistants. As to 
computations, I am positively in favor of 
them and have used them in connection with 
my courses. But I attempt to make my 
computation not “slide-rule*’ or “formula- 
substitution” problems but rather problems 
which stimulate thought. Computing 
periods should, in my opinion, be periods 
in which the habit of straight thinking is 
required under competent supervision. 

Nims seems to favor “slide-rule pushing” 
and “graph plotting” as showing the student 
“relationships which he otherwise might not 
grasp.” I am sure the “graphs” themselves 
do reveal such relationships but I question 
whether the actual plotting of these graphs 
doesl In order to illustrate what I mean 
let us assume that one laboratory course is 
run by two different instructors as follows: 

Instructor A requires his students to run 
the equipment, take data, and when the ex¬ 
periment is over gives his instructions as 
follows: 

(a) Compute only one point on each curve or 
perhaps only one curve, thus reducing slide-rule 
pushing to a minimum. 

(fr) Blue prints of all curves are given to each 
student. You do not have to plot any curves but I 

(c) Give a complete and adequate discussion of 
the why, how, wherefore, of all the results that the 
curves reveal. 

(d) Answer the following pertinent questions 
(which require thinking) regarding the results of 
your experiment. 

This is the instructor who does not care 
to have his student waste time on curve 
plotting and slide-rule pushing. He would 
rather have them use their time in forming 
correct habits of thought. 

Instructor B requires his students to run 
the equipment, take data, and when the ex¬ 
periment is over gives his instructions as 
follows: 

(а) Compute all Points on each curve (maximum 
slide-rule pushing). 

(б) Make neat plots of aU curves using India ink 
(maximum curve plotting). 

(c) Discuss curves (by this he generally means say 
that this curve runs this way and that curve runs 
that way, which of course is obvious from the curve 
itself). 

This is the instructor who requires 
“curve plotting” and “slide-rule pushing” 
and is the preponderant type in our engi¬ 
neering colleges. 

Now I ask who tum^ out better engineers, 
instructor A or instructor B? 

Del Mar puts his finger on the right spot 
when he states that our present plight is 
due to mass education in engineering. Now 
it so happens that other professions have 
solved this problem of mass education by 
limiting enrollment. This is true of the 
medical, dental, and legal professions. 
Engineering as a profession has, so far, not 
seen fit to take this step which, in my 
opinion, is the only solution to the problem. 

Coover raises the question of how the 
present teachers can educate better ones 
if they are not so good themselves. My 
answer is that Coover begs the question. 
I neither did condenm nor even had the 
intention of condemning all engineering 


Synopsis: It has been known for some 
time that an induction machine whose rotor 
is driven mechanically may become self- 
excited if capacitors are connected across 
its terminals. The present paper is con¬ 
cerned with the predetermination of the 
machine characteristics when operating 
under such conditions. The frequency of 
excitation is very close to the synchronous 
frequency corresponding to the speed of 
the rotor. The voltage to which the ma¬ 
chine will excite is dependent upon its no- 
load excitation characteristics at that fre¬ 
quency, the criterion to be satisfied being 
that the lagging volt-amperes of excitation 
equal the leading volt-amperes of the 
capacitors. 

Under load, similar criteria must be satis¬ 
fied. Voltage conditions are determined 
by a cut-and-try solution such that the 
summation of reactive volt-amperes equals 
zero. The slip is then obtained from the 
relation that the summation of the real 
power equals zero. These relations have 
been applied to various types of loads, such 
as pure resistance and inductive resistance, 
single-phase and three-phsise and also to 
induction-motor load. Excellent checks 
between test and calculated results have 
been obtained, 

T he general impression appears to exist 
that for an induction machine to oper¬ 
ate either as a motor or as a generator a 
source of alternating potentid is always 
necessary in order to supply the excita¬ 
tion requirements. Such is not the case, 
for under certain conditions, an induction 
machine may supply power as a generator 
without a source of alternating potential, 
the magnetizing current being supplied by 
static capacitors. It is the purpose of 
this paper to discuss the circumstances 
under which such operation becomes pos¬ 
sible. 

The fact that such operation is possible 
has been known for some time, but veiy 
little has been written upon the subject 
until recently, The reason for this pau¬ 
city of papers and artides lies in the rda- 
tively minor practical importance of the 


teachers. Thank God there are high-grade 
teachers scattered throughout this land. 
It is these who would and could educate 
better ones along the lines suggested. 

Manning and I are in full agreement. 
The value of co-operation between industry 
and the universities is unquestionable. 
They both have something to offer to each 
other and a mutual exchange is extremely 
desirable. I should like to see a plan 
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subject. However, the increased use 
during the past few years, of capadtors 
for power-factor correction, has placed a 
new aspect upon this problem. If the 
power supply to an induction motor is 
disconnected, the inertia of the connected 
rotating load tends to continue the rota¬ 
tion of the armature. The extent to 
which this occurs is dependent upon the 
nature of the load and in certain cases the 
armature may continue to rotate for 
seconds or minutes. In addition, appli¬ 
cations are known in which gas or gaso¬ 
line motors are connected to the same 
shaft with the induction motor and the 
utilization device, so that, in the event of 
the removal of the electric-power source, 
the armature can actually increase in 
speed and remain at the increased speed 
until manual readjustments are made. 
With capadtors connected across the 
terminals of induction machines which 
have been disconnected from the electri¬ 
cal source and in which the armature con¬ 
tinues to rotate, the value to which 
the terminal voltage will rise due to self¬ 
excitation is dependent upon the speed, 
value of the capacitor, and load. With 
the regulatory function of the power 
source removed the terminal voltage may 
rise to dangerously high voltages—dan¬ 
gerous with regard to human life or dan¬ 
gerous with regard to insulation break¬ 
down. Parallel-connected lights might 
also bimi out with but a nominal increase 
in voltage. It may be seen, therefore, 
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instituted whereby a large number of engi¬ 
neering teachers throughout the country 
are afforded a chance to spend their stim- 
mers in industrial concerns. I also com¬ 
mend Manning’s statements that mathe¬ 
matics and physics are valuable to the 
engineer not p^haps so much because of 
their subject matter but because of the 
training they afford him in logical reasoning 
and in correct processes of thought. 

TRANSACixiONS 47 


February 1939, Vol. 58 



that this problem has been removed from 
one of purely academic interest to one of 
practical importance. 

In 1935, Bassett and Potter^ presented 
test results showing the performance of 
generators under capacitive and combina¬ 
tions of resistance and capacitive loading. 
The present article considers similar 
problems and further shows that the per¬ 
formance under such conditions, including 
both balanced and unbalanced operation, 
can be precalculated quite acciurately. 



INDUCTION MOTOR LOAD 


Figure t. Equivalent circuit of induction 
generator with three-phase load of capacitors 
*-jXc in parallel with induction load R + jX 


With known conditions the characteristics 
of the machine can be predicted by the 
methods presented here. 

General Considerations 

The conventional equivalent diagram 
of the induction motor will be used with 
the exception that the magnetizing branch 
win not be regarded as constant but must 
vary in the manner dictated by the 
saturation characteristics of the particular 
mac hin e. This circuit is shown in figure 
1 for one phase. The symbols will have 
the following significance: 

U “ Stator resistance in ohms per phase 
to neutral 

ff *= Rotor resistance in ohms per phase to 
neutral 

X Stator and rotor leakage reactances 
in ohms per phase to neutral 
«* Reactance of branch representing 
magnetizing current in ohms per 
phase to neutral 

J * Slip expressed as a fraOion of syn¬ 
chronous speed 


power, three-phase 60-cycle 220-volt 
1,770-rpm type CS Westinghouse motor 
of conventional design. The constants, 
obtained from test data, are 

r, * 0.151 ohm per phase to neutral 
fr — 0.146 ohm per phase to neutral 
X = 0.394 ohm per phase to neutral 
Xfn (air-gap line) a 19.8 ohms per phase to 
neutral 

The no-load saturation curve is given in 
figure 2. The lower portion of this 
curve, indicated by circles, was obtained 
by impressing a three-phase alternating 
voltage to the machine terminals and 
varying the speed by means of a connected 
d-c motor so that the power input from 
the a-c end was zero. 


Ko-Load Excitation 


A three-phase bank of static condensers 
was connected (without the a-c supply) 
across the terminals of the machine and 
the rotor driven at a speed corresponding 
to normal S5mchronous speed by means of 
the d-c motor. Since only the losses of 
the machine must be supplied, the quan- 


1 ~s 

tity, —— (figure 1) which represents 
the shaft input, will be very small. This 


the range for whid-i the data overlap, the 
test data checks with tliat obtained by 
the application of 2 in alternating voltage. 
Referring to the equivalent circuit of 

figure 3 it may be seen that the ratio 

for any point on the no-load excitation 
curve must equal (xm + x) or Xc* In 
order that the reactive kilovolt-amperes 
sum up to zero, Xc must equal (x^ + x). 
Thus the slope of a straight line drawn 
from the origin of the curve of figure 2 
to any point on the curve gives tlie capaci¬ 
tive reactance of the capacitor required to 
produce that voltage at no load. As the 
condenser capacity decreases the slope 
representing its capacitive reactance in¬ 
creases and the terminal voltage de¬ 
creases. When finally the slope equals 
the air-gap line, an infinite number of 
solutions are possible. Beyond this point 
the machine is inoperative. Therefore, 
there exists a certain minimum amount 
of capacitors which will still produce self¬ 
excitation. In this regard the induction 
generator performs in a manner quite 
analogous to a shunt-excited d-c gen¬ 
erator. 

In what follows it will be necessary to 
know the volt-ampere characteristics of 
the x^ branch alone. This is obtained 


Figure 2. No-load 
saturation curve of 
1 S-horsepower 220- 
volt 60-cycle in¬ 
duction motor 

0 =* motor connected 
to a-c source 

X » motor excited 
through capacitors 



The slip is referred to the frequency of 
the stator voltages and currents and, 
when operating as an induction genera¬ 
tor, is, of course, negative. 

The general considerations which will 
be applied in determining the solutions 
axe that the summation of the real power 
and the summation of the reactive volt- 
amperes throughout the entire dreuit, 
including that of the load, must each equal 
ztto. Because of the presence of satura¬ 
tion phenomenon, resort will be had to a 
graphical or a cut-and-tiy method of solu¬ 
tion. 

Most of the tests which are described in 
what follows were made on a 15-hoTse- 
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condition requires that 5 be very small and 

consequently that ~ r, be large and ^ 

small The equivalent network for this 
operating condition for all practical pur¬ 
poses reduces to that shown in figure 3 
in which r, of figure 1 has also been neg¬ 
lected. Because r is small the generated 
frequency corresponds to that of the draft 
which in this case is normal frequency. 

Upon varying the magnitude of the capaci¬ 
tors the test points, indicated by crosses 
in figure 2, obtained, extending the 
no-load excitation curve to more than 
tm times natmal excitation current. It 
will be observed that over the portion of 
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from the dotted line in figure 2 by sub¬ 
tracting the drop giving the curve 
shown by the full line and marked "air- 
gap voltage.” 

A further demonstration of the truth of 
^e above theory is offered by tire manner 
in whrdr the tennirral voltage changes 
TOth change in frequency. The full lines 
m the insert of figure 4 show the magnetiz- 
mg characteristic and the capacitor 
characteristics for normal frequency. As 
the frequency is increased the terminal 
voltage for a given magnetizing current 
mcreases proportionately with the fre¬ 
quency. On the other hand, the capaci¬ 
tor current varies inversely proportional 
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to the frequency. These characteristics 
are shown by the dotted lines for an in¬ 
crease in frequency of about 20 per cent. 
The new terminal voltage is then given 
by the intersection of the dotted lines. 
The comparison between test and calcu¬ 
lated results using this method is shown 
by the circles and crosses in figure 4, 
which indicate a very dose agreement. 


JX 



Fisure 3. Equivalent single-line diagrain /or 
no-load excitation condition 


under consideration is shown complete in 
figure 1. To calculate the performance 
while keeping the capadtor fixed the fol¬ 
lowing steps are involved. An arbitrary 
value of R and its corresponding value of 
X are chosen for which it is desired to de¬ 
termine the terminal voltage, e. Esti¬ 
mate the value of e. This fixes 4 and v 
The current is the sum of % and 4* 
Elnowing the drop through r, + jx is 
found which determines The magne¬ 
tizing current is obtained from the full 
line of figure 2. And, finally, if is the 
sum of aud s,. At this point all the 
curr^tS:^® determined for the estimated 
valu^ of e. All of those operations are, 
of course, vector operations. If the esti¬ 
mated value of e is the solution the follow¬ 
ing relation should be satisfied. 

Xij} -H xis^ -h *0 (1) 



Rgure 4. Effect of 
chenge In frequency 

No load—constant 
shunt capacitor =» 
10.6kva at 60 cycles 

o **test points 
calculated points 


The series reactance in the load for the 
former case, although only 8.3 per cent, 
exerted considerable influence upon the 
terminal voltage. 

An interesting condition exists for the 
range of operation indicated by the dotted 
lines in figure 6. Note that for this range 
there is no appreciable saturation so that 
oCjn, can be represented by a constant. It 
is possible, therefore, to determine the 
impedance of all that portion of the cir- 
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Rgure 5. Characteristics of a 15-horsepower 
induction generator under three-phase resist¬ 
ance load having 8.3 per cent reactance 

X » calculated points 
o n experimental results 

-- terminal voltage 

- - - - « slip 


In order to provide a better quantita¬ 
tive perspective of the values involved, 
the dashed line in figure 2 was calculated. 
This curve gives the terminal voltage as 
a function of the kilovolt-amperes of the 
capacitors at normal frequency and volt¬ 
age. It will be seen that for a capacitor 
whose kilovolt-amperes is equal numeri¬ 
cally to the horsepower rating of the ma¬ 
chine the terminal voltage reaches a value 
equal to twice normal. This will vary 
within limits for different motors, depend¬ 
ing upon their excitation characteristics. 


If, however, this summation is not satis¬ 
fied a different value of e should be tried. 

The comparisons between the test and 
calculated results for two values of capaci¬ 
tors are shown in figure 5. 

The slip for this particular value of R is 
determined by summing up the power 
quantities for the solution obtained from 
the summation of reactive volt-amperes 
and equating this sum to zero. No cut- 
and-try method is necessary. Thus 

— f,*r* + r,ir^ + r,i,^ + i,}R - 0 


Three-Phase Impedance Loading 

To determine the regulation charac¬ 
teristics under polyphase conditions, the 
induction generator was loaded with three 
resistance racks, which upon measure¬ 
ment were found to have 8.3-per cent reac¬ 
tance at 60 cycles. With a constant 
capacitor bank the load was changed 
keeping the load frequency constant with 
the result shown in figure 5. The circuit 


or, combining the first two terms and 
solving 




+ iL^R 


( 2 ) 


Values of 5 obtained by this method are 
shown in figure 5. 

Calculated curves for pure resistance 
load and for the same capacitors are 
plotted in figure 6. It will be observed 
that the regulation is very much better. 



Rgure 6, Calculated characteristics of a 15- 
horsepower induction generator under three- 
phase resistance load 


, -^ « terminal voltage • 

-- slip 
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cuit in figure 1 which lies to the right of a, 
A solution exists when this impedance is 
purely real, there being no imaginary 
part. Since for pure resistance load of 
figure 6, X is zero, then R and -‘jxc in 

paraJIel become — - -which will be 

R-jXc 

designated by R' + jX', in whidi 


R* + 


The impedance to the right of a then be- 


MR' + r,) +j(x + JgQ) . 

(R' +r,) ^j{x + X' 

The condition that the imaginary com¬ 
ponent of this expression equals zero, re¬ 
sults in the following equation: 

(x + X'+ x^)lxm(xX') ^ 
xix + X' -1- x^)] + 

(R' + rsKxm + X) 0 (5) 

Upon substituting (3) and (4) into (6), a 
fourth degree equation in R results, which 
permits the determination of R, The 

quantity R is equal to times the slope 

of the dotted lines in figure 6. The signi¬ 
ficance of this expression is that there are 
an infinitely large number of solutions for 
the terminal voltage when R has the value 


pos; sea. 

NETWORK 


NEG. ssa 
NETWORK 


Figure 7, Method of connecting sequence 
networks 


JX JX 



Figure 8. Negative-sequence network of in¬ 
duction motor with three-phase capacitor 
across its terminals 




Figure 9, Equivalent circuit for induction 
Seneiator and three-phase capacitor loaded 
single-phase by resistance R 


satisfied by this equation. Actual opera¬ 
tion is impossible at any of these values as 
an attempt to operate on the straight 
part of the curve results in instability. 
For values of R slightly smaller than this 
critical value the machine loses voltage, is 
unstable. A self-exdted induction ma¬ 
chine cannot, therefore, supply a sus¬ 
tained short-circuit current. A similar 
expression can also be derived for the 
dotted lines in figure 5, the slope of which 

e 

represents the limiting ratio of — ■p== 

Vr?+x^ 

which still permits operation as a genera¬ 
tor. 
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Single-Phase Impedance Loading 

For this case let it be assumed that a 
resistance R is placed across phases b and 
c of the induction generator, the capaci¬ 
tors still being coimected across all three 
phases. This is analogous to the short- 
circuit of a three-phase system through a 
resistance R^ a case treated frequently in 
the literature.* For this case the posi¬ 
tive- and negative-sequence networks are 
connected together as shown in figure 7. 
The actual current through the resistor R 
is Vs times the positive- or negative- 
sequence current flowing through JR! in the 
diagram. This procedure taddy assumes 
the justifiability of superposition in the 
presence of saturation phenomenon. It 
will be assumed that saturation effects in¬ 
fluence only the positive-sequence net¬ 
work and not the negative-sequence net¬ 
work. The checks obtained by compari¬ 
son between the calculated and test values 
justify these assumptions. The positive- 
sequence network of the machine is the 
same as has been considered previously in 
this paper and the negative-sequence net¬ 
work, with the exception of the capad- 
tors, has been treated previously in the 
literature.* This network is reproduced 
in figure 8. Since s is usually small, a 
good approximation is to assume ^ equal 

to zero and to combine and —r 

2-^ 

making the sum equal It wiU be as- 
s 

sumed that ^ can be replaced by a con¬ 
stant term detdmined by the air-gap line. 

It is thus possible to replace the negative- 
sequence network of figure 8 by a simple 
impedance independent of saturation and 
dip. The resultant combined network 
for the positive- and negative-sequence is 
therefore that shown in figure 9; ^^2 + 
jXz is the impedance to which the net¬ 
work of figure 8 has been reduced neg¬ 
lecting the impedance of the capadtors 
“ jxc. The current in the load is equal 

Wagner—SdfrExcitation of Motors 


to Vs times the current in R and arma¬ 
ture or load voltage is Vs times the volt¬ 
age across R. 

If the load is an impedance instead of a 
pure resistance, it is only necessary to re¬ 
place RhyR+ jX where X represents the 
reactance of the load. Tests and calcula¬ 
tions upon the foregoing basis have been 
made on the previously used induction 
motor excited with capacitors across 
three terminals and loaded with a resist¬ 
ance rack across two terminals. The 
rack possessed 8,3 per cent reactance. 



Figure 10. Characleri$tici of a 15«horsepower 
induction generator under single-pkate resist¬ 
ance load having 8,3 per cent reactance and a 
three-phase capacitor equal to 10.3 ohms per 
phase to neutral (4.7 leva) 

X « calculated 
0 « experimental 
-- terminal voltage 

- — « « as s|jp 

The results of these tests and calculations 
are plotted in figure 10, which shows very 
close agreement. 

If a capacitor is connected across the 
load only then the two capacitors --jxe 
of figure 9 must be removed and a single 
capacitor having the impedance of the 
actual capacitor must be connected across 
the load impedance. 

Load Characteristics 

Under certain conditions an induction 
generator driven by an engine or other 
equivalent motive- power might have con¬ 
nected to it other induction machines 
which had also been connected to the 
source of supply. At the time of failure 
of the a-c source of supply the engine- 
connected induction motor tends to drive 
the other induction machines at a fre¬ 
quency determined by the speed charac- 
tmstics of the motive power and at a 

Elbctric^ Enoinbbring 
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Flsiirt 11. Stif-«xc]UQdft ch«r«cttrlfticf of 
two 15«horttpow«r fnductfon motoit, on# of 
which I» driven «f an Induction stnorator fttd- 
Ins the other at an Induction motor* Plsurat 
on curvet rtpreient capacitor kllovolt**amptref 
at S20 volts, 60 cycles 


voltage determined by the shunt em^ 
nccted cr>n<k*user8. In figure 11 is shuwu 
a test setitji to <leU*rttiiiie the clumieteris* 
ties f»f an induetiou motor when oi^erating 
under such conditions. The Hritup con¬ 
sists of two of the above mentioned 
motor'genctat»»r sets, the imluction iiut 
chines having the characteristics of thorn* 
described prevh msly. One of t he d< mtx- 
chines acted us u motor to drive one of the 
induction mudiincs us an induction gen- 
ertttf^r and the other induction inadiinc 
drrjve the secmnl d e machine which mi% 
Iriuded uprm a rcsistimce rack. The two 
induct ion inutors were connected in 
parallel and a bank of condensers con^ 
nccted aco^ss their terminals. Under 
this type of ojK iaiifai, theory dictates that 
the capar ilors supply not only the excita¬ 
tion requirements of both induction 
motors but also the leakage reuctanetf 
volt amperes of tlic two machinea. The 
curves of this figure show the characteris¬ 
tics at 0(1 cycles for constant values of 
capacitors as the load is increased on the 
induction generator. The nodoad values 
of the voltage correspond to the values 
obtained previously for the nodrmd condi¬ 
tion It will be observed that the upper 
of these curves is much flatter than the 
lower one. The reason for this is appar¬ 
ent when it is consitlcrcd that as the load 
is increased, the increase in leakage reac¬ 
tance voU utn|a*res of the machine must 


l^c supplied from the decrease in volt- 
amperes retiuireti by the excitation. At 
the higluT voltages produced by the 
larger condenser capacity the machine is 
oiaTutiiig at a liigher satunUion and, 
therefore, more reactive Vidt-anqicrcs is 
released for a given change in excittition 
voltage. 

For the paiticular values of condenser 
capacity irsed in these tests, it was net*cts- 
sary to bring the driven induction motor 
up to speed by its d-c macliine in order 
to make tlie sets excite themselves aiwl 
airry loud. However, at the no-load 
condition discussed previously, the ma¬ 
chine mtm up to voltage very rapidly 
provided there was sufficient capacitor 
kilovolt-amjieres to jjrovide the excita¬ 
tion, In the loaded case, the capacitor 
kilovoU»ani|«.‘res was tiKi low to supply 



Figart 12. WiVi form* for« 15-lion«pow«r, 
SS0*voH tiirtt-phtfg Induction motor optr«t- 
Ifff •! no ioid *ndl oxdled by a flvt-kiloyoll- 
impert ititie cepodtor 

Uporr curve termlnebto-tcrmlndl voltoge *«» 
320,4 voUs 

lower curve ^rmeturc current 1fl.3 em* 
perei 

both the cxritatiou reriuireineuts and the 
leakage leactance volt am|iercs of the 
machine. Subsequent tests in which a 
fivedioneptiwer flWbvoll iiuluctioii motor 
was used for the loud I>oth sets were ex¬ 
cited very nicely liy either bringing the 
two machines up to sja*ed siinuUancmisly 
flbe one driring motor or by first excit¬ 
ing the induction generator and tlien con¬ 
necting the five-hormqKJwer machine. 
Tbe question merely resolves itself into 
one of whether a given capucitm' can sup¬ 
ply both the exdtution kilovolt aitqicres 


of the generator and tlie starting lagging 
kilovolt-amperes required by the station- 
4iry inott^r. 

Wave Shape 

Oscillognuns of terminal voltage inulcr 
either no loud (figurtt 12) or load (figure 
13) indicate a very clo.se approximution 
to sine wave. The current wave forms 
are distorted to some extent 

Conclusion 

Calculations luwc l^eea made for scventl 
conditums, both at no load and under 
load and tlie results agree closely with the 
test results. These cheeks include both 
balanced and unbalanced cqierating condi¬ 
tions. It is felt from this that, given the 
motor chanw'teristies, the self-excitation 
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Figui* 13. W«v« /ormi foi • 19«liQ(M|iow*r 
SS0*voit llir«*<pii«Mi iiMcltd tndnclloii motor 
•xdted by ii»fi« cpoclton 

effects can he predieted in advance to the 
name degree of accurate as that of the 
inforiiution. 
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Use oF Bismuth-Bridge Magnetic 
Fluxmeter for A-C Fields 


By G. S. SMITH 

MEMBER AIEE 


T he methods most often used for the 
measurement of d-c, a-c, and tran¬ 
sient magnetic fields depend upon one 
fundamental law: that a voltage is 
generated in a conductor cutting lines of 
magnetic flux. However, for each of these 
fields the apparatus and procedure are 
entirely different Perhaps the greatest 
difficulty arises in the study of a magnetic 
field under transient conditions, since the 
resulting voltage oscillogram is a com¬ 
posite of several components having more 
or less intricate phase relations. Thus 
the actual magnetic-field values or 
changes are rather difficult to obtain. A 
single instrument, adapted for use in any 
of the three fields, would be very desirable. 
With this object in view, the following 
report describes the work done in at¬ 
tempting to use, for the measurement of 
a-c and transient magnetic fields, an 
instrument previously proposed for use 
only in the d-c field. 

Analysis of Problem 

In a previous paper^ an instrument for 
measuring d-c magnetic fields was de¬ 
scribed which gives a continuous and 
steady reading when placed in the field 
to be measured. Its operation depends 
upon the change in electrical resistance 
bismuth exhibits when placed in a mag¬ 
netic fidd. Two bismuth resistors are 
placed in the opposite arms of a wheat- 
stone bridge and in zero magnetic field 
the bridge is accurately balanced by using 
some ordinary resistance material in the 
remaining arms. When placed in a mag¬ 
netic field the bridge is unbalanced by an 
amount depending upon the effect of that 
field upon the bismuth resistance. Thus 
the current or voltage due to this un¬ 
balance can be calibrated directly in 
temis of the magnetic field density. To 
avoid changes in the zero setting of the 
meter, due to temperature variation, all 
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resistors in the bridge are adjusted to have 
the same temperature resistance change. 

During the investigation covered by 
the previous paper the meter was tried 
in an a-c magnetic field and a definite 
reading was obtained, but no quantita¬ 
tive tests were attempted at that time. 
By substituting an oscillograph vibrator 



Rgure 1, Wiring diagram for magnetic flux- 
meter and bridge 


in the fluxmeter position in figure 1, the 
oscillogram shown in figure 2 was ob¬ 
tained, indicating that the meter could 
also be adapted to transient-flux measure¬ 
ments. This report describes the work 
done in altering the design of the same 
instrument so that it can be calibrated for 
use in a-c magnetic fields, or used for 
transient-flux investigations. 

The fluxmeter current shown by .4 in 
figure 2 is a composite of two current 
components a portion of which has been 
sketched in on the oscillogram. Although 
they have not been drawn to exact scale, 
it can be seen that the pulsating com¬ 
ponent which remains positive at all 
times represents the effect of the magnetic 
flux upon the bismuth resistors, and is 
more clearly shown in later oscillograms, 
while the other alternating component is 
m^ely due to an induced voltage in the 
coils of the bridge. This indicates that 
the bridge is not entirely noninductive. 

The first problem was to design the 
bridge element so that it would be as 


nearly as possible noninductive. Some 
means must then be provided to balance 
out of the fluxmeter branch circuit any a-c 
voltage still induced. Finally the use of 
the bridge in a-c and transient magnetic 
fields must be studied to determine 
whether or not it does give consistent re¬ 
sults in a-c fields, and, as far as the ap¬ 
paratus available will allow, determine its 
limits with respect to frequency. 

Changes in Construction 
of the Instrument 

To reduce the self-inductance of the 
bridge element, the wire for the various 
resistors was enameled and was wound in 
noninductive spirals, with the turns as 
closely together as possible. This winding 
also resulted in a smaller coil, for the same 
resistance, than was obtained in the in¬ 
strument previously described. To elimi¬ 
nate any possible voltage generation 
between the bridge terminal and the re¬ 
sistor coils, all leads were made of copper 
foil of similar shape and size, and were 


i 







Figure 2. Osciliogram showing the distorted 
fluxmeter current before the bridge is provided 
with en a-c compensating coil 

A —Current In fluxmeter 
B —Induced voltage from exploring coll In air 
gap of magnet 

C—Voltage across the exciting colls of magnet 


stacked one upon the other, each insulated 
from the next by a thin film of paper. 
The details of this construction are clearly 
shown in figure 3. 

A number of otlier improvements were 
made in the bridge element. Either lead 
or tin wire was found very satisfactory 
for use as balancing resistors, since they 
are nonmagnetic and have temperature 
cQ^dexLt of resistance about equal to or 
slightly higher than the coefficient for 
bismuth. By use of either, a slight nega¬ 
tive reading previously experienced under 
certam conditions was entirely eliminated, 
as will be more fully discussed later. To 
stiffen the end of the bridge and more 
adequately to protect the resistor coils, 
the leads were tapered to a point near the 
coil end, in order that pieces cut from 
thin celluloid and shaped to extend around 
the outer edges of the coils might be 
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Figure 3. Bridge 
and terminal block 

cemented very securely to the mica sup- assembly 

port. The terminal block was divided 
into two parts, with the flexible leads to 




the instrument securely soldered into 
plugs in the one part, and corresponding 
jacks soldered to the copper-foil leads in 
the other. This method allows the bridge 
to be easily detached for checking or re¬ 
pairs, but is of most value in making 
adjustments during construction. By 
this means also two or more bridges may 
be used with the same meter. For 
example, the element of one bridge may 
be very small in diameter for measuring 
fields of very small area, while another 
may be designed with a much larger area, 
but sensitive to much lower field densi¬ 
ties. 

To balance out any a-c voltage still 
generated in the bridge coils, an a-c 
compensating coil of two or three turns 
of copper wire was wound around the 
outside of one set of the bridge coils. 
The terminals of this coil were carried 
to the meter and connected across a 
resistance, an adjustable portion of 
which is in series with the fluxmeter, as 
is shown in figure 1. By means of an 
oscillo^aph this adjustment may be set 
to give zero a-c current in the fluxmeter 
branch when the bridge is in a strong 
a-c magnetic field and the meter battery 
circuit is open. No difficulty was ex¬ 
perienced in making this setting, and 
once it was made no further alteration 
was needed. When the instrument is 
used for direct current this coil has no 
function and is virtually outside the 
working circuit. 

The controlling and indicating portion 
of the instrument was not greatly 
changed. For use with the oscillograph, 
two extra terminals were added, and a 
single-pole double-throw switch was pro¬ 
vided to throw either the milliammeter or 
the oscillograph terminals into the flux¬ 
measuring position. The completed in¬ 
strument, ready for use, is shown in 
figure 4. 

The experimental tests may be divided 
into three groups: calibrations, phase 


relations, and examples of transient 
oscillograms. 

Calibration Tests 

For use in most of the tests, an electro¬ 
magnet with a core of laminated trans¬ 
former steel was designed and con¬ 
structed. The pole faces of the square 
core were tapered and turned to a diame¬ 
ter of about four centimeters, and were 
spaced with an air gap of about 0.6 centi¬ 
meters. With this magnet an a-c flux 
density of from eight to ten kilogausses 
could be obtained, though at the higher 
values the core would become noticeably 
warm. 

The average value of the a-c magnetic- 
flux density was calculated from the area, 
the number of turns, and voltage induced 
in an exploring coil placed in the air 
gap. Three different exploring coils 
were used, each with a diameter of about 
3,2 centimeters, and with 2, 30, and 100 
turns, respectively, of number 38 
enameled copper wire. The induced 
voltage was measured by means of a 15- 
volt rectifying type of voltmeter, with a 
resistance of 2,000 ohms per volt. The 
frequency was held at the proper value 
by using an oscilloscope to compare it 
with the power company’s 60-cycle 
current upon which tlie electric clocks 
depend. 

A check on the results obtained by the 
rectifying voltmeter was made by mpnn^ 
of a high-grade thermocouple voltmeter. 
In this case the induced voltage was ob¬ 
tained by adding the computed drop in 
the coil to the voltmeter reading. The 
two methods checked very closely. For 
the major portion of the calibration work 
a good sine-wave voltage source was used 
as far as possible. Later distorted wave 
shapes were also used to check the calibra¬ 
tion on non-sine waves. 

The calibration curves for a constant 
temperature of 22 degr^s centigrade, and 


Figure 4. View of completed meter 

for three different values of current 
supplied to the bridge circuit are shown 
in figure 5. All calibration curves made 
by means of direct current are shown in 
full lines; those for alternating current 
are shown in dashed lines. In all the 
a-c calibrations the average value of flux 
was used. Since the rectifying type of 
voltmeter indications are proportional 
to the average values, its reading will 



Rgure 5. CalibraBon curvea for magnetic 
fluxmeter 

All curves taken at 22 degrees centigrade 
Full lines Indicate d-c calibrations 
Dashed lines Indicate a-c calibrations 
Average values of a-c flux used throughout 
A Calibrations using three milliamperes in 
bridge 

B—Calibrations using ten milliamperes in bridge 
^ Calibrations using 25 milliamperes in 
bridge 
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indicate average values regardless of the 
voltage wave shape. In making checks 
with the thermocouple type of meter, 
care was used to select a good sine wave 
of voltage as the source. 

The change in the resistance of bis¬ 
muth when placed in a magnetic field 
varies somewhat with the temperature 
at which the bismuth is maintained. 

The change becomes less per unit of 
fluif density as the temperature is in¬ 
creased. In the previous paper where 
only d-c fields were used this change was 
indicated by calibration curves at several 
different temperatures. The same 
changes take place when used for alter¬ 
nating current though the actual cali¬ 
bration curves at other temperatures are 
not shown. While this change is not 
quite linear with respect to temperature, 
over the usual range, the actual flux 
densities are roughly one per cent per 
degree'lower for lower temperatures, or 
higher for higher temperatures, than the 
values shown for 22 degrees centigrade. 
Where more accuracy is desired, the 
values must be interpolated from a set of 
calibration curves covering the tempera.- 
ture involved, or by means of an empiri¬ 
cal formula derived from such curves or 
data. 

The a-c calibrations were carried out 
for frequencies varying from 12 to 540 
cycles per second. Below 12 cycles the 
instrument pointers vibrated too much 
for reading. No apparatus was avail¬ 
able to go above 640 cycles; in fact only 
the lower portions of the curves could be 
checked for tHs frequency. Where pos¬ 
sible, portions of all curves were checked 
by means of two or more of the three 
exploring coils. All values taken oyer 
this range of frequencies, and in checking 
by of the different exploring 

coils, were seldom over two per cent 
above or below the average value shown. 
Since the guaranteed accuracy of the 
rectifying voltmeter is only four per 
cent, these values appear quite satis¬ 
factory. No tendency whatever^ ap¬ 
peared for the values taken at the higher 
frequencies to be either higher or lower 
than the others. 

Seemingly the direct current and the 
average values for the alternating current 
should fall on the same curve, but the 
experimental data proved this to be not 
so. Were this caused by the lag of the 
resistance change as found by Konig ■ 
more flux would probably be necessary 
to give the same meter reading rather 
than less, and the effect should increase 
as the frequency increased. Nor could 
it be accounted for by eddy-current 
losses, inductance, or capacity in the 
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circuit since these would vary with fre¬ 
quency and would also tend to reduce 
rather than increase the sensitivity of the 



Figure 6. Phase relations at 60 cycles per 
second 

/—Cufrent in the coil of magnet 
g—Voltage across coil of magnet 
C—lnduced voltage from exploring coil in air 
S^P 

D—Magnetic flux in air gap by means of flux- 
meter 
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Figure 7. Phase relations at 280 cycles per 
second 

^__Cur!%nt in coil of magnet 
p—Voltage across coil of magnet 
(;;_lncluced voltage from exploring coil in air 
sap 

C)__Magnetic Rux in air gap by means of Flux- 
meter 
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Figure 8. Phase relations at 480 cycles per 
second 

A —Current in coil of magnet 
g—Voltage across coil of magnet 
—induced voltage from exploring coil in air 
gap 

[)—Magnetic flux in air gap by means of flux- 
meter 




& 

' IXI 
OtO 


V '\j ^\J ^ 

^ c ■ ; 


Figure 9. Starting transient when a-c voltage 
is switched across coil of magnet 

/—Induced voltage from exploring coil in air 
sap 

B —Current in coil of magnet 
^—Magnetic flux in air gap by means of flux- 
meter 
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meter. The most logical explanation is 
suggested by the wave shape of the flux- 
meter current oscillograms shown most 
clearly in figures 7 and 9. Because of the 
nonlinear relation of the flux density to 
the resistance change, as^is evident by the 
direct-current Calibratien curves, the 
resulting variable current in the bridge 
circuit is decidedly non-sine wave when 
produced by a swe wwe of flux. Since 
the torque in the direct-current meter 
used as a fluxmeter depends upbn the 
average of this cyclic client, this 
average, due to the flat-topped waves, 
would be somewhat higher than for sine 
waves of similar amplitude and thus the 
reading for the average value of the 
alternating-current flux would be greater 
than would be obtained were the meter 
current waves sinusoidal. 

No difference could be detected in the 
readings when the wave shape was dis¬ 
torted as compared to sine waves. Also 
since the highest frequency used is a 
rather high order of harmonics for the 
lowest and the calibration for all fre¬ 
quencies used fell on the same calibra¬ 
tion curve, it seems evident that within 
the range of frequencies covered the 
accuracy of the meter is not noticeably 
affected by the wave shape of the flux. 

The accuracy with which readings 
could be duplicated or checked between 
different meters, using reasonable care 
in determining the temperature, was 
seldom over two per cent in error when 
used for direct current. Only the one 
meter for use in alternating current has 
so far been constructed and calibrated; 
thus it would'be difficult to state what 
accuracy could be expected, since th# 
apparatus used for calibration could 
not be depended upon for an accuracy of 
more than four per cent, and this was the 
only possible means of obtaining a com¬ 
parison. 

Phase Relations 

The second problem was to study the 
time-phase relations of the bismuth re¬ 
sistance and magnetic flux as they were 
varying. Investigations made in tffis 
field by Eonig, Heurlinger, and others,** ® 
indicate a lag of the bismuth resistance 
change. Konig, who probably made the 
most extensive investigation, used a 
make-and-break device to produce 
changes in the magnetic field. This 
would probably be equivalent to using a 
rather high alternating frequency. The 
problem attempted in the present re¬ 
search was limited to what might be 
termed commercial frequencies and their 
harmonics. 
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For such study a series of some twenty 
or more oscillograms were taken over a 
range of from 60 to 480 cycles per second. 
Representative oscillograms for 60, 280, 
and 480 cycles per second are shown in 
figures 6, 7, and 8. 

No lag in th§ resistaiice change can be 
detected at 60 cycles, but |t 280 cycles 
*a lag appears of about 14 electrical de¬ 
grees, and at 48|Q cycj^s this has further 
increased to abou^ 24 electrical degrees. 
Howewer, these measured lags must not 
be considered more than approximate, 
since the •oscillograph light and vibrator 
adjustments can often cause slight ap¬ 
parent phase shifts when none are pres¬ 
ent. For example, in figure 6, the 
magnetic-flux record appears slightly to 
lead the voltage values. The conclusions 
stated are based upon the average results 
of the large number of oscillograms 
taken. Unusual care was exercised in 
taking sets with the minimum of changes 
in adjustments, while other sets were 
purposely taken after adjustments had 
been changed. 

Magnetic Transients 

The third problem was to obtain some 
transient oscillograms of the magnetic 
field, together with the corresponding 
current and voltage values. The oscillo¬ 
gram in figure 9 shows the switching of a 
60-cycle voltage across the coil of the 
magnet previously described. The un¬ 
usual height of the transient-flux values 
gi^es an indication of the instantaneous 
mechanical forces actiijg during the 
transient period. The usual transient 
•and steady conditions when a single¬ 
phase alternator is short circuited are 
shown in figure 10. The variations in the 
field current C after short circuit give 
some indication of the armature reaction 
on the field flux but the actual flux varia¬ 
tions in D show exactly how the air-gap 
flux is varying as well as its phase rela¬ 
tions to the field and armature current 
changes. The variations of the air-gap 
flux due to the armature slots and teeth 
are also very evident. Figure 11 shows 
the flux distribution under the pole face 
of a stationary direct-current motor, when 
the shunt field is excited. This was 
taken by moving the bridge element along 
the air gap. The oscillograph drum was 
rotated by a thread extending from its 
pulley to the bridge. Since the bridge 
was moved with the hand the oscillo¬ 
gram shows some unevenness which 
should not be present. Many other 
interesting and valuable studies could be 
made on stationary and running ma¬ 
chines, as well as on other equipment. 


Directional Variations 

An observation may be made here, not 
strictly in line with the subject at hand 
but nevertheless relating to an interesting 
and important feature of the instrument. 



Figure 10. Transient from no load to almost 
short circuit In a single-phase alternator 


A — ^Alternator terminal voltage 
B — Alternator armature current 
C—Alternator d-c field current 
D — Air-gap flux under pole 



Figure 11. Distribution of magnetic flux 
under the excited pole of a stationary d-c 
motor 



Figure 12. Directional effect in use of 
magnetic fluxmeter 

Curves taken using 25 milliamperes in bridge 
A — Magnetic flux parallel to plane of coils in 
bridge 

B — Magnetic flux perpendicular to plane of 
coils in bridge 

In the discussion on the previous paper® 
a set of curves was shown in which the 
bridge element was held with the plane 
of its coils parallel to the magnetic-flux 
lines. At very low-flux densities the 
readings were negative; at slightly 


higher values the negative reading de¬ 
creased, finally changed to positive, and 
continued to increase. A greater density 
was always required to give the same 
reading than when the plane of the 
bridge coils was held perpendicular to the 
lines of flux. 

By using lead or tin wire instead of 
nickel for the balancing i<esistors, no 
negative readings are obtained; the 
calibration curves obtained with the plane 
of the coil held parallel with the lines of 
flux, and also held perpendicular to the 
flux, «re shown in figure 12. The di¬ 
rectional effects. of the magnetic field 
upon bismuth as well as upon other 
materials has been quite fully investi¬ 
gated in previous researches.^ 

At first thought this change might 
appear disadvantageous, but it has the 
one important advantage of indicating the 
resultant direction of the flux as per¬ 
pendicular to the plane of the coils when 
the reading is maximum, or as being 
parallel to the plane of the coils when 
the reading is minimum. In the meas¬ 
urement and plotting of the distribution 
of the flux in irregular fields this indica¬ 
tion would prove of considerable value. 

Conclusions 

While this research by no means ex¬ 
hausts the field for study, it has defin¬ 
itely proved that the instrument is of 
value in the measurement of alternating 
current and transient as well as direct- 
current magnetic fields. Within the range 
studied, the frequency has no effect upon 
the calibration. The tendency of the 
bismuth resistance to lag behind the flux 
changes found by previous investigators 
has be(?n verified, though this lag at the 
usual commercial power frequencies either 
cannot be detected or is of very low mag¬ 
nitude. The instrument is thus well 
adapted to many studies in the alternat¬ 
ing current and transient fields. 
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Polarity Limits of the Sphere Gap 

By F. o. McMillan 

FELLOW AIEE 


S 3 niopsis: It is found that 60-cycle polarity 
characteristics correlate with the positive 
and negative impulse calibration curves for 
grouHidcd sphere gaps sufficiently well to 
use them for determining the polarity limits 
for sphere gaps. The available data show 
that the maximum spacing at which a 
grounded sphere gap has equal positive and 
negative spark-over is a linear function of 
the size of the spheres. From this relation, 
it follows that the maximum sparking dis¬ 
tance for equal positive and negative spark- 
over, expressed as a per cent of the diameter 
of the spheres, is not constant for all sphere 
diameters.* Therefore, arbitrary polarity 
limits expressed in terms of the diameter of 
the sphere cannot apply to all sizes of sphere 
gaps. 


E xtensive use of sphere gaps in 
high-voltage testing and research 
makes it imperative to have complete 
data on their characteristics and limita¬ 
tions, particularly when the gaps are 
used for measuring impulse voltages. 
This paper describes a method of using the 
60-cycle polarity characteristics for sphere 
gaps to determine their polarity limits of 
spark-over in measuring impulse voltages. 
Empirical expressions are derived for 
the equal positive and negative spark- 
over limit of the sphere gap in centi¬ 
meters and also as a function of the di¬ 
ameter of the spheres. The large amount 
of data obtained from 60-cycle polarity 
characteristics and impulse tests made 
in the local laboratory over a period of 
eight years and by other investigators, 
have been carefully correlated in arriv¬ 
ing at these empirical equations. As 
more data become available for large 
spheres at the higher voltages, similar 
expressions can be derived for the in¬ 
teresting but erratic transition region 
which is not used for high-voltage 
measurements. The laws proposed are 
applicable to the measurement of im¬ 
pulse voltages for which the time from 
zero to flashover voltage is one micro¬ 
second or more. This impulse time is 
the same as that for which the recom- 
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mended AIEE sphere-gap calibration 
standards apply. 

The sphere gap has been am accepted 
device for measuring high voltages since 
1913 however, the polarity charac¬ 
teristic# of the grounded sphere ^ap were 
not observed until 1929. In October 
1929, Lusignan^ reported that 60-cycle 
symmetrical voltage only sparked over 
a 50-centimeter grounded sphere gap 
when the ungrounded sphere was nega¬ 
tive if the spheres were one sphere 
diameter apart. He also reported that 



Figure 1. Typical 60-cycle polarity charac¬ 
teristic for grounded sphere gap 

when the separation was 69 centimeters, 
spark-over occurred on both polarities. 

In 1929, during some impulse voltage 
investigations at Oregon State College, 
it was found that measurements of 
positive impulse voltages with grounded 
sphere gaps and the standard 60-cycle 
calibration curves gave voltage values 
that were too low over much of the 
accepted standard range of the gap.^ 
This observation led to a study of the 
polarity characteristics of sphere gaps at 
60 cycles to determine the extent and 
nature of the polarity effects at power 
frequencies. Complete 60-cycle polarity 
characteristics were obtained for several 
different types of gaps including sphere 
gaps. The latter showed four distinct 
polarity ranges occurring at different 
spacings of the spheres.^ 

The observed polarity characteristics 
of grounded sphere gaps when measur¬ 
ing impulse voltages were confirmed by a 
number of investigators, notably AlH- 
bone, Hawley, and Perry^ in June 1933, 


Meador® in June 1934, and Bellaschi and 
McAuley^ in June 1934. 

General recognition of the difference 
in the positive and negative spark-over 
of grounded sphere gaps has led to ex¬ 
tensive revisionof sph^e-gap calibra-. 
tion standards in^the United States and 
abroad. Noirable progress has been made ^ 
by the AIEE subcommittee on sphere-gap 
calibrations in assembling positive, nega¬ 
tive, and 60-cycle calibration data for 
the standard sizes of sphere gaps. '"Sup¬ 
plementing these data, it is important to 
know accurately the polarity limits of 
these gaps over a wide range of spacings. 
This information is readily obtained from 
the 60-cycle polarity characteristics, be¬ 
cause sphere-gap polarity effects are 
essentially independent of the duration 
of the voltage wave for waves of one to 
two microseconds duration and longer.®*^ 

60-Cycle Polarity Characteristics 

A typical 60-cycle polarity charac¬ 
teristic for a grounded sphere gap is 
shown in figure 1. Two methods of 
determining these characteristics, one 
utilizing visual Lichtenberg figures and 
the other a neon cathode-glow lamp, 
have been described in papers^-® previ- 



Figure 2. Characteristics of 6.25-centinneter 
grounded sphere gap 
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ously cited. The 60-cycle polarity 
characteristics shown in figures 1, 2, and 3 
cover a much wider range of sparking 
distances than are useful in measuring 
voltages; however, they serve to give a 
complete picture of the four distinct 
polarity ranges characteristic of grounded 
sphere gaps. 

Both positive and negative spark-over 
occurs in the first range showing that 
the positive and negative spark-over 
voltages are essentially equal. The upper 
limit of this range is of great importance, 
because it shows the maximum sparking 
distance over which tlie sphere gap can 
be used without objectionable polarity 
effect. 

Positive spark-over does not occur 
in the second range, showing that the 
negative spark-over voltage is less than 
the positive. This region is important, 
because it includes the remainder of the 
range of the sphere gap that is useful for 
measuring voltages and shows the spac- 
ings over which positive and negative 
calibrations must be used. 

In the third range, both positive and 
negative spark-over occurs, and the gap 
is very erratic in its behavior, because 
corona forms on the ungrounded sphere 
at voltages that are lower than the spark- 
over value. This range covers the transi¬ 
tion from 100 per cent negative spark- 
over to 100 per cent positive spark-over. 

One hundred per cent positive spark- 
over occurs in the fourth range due to the 
formation of heavy corona streamers 
preceding spark-over. These corona 
streamers give the gap characteristics 
similar to tihose of a point-to-plane gap. 

Sphere-gap spadngs falling in ranges 
three and four are almost entirely of 
theoretical interest, because they have 
very little practical value for voltage 
measurements. 

Correlation of 60 -Cycle 
Polarity Characteristics 
With Impulse Calibrations 

When the positive and negative im¬ 
pulse voltage calibration curves for a 
sphere gap are plotted directly above the 
60-cycle polarity characteristic, using a 
common scale of abscissas, the correla¬ 
tion of the 60-cycle characteristic with 
the calibration curves is clearly shown. 
This has been done for the 6.25-centimeter 
and 50-centimeter sphere gaps in figures 2 
and 3. These sphere gaps were selected 
on account of the large difference in size 
and because complete characteristics 
were available. Both the 60-cycle and 
impulse data for the 50-centimeter gap 
were taken by Meador® in another 
laboratory. The wave used for the 
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Table I. Polarily Limits of Sparic-Over for Grounded Sphere Gaps 


Sphere-Gap Spacing in Centimeters and Per Cent Sphere Diameter 
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^ Limits of available data. 


6.25-centimeter sphere-gap impulse volt¬ 
age calibration was a 1x5 microsecond 
wave, while the 60-centimeter gap was 
calibrated with a 1.5x40-microsecond 
wave. 



Figure 3. Characteristics of 50-centimeter 
grounded sphere gap 


The upper limits of the equal positive 
and negative spark-over ranges for tlie 
two polarity characteristics coincide quite 
well with the points of divergence for 
the positive and negative impulse cali¬ 
bration curves. The limit for the 6.25- 
centimeter sphere gap is slightly higher 

McMillan—Sphere Gap 


than the branching point for its impulse 
calibration curves, and the limit for 
the 50-centimeter sphere gap is essentially 
coincident with the point of divergence 
of the calibration curves. 

The range of zero positive spark-over 
is wider than the usual range of impulse 
calibration curves, and it clearly shows 
the gap limits over which positive and 
negative calibration curves must be 
used for impulse measurements. 

The polarity characteristics shown 
were taken on gaps with tlie ungrounded 
sphere mounted directly above tlie 
grounded sphere and with the sparking 
surface of the grounded sphere four 
sphere diameters above the ground plane. 
This is the usual position of sphere gaps 
when making high-voltage measurements. 
Other 60-cycle polarity characteristics 
taken with the sphere gap mounted in a 
horizontal position with respect to the 
ground plane were essentially the same as 
those for the vertical gap except the 
second range over which there are no 
positive spark-overs was shortened, be¬ 
cause the transition from negative to 
positive spark-over occurred at a shorter 
g^ spacing. 

Polarity Limits From 
60 -Cycle Polarity Characteristics 

Close correlation between impulse 
voltage calibration curves and the 60- 
cycle polarity characteristics makes it 
possible to take from the latter charac¬ 
teristic curves the sparking distances 
defining each of tlie four distinct polarity 
ranges for the different sizes of sphere 
gaps. The polarity characteristics at 
60 cycles are readily determined if an 
adequate source of high voltage is avail- 
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Figure 4. Polarity 
limits of spark-over 
in centimeters for 
grounded sphere gaps 


able. The maximtim voltage available for 
this investigation was limited, and hence 
it was necessary to draw upon data 
published by Meador* in 1934 to show 
the polarity limits for the large standard 
sphere gaps. Meador’s results, which 
are the only data published since the 
original paper* in 1930, are the most 
extensive available, but they are not com¬ 
plete for the large sphere gaps at wide 
spacmgs. 

The polarity limits of spark-over for 
grounded sphere gaps are shown in 
table I. These data are sufficient to 
determine the upper limit of the very 
important equal positive and negative 
spark-over range for all standard sphere 
gap sizes except the 2-centimeter spheres, 
but they are quite inadequate for the 
other three higher polarity ranges. It 
is hoped that investigators with high- 
voltage facilities available will extend 
and dbeck the existing data. 

•r : table I are shown graphi¬ 

cally in figures 4 and 5. Figure 4 shows 
that the sparking distance in centimeters, 
marking the upper limit of the equal 
positive and negative spark-over range, 
is a Imear function of the diameter of the 
sphere. The equation of the curve is: 

5- 0.2671?-H.60 (1) 

where 

S » maximum sparking distances, in centi¬ 
meters, for equal positive and negative 
spark-over. 

D * sphere diameter in centimeters. 

This is a very interesting and important 
relationship, and, if confirmed by more 
complete and extensive data, it shows 
the more or less generally accepted 
idea that small sphere gaps are useful for 
measuring impulse voltages over a smaller 
per cent ©f sphere diameter separation 
than large ^ps is erroneous. These data 
^ow that just the opposite is true. If 
the sparking distance S in equation 1 is 
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expressed as a per cent of sphere diameter 
D, the following equation may be written: 

5i>-26.7+^ (2) 

where 

Sd = maximum sparking distance, in per 
cent of sphere diameter, for equal 
positive and negative spark-over. 

D = ^here diameter in centimeters. 

From equation 2 it is apparent that 
for small values of P the value of Sj^ will 
be relatively large, and for large values 
of Z?, it will approach 26.7 per cent as a 
lower limit. 


negative spark-over voltage within the 
useful range of the gap are given in table 
II. These are calculated values from 
equations 1 and 2 which give the maxi¬ 
mum spacings in centimeters and in per 
cent of sphere diameter. A comparison 
of the calculated values in table II with 
the experimental values in table I shows 
l^t the agreement is well within the 
linnts of experimental accmracy. 

Reference to the experimental values 
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in table I shows that the 2.54-centimeter 
sphere gap shows no appreciable polarity 
effect until a spacing of 87 per cent of 
sphere diameter is reached, while the 
200-centimeter gap shows a polarity 
effect at 28 per cent of diameter separa¬ 
tion, The maximum sparking distances 
for equal positive and negative spark- 
over, expressed in per cent of sphere 
diameter, are shown graphically in 
figure 5. 

In the light of these data, it is not 
advisable to establish arbitrary sphere- 
gap limits expressed in terms of sphere 
ffiameter and apply them to all gaps re¬ 
gardless of size, as has been the practice 
in previous standards for measuring 
high voltage. 

The boundary curves for the low nega¬ 
tive spark-over range and the transition 
from low negative to low positive spark- 
over are only reasonably well established 
up to 50-centimeter diameter spheres; be¬ 
yond tliat point the curves are located en¬ 
tirely by extrapolation without adequate 
data, and the curves may be very much 
in error. These portions of the sphere- 
gap characteristics arc beyond the limits 
that are useful for measuring voltage, 
but it is believed when data arc available 
to establish them accurately, they will 
assist in obtaining a better understanding 
of sphere-gap characteristics within the 
useful range. The available data show 
that as sphere gaps increase in size, the 
polarity limits do not increase to the 
proportions tliat would be expected. 


This may be due, at least in part, to 
abnormal flux distortion because of 
inadequate free space around the large 
gaps. 

When important measurements are to 
be made, a low-frequency polarity charac¬ 
teristic may be taken on the sphere gap 
in position to determine whether or not 
the polarity characteristics are normal. 
This precaution is important with large 
gaps, because it is a well-known fact 
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Figure 5. Polarity 
limits of spark-over 
in per cent of sphere 
diameter for grounded 
sphere gaps 
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Table II. Maximum Sparking Distance for 
Equal Positive and Negative Spark-Over 
Voltage for Grounded Sphere Gaps 

Values Calculated From Empirical Equations 

Maximum, Sparking Distance 

^ ^ Per Cent Sphere 

Diameter Centimeters Diameter 

of 

Spheres S=:0.267D4-1.50 Sd = 26.7 4- — 
Centimeters D 
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In this case the spheres were overshielded. 

Similar effects of shielding were obtained 
with the 12.5-centimeter and 50-centimeter 
spheres. In each case when the shielding 
wires were adjusted to give equal positive 
and negative spark-overs, the 60-cycle 
calibration curve was in close agreement 
with the calculated curve for isolated sphere 
gaps. Similarly, the positive and negative 
polarity impulse spark-over -curves were 
practically the same. 

These comments are made to emphasize 
the fact that care must be exercised vvhen 
the spheres are used at spacings above 
74 to Va of diameter for either low fre¬ 
quency or impulse measurements, since 
the surroundings may appreciably in¬ 
fluence the polarity characteristics and 
consequently the spark-over voltage on 
both polarities. 


that the flux distortion due to the ground 
plane causes the polarity effect, and 
when this distortion is abnormal, stan¬ 
dard calibration data no longer apply. 

Concluding Summary 

1. The 60-cycle polarity characteristics for 
grounded sphere gaps show four distinct 
polarity ranges: 

1. Equal positive and negative spark-over. 

II. Low negative spark-over. 

III. Transition from low negative to low 
positive spark-over. 

IV. Low positive spark-over. 

2. The correlation of the 60-cycle polarity 
characteristics with the positive and nega¬ 
tive impulse voltage calibration curves for 
gramded sphere gaps is such that the 60- 
cycle pokrity characteristi<» may be used 
to determine the impulse polarity limits for 
itieasuring voltage waves that increase from 
zero to flashover in one microsecond or 
more. 

3. All available data show that the maxi¬ 
mum sparking distance for equal positive 
and negative spark-over is a linear function 
of sphere diameter over the entire range of 
standard sphere-gap sizes. The equation 
for the relationship is: 

5 = 0.267 D + 1.50 

4. Small grounded sphere gaps may be 
used over a greater per cent of diameter 
separation than large gaps without appre¬ 
ciable polarity effect. 

5. The maximum sparking distance for 
equal positive and negative spark-over 
voltage for grounded sphere gaps, expressed 
as a per cent of the diameter of the spheres, 
is a variable function of the sphere diameter. 
The equation for the relationship is: 

= 26.7 + ^ 

Therefore, it is inadvisable to establish 
arbitrary sphere-gap polarity limits ex¬ 
pressed in terms of sphere diameter and 
apply them to all gaps regardless of size. 
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Discussion 

J. R. Meador (General Electric Company, 
Pittsfield, Mass.): This is an interesting 
continuation of the work reported by the 
author and E. C. Starr in 1931. 

I wish to comment on the statement: 

The available data show that as sph^e gaps in¬ 
crease in size, the polarity limits do not increase 
to the proportions that would be expected. This 
may be due, at least in part, to abnormal flux 
distortion because of inadequate free space around 
the large gaps. ^ 

The implications of this statement are 
important to those who expect to use 
sphere gaps over a wide range of gap 
spacings. 

In the tests reported in the writer’s 
paper ("Calibration of the Sphere Gap,” 
J. R. Meador, AIEE Transactions, 
volume 53, 1934, pages 942-8) it was found 
that the transition points from partial 
negative spark-over to all negative spark- 
overs (usually near one-fourth diameter 
spacing) and from all negative spark-overs 
to partial negative spark-overs (usually 
near diameter spacing) were not entirely 
consistent. This was particularly true of 
the 6V4-centimeter sphere gap which had 
no all-negative spark-over range. 

In the early part of 1934 the writer made 
a few tests on several sizes of spheres to 
determine the effect of surroundings on 
the spark-over voltage and polarity char¬ 
acteristics. Some of the results obtained 
may be of interest. 

With 6 V 4 -centimeter spheres at 6 V 4 - 
centimeter spacing and the sparking point 
of the grounded sphere 4.1 diameters above 
a flat grounded plate, 100 per cent negative 
spark-overs were obtained. When the 
spacing above ground was increased to 
5.7 diameters, only 80 per cent of the 
spark-overs were on the negative half 
cycle. With four vertical line-potential 
wires spaced ten inches from the center line 
of the spheres, the voltage was approxi¬ 
mately the same as without shielding wire 
but all spark-overs were positive polarity. 


Abe Tilles (University of California, 
Berkeley): Professor McMillan’s most 
interesting paper presents, logically as¬ 
sembled, a great deal of useful information. 
It answers numerous questions and raises 
still other questions. 

In the so-called "equal positive and nega¬ 
tive sparking range” of figures 1 , 2 , and 3 
would it not be more correct to alter the 
nomenclature somewhat? Possibly "range 
of spark-over of both polarities” would do. 
The curve seems to have a definite structure 
in that range and there seem to be strictly 
"equal’’ spark-overs only where the curve 
is, within the limits of error, at an ordinate 
of 50 per cent. How well defined is the 
curve in that region? How many indi¬ 
vidual spark-overs is it necessary to observe 
to establish a point on this curve? 

In comparing the 60-cycle polarity curves 
of figure 3 for 50-centimeter spheres and of 
figure 2 for 6.25-centimeter spheres an 
upturn is observed at the smallest spacings 
of figure 2 . Presumably, for such a curve 
on the still smaller 2.5-centimeter spheres, 
and ^ for measurements at still smaller 
spacings, this upturn might be observable 
in greater detail. It would be of interest 
if Professor McMillan could publish such 
a curve for the smallest spheres and spacings 
at which he obtained data. Small gaps 
may show interesting differences in be¬ 
havior from large gaps. 

It is clear, I believe, that any appreciable 
even harmonic distortion in the voltage 
wave shape would introduce error into the 
results. In what way, and to what degree 
of refinement, was the voltage wave shape 
controlled or observed? 

In assembling these data Professor Mc¬ 
Millan has doubtless had occasion to con¬ 
sider what varying mechanisms of spark- 
over account for the different "polarity 
ranges” at different spacings. It would 
be helpful if he would care to state more 
fully what he considers these mechanisms 
of spark-over to be. 


B. W*. VerPlanck (Yale University, New 
Haven, Conn.): As pointed out by Pro¬ 
fessor McMillan the negative impulse 
spark-over voltage for grounded sphere 
gaps^ is lower than the positive at inter¬ 
mediate spacings but becomes higher at 
large spacings. From this, one might 
expect that with alternating voltage in 
the intermediate range of spacings, all 
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spark-overs would have negative polarity, 
and that at the spacing where the impulse 
characteristics cross, the polarity of the 
alternating voltage sparks would diange 
abruptly from negative to positive. Ac¬ 
tually, however, as shown in the paper, the 
transition from negative to positive polarity 
is a gradual one extending over a range 
which includes the spacing at which the 
impulse characteristics cross (see figures 
2 and 3). That the transition is not abrupt 
may possibly be because of an insufficient 
continuous supply of initiating electrons 
in critical parts of the gap. In this con¬ 
nection it would be interesting to know 
whether or not McMillan’s data were ob¬ 
tained from tests on irradiated gaps. 

While the middle of the transition range 
may be at the spacing where the impulse 
characteristics cross, the transition appears 
to begin, as will be shown below, at the 
spacing for which the ratio of positive to 
negative impulse voltage is a tnaximum. 

The ratio of positive to negative impulse 
spark-over voltage as a function of spacing 
to diameter ratio for the various standard 
sphere sizes is plotted in the; figure accom¬ 
panying this discussion. These curves, 
obtained with the aid of empirical formulas 
presented in a recent paper (''A New 
Correlation of Sphere-Gap Data,” D. W. 
VerPlanck, AIEE Transactions, January 
1938, page 45) are in accord with the re¬ 
vision of the AIEE proposed sphere-gap 
standards dated December 1937. The 
dashed portions of the curves are extrapola¬ 
tions by means of the formulas beyond the 
region actually covered by the standards. 
The maxima of these curves occur at 
spacing to diameter ratios shown in 
table I of this discussion, which increase 
with decreasing sphere diameter. An ex¬ 
amination of Professor McMillan’s figure 5 
shows that the lower boundary of his transi¬ 
tion region occurs at spacing to diameter 
ratios, also shown in table I, which are 
substantially the same as those for the 
maximum ratio of positive to negative 
impulse voltage. Thus independent evi¬ 
dence is presented confirming Professor 
McMillan's results at least to the extent 
of showing that there must be some change 
in the mechanism of sparking commencing 
at about the spacing to diameter ratios 
shown in table I. 

Another, though less definite check is 
that each of the curves showing the ratio 



Rgure 1 


Table r 


Spacing to Diameter Ratio 


sphere 

Diameter 

(Centimeters) 

For Maximum 
Ratio of Positive 
to Negative Im¬ 
pulse Spark-over 
Voltage 

For Beginning 
of Transition 
Negative to 
Positive Spark- 
over Polmity 

200. 

.0.55. 

.0.65 

160. 

.0.65. 

.0.60 

100. 

.0,80. 

.0.75 

75. 

.0.87 . 

.0.85 

50. 

.1.0 . 

.1.0 

26. 

.Greater than 1.0. 

.1.15 


of positive to negative impulse spark-over 
voltage has a point of inflection at roughly 
the same spacing to diameter ratio as the 
lower boundary of the *low negative spark- 
over range" in Professor McMillan’s figure 
6. This may indicate another change in 
the character of the spark discharge. 

F, O. McMillan: It is suggested by Pro¬ 
fessor VerPlanck that the rather gradual 
transition from negative to positive spark- 
over may be due to an insufficient con¬ 
tinuous supply of initiating electrons in 
critical parts of the gap, and he asks whether 
the data were obtained from irradiated 
gaps. The gaps were not irradiated to 
obtain any of the data used, hence the 
initiating electrons were supplied entirdy 
by the normal ionization of the air in the 
interdectrode space. Some experimental 
evidence at hand indicates that the number 
of ions present does influence the polarity 
characteristics near the transition regions. 
However, it is believed that the rather 
long transition range between negative 
and positive spark-over is largely due to 
the fact that it occurs over the range of gap 
spacings where the corona discharge and 
spark-over curves are diverging. When 
corona occurs at a slightly lower voltage 
than complete spark-over, voltage dis¬ 
turbances are set up by the corona that 
cause spark-over to occur on both polarities. 
As the gap spacing is further increased and 
the voltage difference between corona 
formation and spark-over becomes greater, 
the corona streamers on the ungrounded 
sphere reach sufficient length to cause the 
gap to bdiave somewhat like a point-to- 
plane gap, and the spark-over always occurs 
when the ungrounded sphere is positive. 

The graphs of the ratio of positive to 
negative impulse spark-over voltage as a 
function of spacing to diameter ratio ob¬ 
tained by Professor VerPlanck from his 
recently developed formulas for sphere-gap 
characteristics lead to conclusions that 
agree remarkably well with the data in 
the paper. This independent evidence 
aids materially in establishing the de¬ 
pendability of the results. 

A question of nomenclature is raised 
by Doctor TiUes. He suggests "range of 
spark-over of both polarities” in place of 
"equal positive and negative spark-over 
range." Whether or not this is desirable 
depends upon the quantities to which 
"equal" is applied. If an equal number of 
positive and negative spark-overs is under¬ 
stood, the point is well taken; however, 
the expression is used in the paper to state 
that the magnitudes of the positive and 
negative spark-over voltages are essentially 
equal for the range in question. This 


use is believed to be justified because if 
both positive and negative spark-overs 
occur at a given spacing, even though they 
are unequal in number, the magnitudes of 
the positive and negative spark-over volt¬ 
ages must be essentially equal within the 
limits of measurement, otherwise spark-over 
would occur only on one polarity. 

The ordinates of the polarity character¬ 
istic curves for the range of gap spacings 
in question are determined by the laws of 
probability and are established by taking a 
relatively large number of observations at 
each point. Usually 25 to 60 observations 
will locate a point reasonably well, but in 
most instances a hundred or more observa¬ 
tions were made to determine each point 
on the polarity characteristics. 

The 60-cycle polarity characteristics for 
different sizes of grounded sphere gaps 
all show four distinct polarity ranges as 
described in the paper, but the relative 
widths of the ranges vary with the size of 
the spheres as shown by the curves in figure 
5. The upward inflection of the 6.25- 
centimeter sphere-gap polarity character¬ 
istic at dose spacings is characteristic of 
small gaps and is exhibited to an even 
greater degree by the 2.54-centimeter 
sphere gap. The polarity characteristic 
curve for a 2.64-centimeter sphere gap is 
shown in figure 9 of the paper "The In¬ 
fluence of Polarity on High-Voltage Dis¬ 
charges," AIEE Transactions, volume 50, 
page 25. 

As Doctor TiUes points out, even har¬ 
monic distortion of the 60-cyde voltage 
wave shape would introduce errors in the 
results. This was guarded against by 
using an alternator with a good wave form, 
by using fidd control on the alternator to 
vary the voltage, and by the careful dimi- 
nation of aU voltage-distorting phenomena 
such as nonlinear circuit dements and 
corona discharges. 

A gap that is physicaUy and dectrically 
ssntnmetrical does not show any polarity ef¬ 
fect. The mechanism of spark-over for each 
of the four polarity ranges of the grounded 
sphere gap can, therefore, be accounted for 
reasonably well by the didectric flux dis¬ 
tortion due to the ground plane and its re¬ 
sulting influence ontheionizationphenomena 
in the gap. 

Consider a grounded sphere gap mounted 
perpendicular to the ground plane with the 
spark gap four to five sphere diameters 
above it, and the lower sphere connected 
dectrically to the plane. When voltage 
is applied to such a gap, a didectric fidd 
is established between the insulated and the 
grounded sphere and also between the in¬ 
sulated sphere and the ground plane. 

At rdativdy dose spacings, the flux 
between the sparking surfaces of the spheres 
is not appredably distorted by the ground 
plane; hence, the voltage gradients at the 
sparking surfaces of the two spheres are 
equal and the gap does not show any polarity 
effect. 

When the sparking distance is increased 
beyond a certain value, which the paper 
shows to be a function of sphere diameter, 
the grotmd plane distorts the didectric 
Add between the spheres to such an extent 
that the gap becomes dectrically unsym- 
metrical and a polarity effect results. A 
part of the flux originating on the insulated 
sphere terminates on the grounded sphere 
and a part of it on the ground plane. Be- 
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icause of this flux distribution, the flux 
density and the resulting voltage gradient 
is greater on the sparking-surface of the 
upper ungrounded sphere than on the 
lower grounded sphere. When the gap 
spacing is further increased, the flux dis¬ 
tortion and the difference in voltage gra¬ 
dient at the sparking-surfaces of the two 
spheres becomes greater. 

When the top sphere is negative, the 
electrons in the gap are repelled from it 
toward the bottom grounded sphere. If 
the voltage gradient is sufficiently high, 
these electrons will attain ionizing velocities 
and release more electrons and positive 
ions by ionizing the air. The newly 
formed electrons are also repelled and 
produce further ionization as they travel 
toward the positive grounded sphere. The 
original positive ions in the gap and those 
formed by the avalanche ionizing action 
are attracted toward the negative sphere, 
but due to their relatively large mass and 
resulting low velocity, as compared with 
the electrons, a positive space-charge re¬ 
sults. The maximum ionization and, there¬ 
fore, the maximum positive space-charge 
will occur in the region of highest voltage 
gradient or near the ungrounded negative 
sphere. This positive space-charge near 
the negative sphere further increases the 
gradient and the ionization in that region. 
As the positive space-charge approaches 
very near the negative sphere, it probably 
ultimately produces a sufficiently high 
gradient to overcome the work function of 
the metal and extracts electrons from the 
sphere. Some of the electrons extracted 
recombine with positive ions, and others are 
projected into the interelectrode space and 
sustain the ionization. This ionization 
process progresses until the entire distance 
between electrodes is ionized, and spark- 
over occurs if the spacing of the sphere 
gap is within the range where the corona- 
formation voltage and spark-over voltage 
are identical. Reversing the polarity of 
the sphere gap, the upper ungrounded 
sphere becomes positive, and the region 
of high-voltage gradient resulting from 
the flux distortion of the ground plane is 
■on the upper sphere as before. The elec¬ 
trons and negative ions are attracted to 
the top sphere, and the positive ions left 
behind by the avalanche process of ioniza¬ 
tion by collision are near the ungrounded 
sphere as before, but it is now positive 
instead of negative. Under these condi¬ 
tions, the grounded negative sphere must 
supply the electrons for sustaining a dis¬ 
charge between spheres. However, the 
negative sphere has a low voltage gradient 
-at its discharge surface due to the ground- 
plane flux distortion, and the further fact 
that the point of maximum positive space- 
charge is at the point of maximum ioniza¬ 
tion near the positive sphere. As a result 
of these conditions, the extraction of the 
necessary electrons from the negative sphere 
to sustain a discharge requires a higher 
voltage when the upper ungrounded sphere 
is positive than when it is negative. There¬ 
fore, at intermediate gap spacings where 
both corona formation and spark-over 
•occur at the same voltage, the grounded 
sphere gap sparks over at a lower voltage 
when the upper ungrounded sphere is 
negative than when it is positive. 

At wide gap spacings, where corona forms 
on the ungrounded sphere of the grounded 
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gap at a voltage lower than the spark-over 
value, the characteristics of the gap are 
materially altered. Under these conditions 
the sphere gap takes on the characteristics 
of a gap having electrodes with a very 
marked dissimilarity. The corona stream¬ 
ers on the top sphere act as points and the 
bottom sphere and ground plane as a com¬ 
posite electrode. The condition is a com¬ 
promise between a point-to-sphere and a 
point-to-plane gap. When the ungrounded 
sphere is positive, the free electrons are 
attracted upward toward it and accelerated 
to the ionizing velocity in the region where 
the voltage gradient is sufficiently high. 
These electrons and those liberated by 
ionization, except the ones lost by recombi¬ 
nation, are conducted away by the positive 
electrode. The relatively immobile positive 
ions not neutralized by recombination are 
left along the ionization or corona-streamer 
paths and form space charges. These 
positive space charges add to the field from 
the positive electrode and extend the ioniz¬ 
ing gradient at the ends of the streamers 
to greater distances. In this manner 
ionization is progressively extended down¬ 
ward at the ends of the corona streamers 
until either the gradient at the extreme 
limit of the ionized region falls below the 
critical value or complete spark-over 
occurs. When the ungrounded sphere is 
negative, the free electrons in the surround¬ 
ing space are repelled downward at high 
velocity producing ionization by collision 
in the region that is above the critical 
gradient. A positive space charge is 
formed near the negative sphere, and a 
negative space charge is formed outside of 
the positive space charge. The field of 
the positive space charge opposes the field 
from the negative electrode which it sur¬ 
rounds and reduces the resultant electrode 
flux in the area outside of the positive 
space charge. The decrease of flux due 
to the positive space charge around the 
negative sphere reduces the distance to 
which the ionizing gradient extends from 
the electrode and hence increases the 
voltage necessary to cause complete spark- 
over. Therefore, at wide spacings on the 
grounded sphere gap where corona occurs 
at an appreciably lower voltage than com¬ 
plete spark-over the gap sparks over at a 
lower voltage when the ungrounded sphere 
is positive than when it is negative. 

J. R. Meador in his discussion further 
stresses the importance of adequate clear¬ 
ance around sphere gaps to avoid abnormal 
flux distortion and the resulting erratic 
characteristics. That point cannot be 
emphasized too strongly, because there is 
no doubt that it is the cause of much 
difficulty with sphere-gap measurements. 

The inconsistencies in the transition from 
partial negative spark-over to all negative 
spark-overs found by Mr. Meador in his 
1934 investigations, which he points out 
were particularly pronounced in the case 
of the 6.26-centimeter sphere gap, merit 
special consideration. In contrast with 
Mr. Meador’s experience, we have always 
obtained polarity characteristics for the 
6.25-centimeter sphere gap that show con¬ 
sistently a definite range of gap spacings 
over which the spark-over is 100 per cent 
negative. 

The idiange from 100-per-cent-negative 
spark-overs to 80 per cent, when the spark¬ 
ing point of the ground sphere was raised 
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from 4.1 sphere diameters to 6.7 sphere 
diameters above the ground plate, reported 
by Mr. Meador, probably is not due to the 
change in position of the gap with respect 
to the ground plane. 

During the academic year 1933-34, E. D. 
Harrington and K. M. Klein, students at 
Oregon State College, made a careful in¬ 
vestigation of the influence of the ground- 
plane position on the polarity character¬ 
istics of the 6.26-centimeter sphere gap. 
The results of their investigations were 
given in a paper presented before the Port¬ 
land Section of the AIEE on May 19, 1934- 
They used a vertical gap with the sparking 
surface of the grotmded sphere at various 
distances ranging from 1 to 20 diameters 
above a large metal ground plate. The 
polarity characteristics, over this entire 
range of ground-plate positions, each showed 
a definite range of gap spacings over which 
the spark-overs were 100 per cent negative. 
The 100-per-cent-negative spark-over range 
was changed to some extent by the position 
of the ground plane, but typical polarity 
characteristics with four distinct polarity 
ranges were obtained for all ground-plane 
positions. 

In 1935, polarity characteristics were 
taken for a 6.26-centimeter horizontal 
grounded sphere gap. The characteristics 
were taken with the horizontal axis of the 
spheres at both four and five diameters 
above the ground plane. This horizontal 
gap also had typical polarity characteristics 
with the usual four distinct polarity ranges. 

For the past eight years, the polarity 
characteristic of either a 6.26^c^timet^ 
or a 12.5-centimeter vertical sphere gap 
has been taken each year by students as 
a high-voltage laboratory . experiment. 
These polarity characteristics have always 
shown a 100-per-cent-negative spark-over 
range and have been typical in every re¬ 
spect. 

In view of this evidence, we are forced 
to the conclusion that Mr. Meador’s failure 
to find a range over which the spark-over 
of the 9.25-centimeter gap was 100 per cent 
negative was due to some extraneous cause 
not directly related with the polarity char¬ 
acteristics of the gap. 

It has been found that it is necessary to 
have the circuit free from corona discharges 
of any magnitude when the polarity char¬ 
acteristics are taken on small sphere gaps. 
The elimination of corona is important 
because corona discharges cause transient 
disturbances in the voltage that alter the 
polarity distribution of spark-over on 
small gaps. It is possible that either 
c(X’ona or some other electrical disturbance 
may account for Mr. Meador’s failure to 
secure any 100-per-cent-negative spark-over 
range on the 6.26-centimeter sphere gap. 

The shielding effects of wires reported by 
Mr. Meador are very interesting and are 
in agreement with the results obtained by 
George M. Chandler in his thesis "The 
Control of Sphere-Gap Polarity Character¬ 
istics” submitted at Oregon State College 
in 1935. Mr. Chandler used one toroidal 
shielding ring around the upper ungrounded 
sphere and in various vertical positions 
with respect to it, and also two toroidal 
rings with one around each sphere of the 
gap. He found that one slfielding ring 
properly adjusted around the ungrounded 
sphere was adequate to eliminate the 
polarity effect. 
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Devices for Controlling Amplitude 
Characteristics of Telephonic Signals 


By A. C. NORWINE 
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Synopsis: This paper describes a family of 
devices which automatically respond to 
signals and control the circuit amplification 
in such a way as to improve transmission. 
Their general characteristics are outlined, 
their differences explained, and some of 
their applications are listed. 


T he transmission of speech energy 
over dlectrical circuits is attended by 
the interesting and sometimes difficult 
problem of preserving the original signal 
in spite of limitations in the transmission 
medium. These limitations include load- 
carrying capacity, interference with other 
service, noise, change in attenuation with 
time, and many others. Because of 
special limitations it is sometimes de¬ 
sirable to alter the amplitude character¬ 
istics of the speech or other signal energy 
without, of course, materially lowering 
its intelligibility. In high-quality systems 
the peak voltage from some speech sounds 
of a given talker may be over 30 decibels 
(some 30 times) higher than from his 
weakest sounds when there is very little 
mflection in the speech. Loudness 
changes for emphasis will increase this 
range of intensities. Ordinary message 
systems do not have to contend with 
quite so wide a range of instantaneous 
voltages from a single talker, but differ¬ 
ent talkers under extreme terminal con¬ 
ditions produce about a 45-decibel range 
of average voltage, which is additive to 
that for a single talker. Consequently, a 
voltage range of about 70 decibels (over 
3,000 to 1) must be considered for message 
circuits. 

In order to accommodate such ranges of 
intensity to certain transmission mpHla 
such as radio links a new family of auto¬ 
matic devices has been developed. , In 
gener^ aU of these contain amplifiers or 
attenuating networks whose loss or gain 
is changed according to some function of 
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the applied input and which may have a 
variety of time sequences in their control 
circuits. It is hoped that by the classifi¬ 
cation and description of some of these 
devices their distinguishing character¬ 
istics and fields of usefulness will be made 
somewhat clearer. We are to be con¬ 
cerned here principally with those de¬ 
ments allied to the tdephonic art, al¬ 
though some applications are to be found 
in other fidds. It is not intended to in- 


on their distinctive qualities, with notes 
on their variants which have some ap¬ 
parent value. 

General Characteristics 
of Volume-Controlled Devices 

In figures 1 to 10 are shown simplified 
diagrams of some of these devices. While 
detailed descriptions of them will be de¬ 
ferred till later it may be pointed out that 
aU those shown contain “vario-lossers,” 
and all have paths from the main trans¬ 
mission path to control drcuits which 
affect the vario-losser. A vario-losser 
usually consists of a balanced pair of 
vacuum tubes whose gain is changed by 
varying the grid bias or a network of non¬ 
linear dements such as copper oxide or 
silicon carbide whose loss is changed by 
varying a current through them. In 
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Figure 1. Vogad 
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Figure 2. Half vogad 
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dude those voice-operated functions 
which are essentially switching opera¬ 
tions although the distinction in some 
cases becomes exceedingly fine. 

Names of volume-controlled devices* 
which have been used in published papers 
indude vogad, t*--* compandor, ***>« and 
volume limiter.^ Without direct com¬ 
parison it may not be obvious how these 
and similar devices differ. First the ap¬ 
parent similarity of several of these de¬ 
vices will be shown in simple diagrams. 
Next the more important characteristics 
of a number of devices will be presented 
in tabular form, followed by descriptions 
of the different types. These will then 
be discussed witii particular emphasis 

* See tbe footnote on page 63. 
t ** Fblume-op^ted gain-odjusting <ievlce.** 

♦♦A combination of the names icota^ressor and 
oxpandor, 
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some special cases it may be a mechani¬ 
cally adjusted variable network. The 
word “vario-losser” is thus a generic 
term relating to a circuit whose loss or 
gain is controllable. A control circuit 
OTdinarily consists of an amplifier and rec¬ 
tifier whose d-c or a-c output bears a 
chosen relation to its input Tbus some 
control circuits are marginal; they pro¬ 
duce no control voltage till the input ex¬ 
ceeds some critic^ value, then produce 
large control voltages for small additional 
increments of input These axe used, for 
example, when it is deated to limit the out¬ 
put of a vario-losser to a definite amount 
Another type of control circuit produces 
a current or voltage which is linear with 
input expressed in dedbds. In combina¬ 
tion witii a vano-losser whose gain is a 
linear function of control current or 
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voltage one cun produce a device whose 
gain is u linear function in decibels (jf 
the input tt) the control circuit. 

It will be recognizetl that if the ap¬ 
plication or removal of the control energy 
is retarded, the action of the coutnd cir¬ 
cuit may be made quite different on 
transient inputs than on steady-state in¬ 
puts, It will appear later that this is the 
impr^rtant distinction between some of 
the devices to he discussed and that 
fundamental differences in their functiou- 
ing are thus Immght about. 

Ueferring to the llgures once mure it 
will he noted that some control devitvs are 
connected to the trunsmissiiin path at tlie 
input to the vario-losscr^ These arc 
known us “forward acting’* control cir¬ 
cuits. Other contmls, connected at the 
vario-losser rmtimts, are known as ‘'back¬ 
ward acting” control cirettits. This is 
simply convenient terminology to indicate 
whether the control energy is progressing 
in the same direction us the main trans¬ 
mission t?r is progre.ssing in a backward 
fUrection after traversing the main path, 
u-sually through u varif)dos.ser. Smtie 
backward-acting controls function to 
measure the output i»f the devices con¬ 
taining them and tf> make whatever mb 
jnstments are reciuired, C)tliers arc pliieisl 
in tliut [Kisitiun to take advantage of the 
variolossers in the transmission paths, 
t.e, stieli contnds could be replaced by 
coinbinutiotis at forward acting controls 
and extra variu kissers 

In table I, nine of the voluine«c<introHed 
devux*s’^ which have been devcioiicd for 
various commercial and experimental 
uses are listed with the functions of volt¬ 
age, time, and frequency which are cm* 
ployed to obtain their respective ja‘rftinii- 
nriees. There is, of course, some latitude 
in the choice of these functions for any 
one device. Pending more complete de^ 
scriptiou of the different ly|K^s in the fol¬ 
lowing paragraphs this table slumid be 
viewed us ilhistraiing the gc‘iiTOd char¬ 
acter of the different circuits and also the 
range of the variables which already luive 
been employed. For example, it will 1>e 
.seen that instantaneous voltage of the 
signal wave, its short-time average value, 
jieak power, syllabic variations, and long¬ 
time average power have all been used 
as criteria of gain settings in different 
circuits. Some devices change their ad¬ 
justments only when critical values or 
ranges are exceeded, while others vary 

The sifttitftt «i»pliiy«a de m\ follow nn «»itirftlr 
Idgieid daiilfiefttam, but th«y «ivttsi hm tm* 
cmAM th« 3 r bftVtt b«d coiiwid«r«ble Uftg«. For tkt 
•Hint irtmcm tbe tmxk ''volamt-eotttrallAd dtvIcM** 
1« uiid, ftlUKitigb to bo itrieily eorrtet It ntlgbe 
b#tt«r bo **sou»a-«wgy'€oiitroll«d for 

for sot att tb« divleoi o^rrato In mmd* 
anea wliti **voluw«** at ottiuitirid by tba wall- 
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somewhat with every syllable if speech, 
for example, is being transmitted. Some 
are linear transducers to all but low or 
high amplitudes while others reduce or 
increase the output range from that at 
the input. It will be seen that proper 
choices of times for gain increase and gain 
decrease in combination with certain 
gain-control criteria make possible a wide 
variety of signal-altering means to meet 
different requirements. 

Description of Devices in Table I 

With this introduction to the combina¬ 
tions of characteristics which are possible 
it should be less dfficult to distinguish 
between the specific devices discussed in 
the following paragraphs, which in addi¬ 
tion to describing the devices, contain 
some comments which should assist in 
visualizing their forms and their opera¬ 
tion. 

1. The vogad (figure 1) is a device which 
will maintain at its output speech volume' 
which, over a certain range of input, is 
relatively independent of the speech volume 
applied to its input and which, in the ideal 
case, will not change its gain during periods 
of no speech input. It makes little or no 
alteration in the ratios of maximum and 
minimum instantaneous-to-average voltages 
of the speech. 

2. The volume limiter (figure 3) is a device 
which is a linear transducer for all speech 
volumes up to a critical value, beyond which 
all input volumes produce essentially the 
same output volume. It is essentially differ¬ 
ent from the vogad in that its gain ap¬ 
proaches the maximum value when input is 
removed. 



Figure 3. 



Figure 4. 





Volume limiter 




Compressor 




Expandor 




Figure 6. Limited-range expander 

Radlo-noisc reducer 


3. The compandor (figures 4 and 5) is 
composed of a compressor and an expander, 
A compressor is a device whose input-output 
characteristic on a decibel scale has a slope 
less than unity*" and whose gain or loss is 
variable under control of the input energy 
at a time rate which will permit it to follow 
the syllabic rate of change of speech energy. 
Similarly, an expander is a device whose in¬ 
put-output curve has a slope greater than 
unity and whose gain is variable at a syllabic 
rate under control of ffie input energy. 
Thus very shortly after all input is removed 
the gain of a compressor is maximum and 
the loss of an expandor is maximum. The 
reciprocal of the compressor characteristic 
slope is spoken of as the compression ratio, 
^d the idope of the expandor characteristic 
is spoken of as the expansion ratio. 

4. l^e radio noise reducer^*^ (figure 6) 
combines the functions of an expandor which 
opiates in the range of amplitudes where 
noise and weaker speech sounds lie and a 
linear transducer which comes into play for 
all amplitudes exceeding a critical value, 
‘which can be set to best suit the atmos¬ 
pheric noise conditions. In other words, 
the radio-noise reducer is a limited-range 
expandor. Inputs which are below the ex¬ 
pandor range are subject to transmission 
at the minimum gain. 

♦ Tliat is, if the input increases by x decibels the 
output increases by less than x decibels. 


6. The limited range compressor (figure 7) 
is a device whose operating range includes a 
region within which compression at a syl¬ 
labic rate can take place; at other inputs 
the device is a linear transducer. Its con¬ 
necting diagram and time functions are the 
same as those shown in figure 5 except that 
the control circuit contains a Hmit ltig de¬ 
vice, so that compression takes place in only 
a portion of its input range, analogous to 
the action of the limited-range expandor of 
figure 6. As a special case the limited range 
compressor may have no linear range above 
its compression range, thus becoming one 
type of peak limiter. 

6. The peak limiter (figure 8) is a device 
whose gain will be quickly reduced and 
slowly restored when the instantaneous peak 
power of the input exceeds a predetermined 
value. The amount of gain reduction is a 
function of the peak amplitude, and in prac¬ 
tice is usually intended to be small to pre¬ 
vent material reduction of the range of in¬ 
tensity of the signal. 

7. The peak chopper (figure 9) is a device 
wWch prevents transmission of peak am¬ 
plitudes exceeding a critical amount, an 
essential characteristic being that the loss 


it inserts is completely determined by the 
instantaneous voltage of the signal; that is, 
its operating and releasing times are sub¬ 
stantially equal to zero. 

8. The cross-talk suppressor (figure 10) is 
a device which normally presents a pre¬ 
scribed loss to transmission, which loss is re¬ 
moved rapidly when the input amplitude ex¬ 
ceeds a certain threshold and is reinserted 
at a definite time after the input is removed. 
It reduces low-amplitude unwanted currents 
such as CTOss talk but does not affect am¬ 
plitudes in the useful signal-voltage range. 
This device differs from the limited-range 
expandor in lhat the time during which the 
low-loss condition is maintained is consider¬ 
ably greater, so the transition from one gain 
to the other occurs less frequently. 

9. A rooter is an instantaneous compressor. 
Such a circuit can be made to produce an 
output whose instantaneous voltage is, for 
example, the square root or some similar 
function of the instantaneous voltage ap¬ 
plied to the input. An inverse rooter is an 
instantaneous expandor whose character¬ 
istic is complementary to that of the rooter. 
A^ combination of rooter and inverse rooter 
will reduce the load requirements on a trans- 
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mission system between the two units but 
requires that it transmit a wider band of 
frequencies than that for the original sig¬ 
nal, and that it be essentially free from phase 
distortion. This does not seem to be an at¬ 
tractive arrangement from a commercial 
viewpoint and is included here simply as an 
illustration of one of the possible modifica¬ 
tions of signal energy. It is not shown in 
the group of diagrams. 

Variants to the Devices Described 

In addition to these there are various 
devices which are essentially modifica¬ 
tions of those described. For example, 
a half vogad, figure 2, may have the 
same time fimctions as a vogad, figure 1, 
but the gain changes in the transmission 
circuit are half as great for the same 
range of input volumes. Thus in a vogad 
the range of gain changes in the trans¬ 
mission circuit is equal to the range of in¬ 
put volumes, so that the output volume 
is the same for all input volumes. In the 
case of the half vogad the range of gain 
changes in the transmission path is one- 


half the range of input volumes, so the 
output volume range is one-half that 
of Idle input. It is also possible to con¬ 
struct a vogad whose output volume range 
is any desired fraction of the input range. 
As another example of modification of 
the devices described, for special applica¬ 
tions it may be desirable to incorporate 
a certain amount of syllabic compression 
in a vogad. 

Communication circuits which have 
separate paths for oppositely directed 
transmission between the two terminals 
are usually operated at such an over-all 
loss that with ordinary terminations 
there will be little tendency for circulating 
currents to build up to a “singing” con¬ 
dition. Sometimes there may not be a 
great deal of margin, however, so that 
volume-controlled devices added to such 
circuits must add loss at some point to 
counterbalance whatever gain is put in 
at some other point. Thus a vogad in¬ 
serted at the transmitting side of one 
terminal of such a circuit to amplify 



Figure 7. Limited-range compressor 



TIME 


Figure 8. Peak limiter 



TIME 


Figure 9. Peak chopper 



TIME 


Figure 10, Cross-talk suppressor 


speech energy from weak talkers must be 
supplemented by a “reverse vogad” in 
the receiving side of the circuit. The re¬ 
verse vogad is simply another vario-losser 
which is operated upon by the vogad con¬ 
trol circuit in such a way that it always 
has a loss numerically equal to the gain 
of the vogad. Any vogad gain will be 
compensated by the reverse-vogad loss, 
so no greater tendency to sing will be 
effected by the addition of the combina¬ 
tion to the circuit. In like manner half 
vogads must be used with compensating 
reverse half vogads. 

Combinations of some of the devices 
also have interesting characteristics. For 
example, a combined radio-noise reducer 
and peak limiter at the receiving end of a 
circuit would suppress noise and would 
also reduce the amplitude of excessively 
high amplitude signals. Likewise, a 
vogad, compressor, and peak chopper in 
tandem in the order named could be made 
to reduce the range of input signals by a 
very large amount for transmission over a 
medium having only a small range be¬ 
tween noise and maximum permissible 
signal. In this case it would be practically 
impossible to recover the original signal 
range at the receiving terminal of the 
medium, but the intelligibility of speech 
over such a system has been shown in the 
laboratory to be good. 

Special compandors for high-quality 
service may require compression and ex¬ 
pansion which varies with frequency. 
The exact characteristics will depend 
upon band width, program material, and 
transmission medium. For transmission 
media in which the noise reproduced at 
the receiving end is principally at the 
higher frequencies an unusual effect is 
obtained if the usual variety of compan¬ 
dor is used. Low frequencies unaccom¬ 
panied by high frequencies will cause a 
gain change in compressor and expander, 
thus changmg the background of high- 
frequency noise which is not masked by 
the low-frequency signal energy. The re¬ 
sulting swishing noise has been given the 
onomatopoeic name of “hush-hush ef¬ 
fect.” To avoid this, recourse may be 
had to split-band compandors in which 
the compression and expansion is done 
only at high frequencies or separately 
for low and high frequencies. The suc¬ 
cessful application of the latter method 
is, however, more difficult than it appears 
from its simple description. 

Distinguishing Characteristics 

It is important to distinguish between 
the half vogad, figure 2 and the compres¬ 
sor, figure 4. As shown in table I the 
latter operates on syllabic variations and 
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tlie former on the average volume of the 
input. Thus the half vogad reduces the 
range of output volumes to one-half that 
at the input while the compressor reduces 
the range of syllabic power at its output 
to one-half that at the input. In other 
words, the compressor reduces the ratio 
of peak to average power on constant- 
volume speech, while the half vogad 
simply adjusts for that volume and does 
not alter the peak ratio. There is, of 
course, the additional important differ¬ 
ence that the half vogad retains its gain 
setting during silent periods while the 
compressor, by virtue of having followed 
the syllabic power, has its maximum 
gain during silent periods. 

Volume limiters, figure 3, may be mis¬ 
taken for vogads, figure 1, because during 
speech input above a certain value the 
two may produce the same output vol¬ 
ume. They both employ something like 
a measurement of average power over 
periods longer than a syllable to deter¬ 
mine their gain settings. The important 
difference is that a vogad retains its gain 
setting when speech currents are not 
present, while a volume limiter approaches 
its maximum gain during such periods. 
In terms of the output resulting from a 
range of input volumes there is another 
important difference if the volume limiter 
operates over only part of the input range: 
the vogad reduces the width of the distri¬ 
bution curve of volumes to a very small 
value, while the volume limiter moves 
all the area under the distribution curve 
above a certain point to the region near 
that point, which is its limiting volume. 
This is illustrated in figure 11, in which 
the calculated modifications of a volume 
distribution by a vogad and by a volume 
limiter are shown. 

In the cases “without volume control” 
and “with a vogad” the distributions are 
normal, and the standard deviation, 
has its usual statistical significance. With 
a volume limiter, only volumes above the 
limiting volume are affected, and these 
higher volumes are redistributed accord¬ 
ing to a normal law whose standard de¬ 
viation is one decibel, as stated in the 
figure. 

It is also important to distinguish be¬ 
tween a peak limiter, and a peak chopper, 
figures 8 and 9, Naturally they resemble 
one another since they are intended to 
permit transmission of signals at higher 
average amplitudes without excessive 
loading of transmission circuits. How¬ 
ever, they are intended for different 
classes of service and hence are not inter¬ 
changeable except in some borderline 
cases. For the highest grade of trans¬ 
mission harmonic production must be 

66 Transactions 


negligible and the reduction in amplitude not been definitely fixed. If the char- 

range of signals small and infrequent. acteristic of loss versus input is made 

Gain changes must be smooth, though steep enough and the speed of operation 

rapid enough to compensate for prac- fast enough it will sound like a switching 

tically any input wave to be expected. circuit and may in fact be replaced by a 

These characteristics are found in the relay-switched attenuating network. If 

peak limiter now being furnished for use made somewhat*^ slower and given a 

on program networks aftd radio trans- smaller slop^of loss versus input it ap-^ 

mitters.^®>^^ For services in which it is proaches the limited-range expander or 

desirable to maintain the signal energy noise reducer. 

at a high value to override noise and in 

which harmonic distortion must be kept Applications 

low a peak limiter with somewhat smaller and Expected Advmtage^, 

time constants may be used. A ifigh-ratio 

limited-range compressor might be suit- It may be of interest to give some ap- 
able in this instance. This device would proximate figures on the magnitudes of 

lower its gain a little more quickly on the advantages to be obtained by the 

excessive inputs, and it would also rein- use of some of these devices. It will be 

sert its gain much more quickly j it would understood that the values to be given 

affect the naturalness of the sound of the are simply illustrative, some having been 

signal more than the slower peak limiter obtained from field service on particular 



but it would also cause the signal to over¬ 
ride noise somewhat better. In a third 
variety of service the harmonic distortion 
introduced by a limiter is a secondary 
matter, the prime consideration being 
that the peak amplitude of the signal 
shall not exceed a specified value. This 
may be because higher-amplitude signals 
would produce a tremendous increase in 
distortion or cross talk into other chan¬ 
nels or would damage expensive equip¬ 
ment farther along in the circuit. For 
these cases we may use the fastest possible 
type of limiter, the peak chopper, which 
simply cuts off any peak exceeding a cer¬ 
tain value. 

The cross-talk suppressor, figure 10, is 
a splendid example of the fine distinction 
between volume-controlled and voice- 
operated switching devices. This device 
has been described, but in the present 
state of the art its time functions have 
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Fisurc 11. Modification of volume distribu¬ 
tion by use of a vosad or a volume limiter 

models and some from tests on laboratory 
equipment under special conditions. 

Vogads appear to be most useful in 
such circuits as transoceanic radio con¬ 
nections, where it is important to operate 
the terminal switching equipment prop¬ 
erly and to transmit over the radio cir¬ 
cuit speech energy from loud and weak 
talkers equally well. It is essential in 
such cases that noise should not be in¬ 
creased in amplitude during speech 
pauses, hence the gain retaining feature 
of the vogad. On such a circuit a vogad 
will reduce a 45-decibel volume range to 
about two to four decibels. This is 
equivalent to expert manual volume con¬ 
trol. 

Volume limiters are in use at the pres¬ 
ent time to prevent peaks of speech 
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energy in carrier circuits from “splash¬ 
ing** into telegraph channels^ Somefive- 
to ten-dedbel limiting is allowed on 
loudest talkers, which causes little deg¬ 
radation of the speech channels but makes 
possible the use of telegraph on the same 
carrier system. There is no widespread 
use of volume limiters in point-to-point 
radio service so far, but in cases in which 
there is no disadvantage in raising noise 
in silent periods of speech, such as in push- 
to-talk installations, proper transmitter 
loading can be obtained with volume 
limiters fairly cheaply. 

One commercial model peak limiter, 
used as part of a program amplifier^®>^^ is 
capable of introducing a considerable 
amount of compression without over¬ 
loading on peaks, but for the preserva¬ 
tion of adequate program volume range 
it is being recommended that only three- 
decibel peak limiting be allowed. This, 
of course, reduces the range of intensity of 
the program, but from the standpoint 
of the listeners it is equivalent to dou¬ 
bling the transmitted power or obtaining 
the same signal-to-noise ratio with half 
the transmitted power. 

Limited-range compressors might be 
used either on land lines to insure full 
loading or on radio links whose fading 
is too severe to permit the use of normal 
compandors. There is no commercial 
application of either sort at the present 
time. Peak choppers are, however, used 
on some high-power radio transmitters 
which xmght otherwise be temporarily 
disabled by high peaks in the signal being 
transmitted. 

The chief usefulness of compandors is 
on radio links in which the transmission 
of a compressed signal with subsequent 
expansion permits operation through 
higher noise or with lower transmitter 
power. On a long-wave transatlantic 
radiotelephone circuit a compandor with 
40-decibd range has been shown to allow 
an increase in noise of some five decibels 
before reaching the commercial hmit.® 
With smaller amounts of noise the noise 
advantage of the compandor approaches 
half its range in decibels. This benefit is 
sometimes applied to a reduction of trans¬ 
mitter power. 

Radio noise reducers have been used to 
advantage in connection with short-wave 
ship-to-shore and transoceanic radio¬ 
telephone service. In the former, routine 
transmission rating is given on a judg¬ 
ment basis using a mmt scale from one 
to five, five being practically perfect 
transmission and one so poor that in¬ 
telligibility is very dose to zero. It will 
then be seen that the observed improve¬ 
ment of one-half to one point in trans¬ 
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mission rating due to the noise reducer is 
of considerable importance. Perhaps 
more graphic figures are those for trans¬ 
oceanic service, where the reduction of 
noise in the receiving path not only re¬ 
duces the noise heard by the listener but 
also improves the voice-operated switch¬ 
ing with the indirect result that at times 
receiving volume increases of 5 to 15 
dedbels are realized.® 

As has been noted, the radio-noise re¬ 
ducer is a spedal use of an expandor 
alone. There are also two interesting 
applications for a compressor alone. The 
first, which uses a fairly high ratio of 
compression, has been mentioned as one 
type of peak-limiting device. The 
second, using a moderate ratio of com¬ 
pression, is in connection with announc¬ 
ing systems for use in very noisy locations. 
Its effect is to amplify weak sounds more 
than strong sounds, which considerably 
improves the intelligibility through high 
noise. For quiet locations it is of less 
value, since the speech sounds lose some 
of their naturalness in this process. 

Conclusion 

In the course of developing various 
types of the volume-controlled devices 
which have been described means have 
been worked out for providing almost 
any combination of time constants, 
range of control, and other characteristics 
which may be required. Some devices 
for which there were spedfic commerdal 
applications or useful ftmctional char¬ 
acteristics for experimental work have 
been constructed, with resulting advan¬ 
tages which have been briefly mentioned. 
There remain many possible ways to alter 
the characteristics of signal energy such 
as speech to which these methods are ap¬ 
plicable and which await the spedal needs 
of new transmission problems. 
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Testing and Application of Lightning 

Arresters 


F or some time, information dealing 
with the testing and application * of 
lightning arresters has been needed* 
The two memoranda presented herein 
entitled ‘^General Guide for Utilities on 
Methods of Testing Lightning Arresters** 
and ‘‘Factors Affecting Application of 
Arresters” have been prepared by the 
lightning arrester subcommittee* of the 
AIEE protective devices committee and 
provide such information. 


arresters rated above 15 kv, it will usually 
be preferable to obtain the assistance of 
the manufacturers in connection with the 
test methods to use and the interpreta¬ 
tion of test results. 

It is expected that, after more experi¬ 
ence is obtained, the outline of test 
methods and the data on test limi ts will 
be expanded and improved as informa¬ 
tion becomes available. 


as given for 3- to 16-kv arresters in the 
paper ‘‘Distribution Lightning Arrester 
Prformance Data,*’ Electrical Engi¬ 
neering, May 1937, page 576, or as 
furnished by the arrester manufacturer 
for all ratings. 

To determine the ability of an arrester 
to operate satisfactorily in service without 
change in its characteristics, the AIEE 
standard operating-duty test (AIEE 28- 
234) should be applied. As this test re¬ 
quires that the arrester be subjected to 
60-cycle voltage during the application 
of impulses, it may be feasible to make 
such tests while the arrester is connected 
to the lines. 

60 -Cycle Tests 


tGeneral Guide for Utilities on 
Methods of Testing Lightning 
Arresters 


At the meeting of the AIEE lightning 
arrester subcommittee in New York, 
January 1937, it was decided that general 
information regarding methods of testing 
lightning arresters should be prepared. 
It was proposed that utilities make tests 
on new arresters, arresters removed from 
lines and accumulated in stock in a routine 
manner, and arresters in service, in order 
to determine the ability of such arresters 
to perform satisfactorily in service, as 
well as to augment, as much as possible, 
the somewhat limited amount of informa¬ 
tion now available on the subject of test 
limits. 


The scope of this guide is mainly limifH 
for the present to line-type arresters rated 
at 15 kv and less, such devices being con¬ 
structed in accordance with the usual 
ideas of arresters, that is, with character¬ 
istic element having valve action against 
follow current in series with a gap or set 
of gaps. 

It is desirable to obtain information on 
test methods, results, and characteristic 
limits for line and station type arresters 
rated above 15 kv, in order that this guide 
^y later be expanded to include detailed 
information on preferred test methods 
^d limiting values for all types and rat- 
ings of arresters. In the meantime for 
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Impulse Tests 


Test Circuit 


Impulse tests are used to determine the 
surge protective characteristics of ar¬ 
resters, while 60-cycle tests indicate the 
internal condition of arresters and the re¬ 
lation of breakdown voltage to rated 
voltage. Impulse tests on new and used 
arresters should follow, in general, the 
test method prescribed in AIEE Standard 
No. 28. To determine the condition of 
the arrester when new or when removed 
from service, an impulse should be ap¬ 
plied to the arrester and breakdown and 
impedance drop voltages obtained by 
means of a cathode-ray oscillogram. 
These values should be compared with 
corresponding values for uew arresters 


Three suitable circuits for conducting 
tests at 60 cycles on arresters are illus¬ 
trated in the attached figure 1. These 
circuits are essentially similar, comprising 
means for applying a variable voltage up 
to the breakdown voltage of the arrester, 
and meters for indicating tlie voltage ap¬ 
plied to, and leakage current through, the 
arrester. An essential part of the test 
set is a current-limiting resistor JRi, lo¬ 
cated in either the low-voltage or high- 
voltage side of the test circuit, of such 
value as to limit the current during break¬ 
down to a value which will not damage 
the arrester. Limiting values of from 3 
to 15 milliamperes through the arrester 


METHOD A 

TEST 
TRANSFORMER- 
VOLTMETER COIL 
’ OR SEPARATE 
POTENTIAL 
TRANSFORMER 




^VOLTAGE 

REGULATOR 



[arrester under TEST 


0.5/5/50 

MILtlAMPERE 

METER 


METHOD B 



method C 


Figure 1. Circuits 
for 60-cycle tesb of 
lightning arresters 



microammetbr 
J vacuum-tube 
bridge circuit 
' WITH galva¬ 
nometer 


(ABOUT 3 TO 15 MILLIAMPERES FOR VARIOUS TYPES) 
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have been used or suggested. For the 
test circuit shown as method B, the 
limiting' leakage current during break¬ 
down may be as low as three milliamperes. 
For testihg arresters with different voltage 
ratings, the resistance should be variable 
or provision made for the insertion of 
resistors of proper values. 

For methods A and J5, the drop of 
voltage in the resistor Ri in the circuit 
directly including the arrester should be 
taken into account in determining the 
voltage across the arrester. 

Control of the test voltage may be ac¬ 
complished by either a regulator or a 
potentiometer. If a voltmeter coil in the 
test transformer or a separate potential 
transformer is used to measure the ap¬ 
plied voltage, the voltmeter should pref¬ 
erably be calibrated against the crest 
voltage applied to the arrester, but should 
give readings of root-meatn-square values 
of the equivalent sine wave. 

In one of the circuits shown, a neon 
tube is used to detect breakdown; the 
others use the voltmeter or microam¬ 
meter indication. For the latter case 
the meter should be able to withstand 
the current during breakdown without 
being damaged. This meter, to accomplish 
its primary purpose of measuring leakage 
current through the arrester, should have 
a range of from about 10 microamperes 
to 3 or 5 or 15 milliamperes. 

Care should be taken that stray elec¬ 
trostatic fields or capacitive currents do 
not affect the leakage current measure¬ 
ments. This may be prevented by 
suitable shielding, as indicated in two 
of the sketches, or by physically isolating 
the microammeter and arrester from each 
other and from the remaining testing 
equipment. If desired, the arrester under 
test may itself be shielded by placing it 
in a grounded metal box. 

Test Procedure 

1. In 60-cyde tests, there must be 
no other voltage on the arrester than the 
test voltage. This means that, for ar¬ 
resters installed on the system, the ar¬ 
rester must be disconnected from the lines 
before being tested for breakdown voltage. 

Sixty-cyde leakage current measure¬ 
ments at operating voltage, however, 
can possibly be made on the arrester as 
installed. Due to the necessity for careful 
shidding against stray fidds, such testing 
of arresters in service should be considered 
as devdopmental work and investigated 
by each utility planning tests on installed 
equipment. 

2. With the microammeter in the test 
circuit, the leakage current through, the 


arrester is usually measured at the rated 
voltage of the arrester. 

3. The microammeter is either cut out 
of the circuit or shunted by resistance. 
The test voltage is then gradually in¬ 
creased to the breakdown point of the ar¬ 
rester. The breakdown voltage and 
breakdown characteristic (whether sharp 
or gradual) are indicated by the neon 
lamp, if used, or by the voltmeter or 
shunted microammeter. 

Suggested Test Limits 

Insuffident data are as yet available to 
indicate sharply the test limits differ¬ 
entiating between satisfactory and un¬ 
satisfactory arresters removed from ser¬ 
vice. For satisfactory three-kv Hne type 
arresters, one utility has found from its 
experience and examinations of used ar¬ 
resters that the upper limit of leakage 
current should be about 150 microamperes 
at the nom^ operating voltage, that is. 


2,300 volts. For other voltage ratings, 
this value might be subject to modifica¬ 
tion because of vaiying ratios of test (or 
operating) voltage rating. Further work 
seems necessary to establish proper values 
for all voltages. 

Arresters of modem manufacture gen¬ 
erally have 60-cycle breakdown values 
between 1.5 and 3.0 times the rated ar¬ 
rester voltage. These ratios result in the 
limits shown in table I. 


Table I 


Usual Limits of 60-Cycle 
Breakdown Voltages (Kv-RMS) 
Rated Voltage -^i_1 


(Kv) 

Minimum 

Maximum 

3. 

.4.6. 

9 

6. 

.9 . 

.18 

9. 

.13.6. 

27 

12. 


.36 

15. 

.22.6. 

.46 


Due to the differences in designs, it 
will probably be desirable to determine 
the ratios for each manufacture, type, and 
vintage of arrester. 

It has been found occasionally for 
modem arresters, espedally for some re¬ 
moved from service, that the 60-cycle 
breakdown voltage for satisfactory ar¬ 
resters has been outside the limits given 
in the above table. In such cases the 
variation is usually on the low side; that 
is, the 60-cycle breakdown was found to 
be 1.2 to 1.4 times the rated voltage. 


For arresters of older designs, the 
limits of 60-cycle breakdown voltages 
have been found for apparently satis¬ 
factory arresters to vary between 1.1 and 
3.5 times the rated voltage. Usually, 
however, the test limits have been be¬ 
tween 1.5 arid 3 times the rated voltage. 
The outstanding exception, however, has 
been reported for some old three-kv ar¬ 
resters of two types where the breakdown 
voltage for apparently satisfactory ar- 


Figure 2. Compari¬ 
son of leakage cur¬ 
rents of used three- 
kilovolt arresters with 
condition of gap 
found on examina¬ 
tion 

Each symbol repre¬ 
sents a different type 
of arrester 
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Testers has been found to be as high as 
about five times the rated voltage. 

In order to set up adequate test limits, 
both for leakage current and for break¬ 
down value, which may be used to differ¬ 
entiate between satisfactory and defective 
arresters, it is suggested that each utility, 
in the preliminary stages of its 60-cycle 
arrester testing, conduct an investigation 
on the various classes of arresters re¬ 
moved from service. The recommended 
procedure is to test each arrester, then 
dissect particularly those having suspi^ 
cious test values, and inspect for internal 
defects. The attached figure 2 indicates 
the procedure followed by one utility, for 
example, in determining the proper maxi¬ 
mum limit of leakage current for three-kv 
line-type arresters. The values given 
above for breakdown voltage limits should 
also be checked in a similar way and 
modified, if necessary. 

As a guide in analyzing the data ob¬ 
tained in examinations of dissected ar- 


suggested that, where facilities are avail¬ 
able, arresters be tested by both methods. 
The greatest amount of information is to 
be obtained by testing arresters which are 
to be dissected for examination. 

Co-ordination of Data 

Data covering the testing experience of 
each utility should be forwarded for co¬ 
ordination to the subject committee 
sponsor, Hqman Halperin, Common¬ 
wealth Edison Company, Chicago, III. 
Such data should include the following: 
testing circuits and methods, limits of 
and detailed data used in arriving at 
limits of acceptable test characteristics, 
correlation of surge and 60-cycle data, 
and general test results and conclusions. 
It is also desirable to follow and report 
on the protective performance obtained 
in service with used arresters which were 
tested before reuse. 


of a surge protective device, such as a 
lightning arrester or a gap, are: 

(a). The maximum dynamic voltage which 
may occur between sound phase and ground 
under any fault conditions. The device 
should withstand this voltage without fail¬ 
ure. 

(&). The efficacy of the protective device in 
maintaining a low protected level and al 
the same time meeting satisfactorily the 
system operating requirements. The im¬ 
pulse volt-time characteristics of the device 
must be below that of the equipment to btr 
protected. 

(c). The surge current which must be 
satisfactorily discharged. The thermal 
ability of the device must be adequate for 
the currents expected, and the voltage drop 
across the arrester during discharge must 
be sufficiently low to provide satisfactory 
protection. 

The voltage rating of an arrester repre¬ 
sents the maximum dynamic voltage 
which the arrester can withstand con- 


resters, the various test indications are 
listed below with the conditions which 
generally cause them: 

High Breakdown Voltage 
Fundamental arrester design. 

Gap electrodes burned away in service. 

Loss of characteristic element material. 
Destruction of internal parts. 

Low Breakdown Voliage 

Gap electrodes welded or short-circuited in 
service. 

Gap electrodes short-circuited by corrosion 
products. 

Unsatisfactory Discharge Action on Break-^ 
d(mn {gradual breakdown, or high resistance 
after hreakdowrC) 

Fundamental arrester design or assembly. 
Change in characteristic element. 

Corrosion. 

Excessive Leakage Current 

of sap assemblies (principal 

Gap electrodes welded or short-circuited. 

Radio-Ihterfereiice Tests 

If frequent cases of radio interference 
^e caused by lightning arresters, then 
m addition to the 60-cyde . tests de¬ 
scribed above, it is suggested that radio- 
int^erence tests be made on arresters 
^th rated voltage applied. Tests should 
be made in accordance with Edison Elec¬ 
tric Institute Publication No, C-9 *‘Meth¬ 
ods of Measuring Radio Noise.'» 

Correlation of 

Surge and 60-Cycle Data 

In order to determine whether any cor- 

easts between surge data. 60. < 

cyde data, and arrester condition, it is : 
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♦Factors Affecting Application of 
Arresters 

A great deal has been published in 
technical papers and manufacturers' bul¬ 
letins about the application of lightning 
jesters. There are a number of factors 
involved, many of which have been dis¬ 
cussed in other papers. Some of these 
more important factors are: 

(a). Characteristics of equipment to be 
protected. 

(&). Performance characteristics of arres¬ 
ters. 

(c) . Margin between arrester performance 
and equipment characteristics. 

(d) . Deterioration of arresters and eouip- 

ment. ^ 

(e) . When to use line-type or station-type 
arresters. 

W- Influence of circuit feet between aiYes- 
ter and equipment to be protected. 

(j). Influence of multiple arresters. 

Tbw memorandum deals only with the 
selection of arrester ratings and methods 
of conn^on for distribution transformer 
protection. Certain factors such as when 
to use Im-lype versus station-lype ar¬ 
resters, influence of distance between ar¬ 
resters and protected equipment, and 
mfluence of multiple arresters, are largely 
matters of individual application. 

Selection of Arrester Rating 

'ITie ptindpal factors that shrmld be 
considered in the sdection of the rating 
'•Twpared under the spoiwM^^ r. 


Lightfnng Arresters 


^ MAW*AMJ./V 

functioning. The arrester rating must be 
not less than the maximum dynamic volt¬ 
age which may occur between the ar¬ 
rester terminals during disturbances, al¬ 
lowing for the power system neutral 
being isolated, or grounded, as the case 
may be, and considering the actual 
maximum operating voltage. Allowance 
must also be made for the voltage re¬ 
covery rate and any overvoltage condi¬ 
tions which may exist due to the over¬ 
speeding of hydrodectric generators, etc. 
The protection afforded by a lightning ar¬ 
rester is approximately proportional to its 
voltage rating and, therefore, it is im¬ 
portant to use an arrester of as low a 
voltage rating as possible. 

The normal "full voltage" rated ar¬ 
rester is designed to operate on an un¬ 
grounded or isolated neutral system 
where the voltage existing between line 
smd ground may at times equal the normal 
hne-to-line voltage. The arrester rating 
sdected is generally five per cent or more 
above the maximum operating line-to- 
hne voltage. Under favorable conditions 
where the system neutral is effectively 
grounded, better protection can be ob¬ 
tained by the use of an arrester having 
a reduced voltage rating, provided the up¬ 
per hrat of dynamic voltage of the ar- 
re^ is not exceeded under any operating 
or f^t condition. In the past, "grounded 
neutral arresters have had voltage tat- 
mgs apinorimately 80 per cent of the 
full rated arresters. This gave a wide 
mar]^ above the normal qrstem line-to- 

® ^ «• 
qtared to allow for fault voltages, etc. 

aIWk?® determining the 

aUowable arrester voltage rating, the 

Blbcxkicai, BM’OINBBRINO 



iiuixtnnun dyinwnic voltajje which may 
occur tiuriiig fault conditions between the 
sound |»husos and ground may be cid- 
culated by the metlnxl of symmetrical 
ctnnjiouctits (■•Symmetrical Components*’ 
by Wagner and Uvans, hhllraw-Hill 
rti’Mik Company). I’lider certain condi- 


Coimections of Lightning Protective 
Equipment on Distribution Circuits 

The problem of protecting transformers 
against lightjung is essentially a question of 
definitely limiting the surge voltage stress 
«m the transformer insulation to values 


Iiericuced. The benefits to be derived 
from interconnection are not limited to 
single-phase installations, but may l>e ex¬ 
tended to iueludc the customary poly¬ 
phase installations as well. 

It is not essential to [lermanently 
ground the transformer tank, from the 



* TRANSrOAMER TANK MAY 8C. 


K ISOLATEO Oft. 
UraNNKTeO OftECTUV 
C CONNeCTEO THRU CAP 


TO AftHESTCR OROONO OR. 
to ARRESreft CftOUNO. 


timw, tt two line-to grmind fault may be 
fiUglitly more severe than a single Kue-to- 
KTound fault. 

Arresters of reduced voltage rating 
sditnild not 1«! applied excejit where the 
neutral is "effeetivtdy grounded" mid the 


# FOR THE COMMON PRIMARY & SECONDARY 
NEUTWL CONNECTION. THE PRIMARY ARRESTER 
OR SPARK CAPS CONNECTED TO THE NEUTRAL 
WIRE WILL BE OMITTED AS SHOWN BELOW. 



Figure 3. DltirlbuUon-traniformur-prottellv* 
teheniM 

Overcurrenl protection may be internal or 
external to transformer 


frdiriwitig eonditiotM are met: 

C»r). The neutral of that portion of the 
nyateni must!« gruuntled at ait limes and 
ttttder all operating cnmlitiniui. 

(A), The ratio of zero sequence reactance 
fim-ltulinK neutral reaetance) to positive 
sHjqiienee reaetance or negative xequence 
rrwtance Xt/Xi or Xt/X'» miiat be equal 
t» two or less under the most severe ftiult 
conditions. Due consideration must he 
friivvn to the circuit impedance as affected 
hy sequential operatinn of circuit breakers. 

It is recommended that the arrester 
Vfdtagc rating he at least ten j»r cent 
above the calculated tnoximum sound 
|>baiie voltage to ground. 

As a rough rule of thumb, in many 
it will be found that: 

1* If Xi/Xi m 2 or less, an 8» per cent 
arrester may be used. 

S- If X$/Xi 1 or less, a 70 per cent 
arremter may be used. 

Tlieie latter percentagcsshould beapplied 
to the maxmum mot-mean-square line- 
to-line voltage, which may exist under 
thus most anfavwetde operating cemdition, 
bn detenainiog the olhiwabte arrestru’ rat- 


tlmt it can witlistand by the projier use. 
of arresters or gaps, while coincidcntly 
providing a suitable path to ground for 
the surge. 

Conventional practiw provides a more 
or less suitable gnmiitl paOi for the surge 
by the use of lightuiiig arresters or gaps 
connected between line and ground, but 
docs not provide for the coincident neces¬ 
sity of definitely limiting the voltages that 
can appear across the transformer in¬ 
sulation during the surge discharge, roc- 
cept in the limiting ca.se of negligible ar¬ 
rester ground resistance. As a conse¬ 
quence, primaiy to secondary flashovers 
frequently occur, resulting at least in 
blown transformer fuses with attendant 
sendee interruptions, if not in equipment 
failure, etc. 

By prtmding suitable "interconnec¬ 
tion" between arresters, secondaries, and 
tanks, the surge potential across the trans¬ 
former insulation may be limited to the 
voltage drop across the terminals of the 
protective devices themselves which, in 
the event the latter are suitably chosen, 
will eliminate the great majority of the 
teensformer service outages otherwise ex¬ 


standpoint of protecting the transformer 
itself. While interconnection eliniiimtcs 
the arrester ground resistance as a factor 
in the protection of the transformer itstdf, 
the neec.s8ity of providing u low resistiuiec 
path to ground in order to finally dispose 
of the surge is just us iniportiurt as ever. 

There are various ways of comu-ctiug 
arresters and gups lictween distribution 
traasformer leads, the tank and ground. 
Also, different nomenclature has been 
used to de.scribe tlie-sc various connections. 
In order to avoid lengthy descriptions or 
drawing.s cvety time a certain cmmcctlon 
scheme is mentioned, it is very desirable 
to adopt a uniform sy.stem of titles. 

Figure .1 .shows the more common con¬ 
nections used for iwotecting distribution 
transfomers. The numerous .schemes of 
connections have lieen groujied into three 
general classes and each class subdivided 
to cover the more detailed connections. 
This method of identification makes it 
possible to describe the scheme of con¬ 
nections used by simply stating whether 
a "non," "solid," or "gapped” intercon¬ 
nection is used and whether the trans¬ 
former tank is isolated, grounded, or 
connected to ground through a gap. 
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An Application of Deceleration 
Test Methods to the Determination 
of Induction-Motor Performance 


By RAYMOND W. ACER 

ASSOaATE AIEE 


R etardation tests have been 

used by industry for a long fitne 
^ey have found their main applications 
in the determination of certain machine 
losses, usually friction and windage and 
core loss. The machines to which these 
methods have been applied have ordi¬ 
narily had large mass and low rotational 
l^s with the result that a considerable 
time would elapse between the time the 
power was shut off and the time the ma¬ 
chine would come to rest. By proper 
selection of equipment and analysis the 
same methods may be applied to Tnii/»h 
smaller machines having relatively short 
stopping periods. In the present instance 
the methods have been applied to two 
double squirrel-cage induction motors, 
one a T'/r-horsepower 6-pole machine, 
and the other a S-horsepower 4-pole 
machine. In each case the inertia was 
increased to about twice that of the mo¬ 
tor alone by the use of a small fl3rwheeL 
A similar analysis has been applied to ac¬ 
celeration tests on these two motors in 
which the motors were started at reduced 
voltage. By combining the acceleration 
tests with the dederation tests the speed- 
torque curves of the motors have been ob- 
tnmed. It is hoped that the discussion 
of the difSculties and the results of these 
tests will help to indicate the value and 
l^tations of the methods as appHed to 
similar determinations in this and other 
fields. 


Quantities Involved 
and Their Measurement 

There are five quantities involved in 
(ieceleration tests. These are inertia, 
time, position, velcxaty, and acceleration. 

Inertia may be determined by calcula¬ 
tion or test with the required accuracy. 
Its determination is not (X)nsidered a part 
of this paper. 

^ Time may be measured with extremely 
high acxairacy. In the measurement of 
v^ diort periods of time, however, a 
Hgh-grade stop watch is almost usel'Asg 
since the registration does not go bdow 
one-fifth second. The synchronous (dock 
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give indications to as fine a subdi¬ 
vision as desired but this indication can 
be relied upon only if the driving source 
has constant frequency. Some power 
^sterns are operated with a frequency- 
control of suflScient accuracy for these 
measurements. One should not assume 
that the power fi-equency is constant just 
be<»use electric clocks keep good timA 
Satisfactory time service for general use 
does not necessarily indicate that mo¬ 
mentary or continuous fluctuations in 
frequency are absent. If the power- 
system frequency is not constant some 
other driving source for the dock should 
be used. 

Position also can be measured -with 
very high accuracy. Using a relatively 
small dial attached to the motor shaft, 
the rotor position can be estimated to 
0.01 revolution. By increasing the dial 
size the position can be determined with 
greater accuracy. 

Vdodty is a derived quantity and can¬ 
not be measured directly with the ac¬ 
curacy with which one can measme funda¬ 
mental quantities. Tachometers, whether 
electrical or mechanical, are subject to 
errors several times those which may 
e^t in the measurement of time or posi¬ 
tion. The velodty may be detamined 
more accuratdy from a properly taken 
distance-time curve than by direct meas¬ 
urement using tachometers. Another dif¬ 
ficulty encountered in the use of tachome- 
t^ IS the load which the instrument 
places upon the machine being tested. If 
tte machine being tested is smaD, the 
ins^ment may represent a burden which 
will mask the effects it is desired to 
measure. 

Acceleration is a derived quantity of 
the second order. Satisfactory instru¬ 
ments for the measurement of accelera¬ 
tions as sman as those found in decelera- 


uon tests are not available. The deter¬ 
mination of acceleration must therefore 
be based upon calculations involving the 
velocity, which for best results must in 
turn be based upon the distance-time 
curve. 

Since so much depends upon the dis¬ 
tance-time curve, very high accuracy is 
required in its determination. It has 
been found that it is necessaiy to deter¬ 
mine the time and the position with an 
error not exceeding about 0.002 times the 
difference between successive readings if 
truly good results are desired. In other 
words, if readings are taken ten seconds 
apart the time of reading must be known 
to about 0.02 second. If the readings are 
talcen one second apart the individual 
readings must be accurate to about 0.002 
seconds. Similar limits hold for the 
measurements of distance or position. 
The readings must also be known to be 
simultaneous within the same limits of 
time as indicated above. Photographic 
recording has been used in this work to 
obtain the simultaneous readings. This 
method of recording has other advantages 
as well in tliat a permanent record is ob¬ 
tained from which readings may be 
checked at any time, the rate of taking 
readings is under better control, and it is 
possible to photograph other dials on 
these same films giving simultaneous 
readings of other related quantities. This 
has been done in one acceleration test 
in which a voltmeter, an ammeter, and a 
polyphase wattmeter were photographed 
along with the time and displacement 
dials and their readings used to get the 
electrical characteristics of the motor. 

Apparatus 
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The timing device was a synchronous 
dock, made for checking relay settings, 
etc. It was of the continuously rotating 
type and did not have the intermittent 
motion of the cyde counter. The dock 
had two hands, one of which made one 
revolution per second, and the other made 
one revolution in ten seconds, when sup¬ 
plied with 110-volt 60-cycle alternating 
«auTent. The dial was calibrated witl» 
100 divisions and time could be estimatedi 
to 0.001 second. 

The position indicator was a watthour 
meter register which had the units dial 
du-ectiy coupled to the motor shaft. The 
coupling was by means of a tightly wound 
P^o-wire flexftle shaft slipped over a 
pm set in the center of the motor shaft 
on one end, and over the shaft of the units 

dial of the register on the other end. With 

the ^o shafts in line the hand appeared 
to foUow the shaft movement accurately. 


Electrical Engineering 



The rotor position was estimated to 0.01 
revolution. 

The photographic equipment consisted 
of a candid camera clamped into position 
and accurately focused on the dials. The 
camera had a focal-plane shutter which 
was wound and tripped by hand. The 
camera had a maximum capacity of about 
40 pictures at one loading. This number 
of pictures was adequate for most testS; 
although a slightly larger number could 
have been used to advantage at times. 
The marktd shutter speeds ranged up to 
^/m second but the actual exposure was 
found to be about twice this. Shorter 
times of exposure would have resulted in 
better images of the faster moving 
pointers, but the values obtained by esti¬ 
mating the position of the centers of the 
blurs caused by the moving pointers seem 
to have all the accuracy required. A 
distance of 30 inches between the camera 
and the dials was found to be satisfactory 
using the two-inch-focal-length lens. 

The dials were illuminated by “photo¬ 
flood’ ’ lamps. The lens was stopped down 
so that the resulting negatives would be 
much thinner than would be used for the 
more normal photographic work since it 
was found to be easier to read these thin¬ 
ner negatives. The readings were taken 
from the films using a pocket magnify¬ 
ing glass of about six power. 

Standard portable-type voltmeters, am¬ 
meters, and wattmeters were used in the 
acceleration test in order to get the com¬ 
plete electrical characteristics. Figure 1 
sl^ows these instruments, the synchronous 
clock, and the position-iiidicator dial as 


they were grouped around the motor in 
the acceleration test. 

Calculations 

Because of the high accuracy of the 
data taken froi^ the films, the velocities 
may be calculated from the differences 
between successive readings. That is, if 
the differen<?e in distance (revolutions) as 
read from two successive films is divided 
by the difference in time as read from the 
same films, the average velocity during 
the interval is obtained. This calculation 
is indicated in table I, which lists the 
readings for the acceleration test of the 
7 V 2 -horsepower motor. The first and 
second columns ccntain the distance and 
time readings as they were taken from 
the films. The third and fourth columns 
show the differences referred to above, 
while the fifth column lists the quotient 
of these differences or the average veloci¬ 
ties during the intervals. If each interval 
is of short enough duration so that the 
change in velocity is small during that 
interval, this average velocity may be 
considered as the true velocity at the time 
corresponding to the middle of the inter¬ 
val. How close this will be to the truth 
will depend upon the curve to which the 
calculations are applied. No approxima¬ 
tions are involved if the velocity is a 
straight-line function of the time. The 
times corresponding to the velocities listed 
in the fifth column of table I are shown in 
the sixth column. However, if one is in¬ 
terested in the velocity-distance curve, 
the average velocity found above may be 


considered as the true value at the mid¬ 
distance of the interval. The accuracy 
of this approximation again depends 
upon the shape of the curve. In this case 
no approximation is involved if the ve¬ 
locity is a straight-line function of the dis¬ 
tance. It is to be noted that the mid¬ 
distance and the mid-time points do not 
fall on the true curve of time and distance, 
but on straight lines joining successive 
points on the original curve. 

It might seem that the velocity could 
be obtained by graphical means from the 
distance-time curve. It was not found 
to be feasible to do it this way, since the 
plotting of the curve could hardly be 
done with an accuracy comparable with 
that of the original data, unless the plot 
were made to an enormous SQ^le. The 
process of calculating differences as out¬ 
lined above results in accurate velocity 
data with a minimum amount of manipu¬ 
lation. 

Now if a sufficient number of readings 
of distance and time have been obtained 
in the original data, a velocity-time curve 
or a velocity-distance curve may be 
derived having high enough accuracy for 
use in determining the acceleration. The 
slope of the velocity-time curve is equal 
to the acceleration. If one wishes to use 
the velocity-distance curve, he may find 
the acceleration by multiplying the veloc¬ 
ity by the slope of this curve. This re¬ 
lationship may be shown as follows: 

Since 
V = ds/dt 
and 


Table I 


Revolu¬ 
tions Time 

Revolu¬ 

tion 

Differ¬ 

ence 

Time 

Differ¬ 

ence 

Velocity 

Time 

Velocity 

Differ¬ 

ence 

Time 

Differ¬ 

ence 

Accelera¬ 

tion 

Velocity 

143.24.. 

.. 0.002 

0.37.. 

.1.516. 

.. 0.24.. 

. 0.760 

1.15.. 

.1.787. 



143.61.. 

.. 1.518 

2.85.. 

.2.058. 

.. 1.39.. 

. 2.547 

...0.644.. 

.. 0.84 

146.46.. 

.. 3.576 

3.84.. 

.1.519. 

.. 2.53.. 

. 4.336 

1.14.. 

.1.789. 

..0.638.. 

. . 1.96 

150.30.. 

.. 5.095 

4.92.. 

.1.436. 

.. 3.42.. 

. 5.813 

0.89.. 

.1.477. 

..0.602.. 

. . 2.97 

155.22,. 

.. 6.531 

6.46.. 

.1.504. 

.. 4.29.. 

. 7.283 

0.87.. 

.1.470. 

..0.592.. 

. . 3.85 

161,67.. 

.. 8.035 

7.79.. 

.1.522. 

.. 5.11.. 

. 8.796 

0.82. . 

.1.513. 

..0.542.. 

.. 4.70 

169.46., 

.. 9.557 

9.28.. 

.1.554. 

.- 5.97. . 

.10.334 

0.86.. 

..1.538. 

..0.560.. 

.. 5.54 

178-74. . 

..11.111 

11.75.. 

.1.719. 

. . 6 84.. 

.11.971 

0.87.. 

.1.637. 

..0.531.. 

.. 6.41 

190.49.. 

..12.830 

12.69.. 

.1.636. 

. . 7.75. . 

.13.648 

0.91. . 

.1.677. 

..0.542.. 

.. 7.30 

203.18., 

..14.466 

14.54.. 

.1.694. 

.. 8.58.. 

.15.313 

0.83.. 

.1.665. 

...0.498.. 

.. 8.17 

217.72.. 

..16.160 

15.85.. 

.1.685. 

.. 9.41.. 

.17.002 

0.83.. 

.1.689. 

...0.491.. 

.. 9.00 

233.67.. 

..17.845 

17.74.. 

.1.730. 

..10.25.. 

.18.710 

0.84.. 

. .1.708. 

...0.492.. 

.. 9.83 

251.31.. 

..19.575 

18.99.. 

.1.715. 

..11.07.. 

.20.433 

0.82.. 

. .1.723. 

. ..0.476.. 

..10.66 

270.30.. 

..21.290 

19.90.. 

.1.679, 

..11.86.. 

.22.130 

0.79.. 

. .1.697. 

...0.466.. 

..11.47 

290.20.. 

..22.969 

19.91.. 

.1.583. 

..12.58. . 

.23.761 

0.72,. 

..1.631. 

. ..0.441.. 

..12.22 

310.11.. 

..24.552 

22.83.. 

.1.718. 

..13.29.. 

.25.411 

0.71.. 

..1.650. 

...0.430.. 

..12.94 

332.94.. 

..26.270 

26.01.. 

.1.850. 

..14.06.. 

.27.195 

0,77.. 

. .1.784. 

. ..0.431.. 

..13.67 

358.95.. 

..28.120 

22.55.. 

.1.534. 

..14.70.. 

.28.887 

0.64.. 

, .1.692. 

. . .0.378.. 

..14.38 

381.50.. 

..29.654 

24.71.. 

.1.615. 

..15.30. . 

.30.462 

0.60.. 

..1.575. 

. . .0.381.. 

..15.00 

406.21.. 

..31.269 

25.14.. 

.1.576. 

..15.95.. 

.32.057 

0-65., 

. .1.595. 

. . .0.407.. 

..15.62 

431.35.. 

,.32.845 

28.77.. 

.1.741. 

..16.52. . 

.33.715 

0.57.. 

..1.658. 

, . .0.344.. 

..16.23 

460.12.. 

..34.586 

29.78.. 

.1.740. 

..17.12.. 

.35.456 

0.60.. 

. .1.741. 

. ..0.344.. 

..16.82 

489.90.. 

..36.326 

28.73.. 

.1.626. 

..17.68.. 

.37^.139 

0.56.. 

. .1.683. 

...0.333.. 

..17.40 

518.63.. 

..37.952 

29.23.. 

.1.613. 

..18.12.. 

.38.758 

0.44.. 

. .1.619. 

. ..0.272.. 

. .17.90 

547.86.. 

..39.565 

31.35.. 

.1.690. 

..18.55.. 

.40.410 

0.43.. 

..1.652. 

. ..0.260.. 

..18.34 

579.21.. 

..41.255 

32.62.. 

.1.721. 

.,18.96.. 

.42.115 

0.41.. 

..1.705. 

. ..0.240.. 

..18 75 

611.83.. 

645.89.. 

..42.976 
..44.758 

34.06.. 

.1.782. 

..19.12.. 

.43.867 

0.16.. 

..1.752. 

. ..0.091.. 

..19.04 


a == dv/dt 

a dv ^dt dv 
V dt ds ds 

or 

dv 

a ^ V — 

ds 

It is to be noted that in either case the 
slope of a curve must be found. The ac¬ 
curacy with which one can determine the 
slope of an experimental curve depends 
upon the shape of the curve and the ac¬ 
curacy with which the location of the 
curve is known. The supposedly slight 
variations which would be expected in the 
judgment of curve location may produce 
relatively large changes in the slope of 
adjacent parts of the curve. The easiest 
and most accurate curve to draw, and 
the easiest one from which to determine 
slopes is that curve which approximates 
a straight line. Also, as inferred in the 
preceding paragraphs, this would be the 
one which would have the better approxi- 
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mations. One should therefore use the 
curve which more closely approximates 
a straight line. 

These graphical methods for determin¬ 
ing the acceleration from the velocity 
curves were used in the preparation of 
this article. As an extension of the 
method of taking differences to the de¬ 
termination of acceleration the last four 
columns of table I have been calculated, 
and further indicate the surprising ac¬ 
curacy of the data. The figures shown in 
the seventh and eighth columns are the 
velocity and time differences calculated 
from the values shown in the fifth and 
sixth columns. The quotients obtained 
by dividing these velocity differences by 
the corresponding time differences are the 
accelerations and are listed in the ninth 
column. The last column contains the 
velocities corresponding to the accelera¬ 
tions. 

Accuracy of the Data 

Al^ough the foregoing shows veiy well 
the high accuracy which may be obtained, 
further improvement is possible so that 
some consideration of the sources of 
errors may be of value. 

Pirst consider the ability of the dials 
to follow time and position. The time 
dial should record time with the same 
accuracy as that with which the frequency 
is held constant at rated value. The tests 
which are reported were made on two 


this case the results of duplicate tests 
were similar but not identical. The dis¬ 
tance or position dial should follow the 
motion of the rotor if the coupling is 
rigid. At first the coupling used was 
thought to be satisfactory as long as the 
shafts coupled by it were in line and the 
coupling was kept from vibrating. It is 
now believed that the greatest inac¬ 
curacies in this work originate here. 

Since the camera had a focal-plane 
shutter the time of recording was not 
simultaneous over the entire picture. The 
progression of the exposure across the 
film should be the same in each picture 
and so should cause no errors due to the 
placing of the dials* However, an error 
exist due to this sweeping action, 
since different portions of a single dial 
axe photographed at slightly different 
times. Some irregularities in the curves 
have been traced to this source. 

Procedure 

From the above the general procedure 
should be obvious. Some of the details 
of procedure which must be watched will 
bear discussion. Bearing friction is a 
determining factor in these tests. Its 
value will vary with the bearing tem¬ 
perature,^ load on the bearings, the 
axial position of the rotor, and the thick¬ 
ness of the oil film, as well as with the 
motor speed, the kind of oil used, and the 
general design. 


as to those equipped with sleeve bearings. 
On successive tests on a new ball-bearing 
machine the bearing friction varied in 
the ratio of four to three although the 
time of ruiming before the second test 
was only slightly greater than that before 
the first. The preferred procedure would 
be to run the motors to constant bearing 
temperatures before taking readings. 

The addition of a flywheel to a motor 
may change the bearing friction and also 
the windage. In these tests all runs were 
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Figure 2. Distance^time end velocKHime 
curves for the deceleration test on the 7^ 
horsepower 6-pole motor 



Figure i . General 
view of the instru¬ 
ments grouped for 
photographing in the 
acceleration test 


made with identical flywheel loading and 
hence the effects of the flywheel should 
cancel out of the final result. 

The axial position of the rotor may 
^ect the bearing friction, or, by chang- 
mg fan deaiances, change the windage 
loss. This difficulty is not experienced 
in baU-bearing machines where end-play 
is restricted, but in sleeve-bearing ma- 
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toge power systems. In one case the 
ftequency fluctuations were of no conse- 
qumce and the results are entirely re- 
Jable on this point. In the other care the 
frequency fluctuations were such that the 
results are somewhat in question. In 
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Bearing temperature is very important 
Change m l^g temperature may 
affect the results to such an extent that 
My conclusions drawn from the tests may 
be ^tirely erroneous. This statement 
applies to ball-bearing machines as well 

^i^Decekration Test Methods 


REVOLUTIONS 

Fisure 3. Veloc»y.Kll,tance curve from the 
fust of figure 2 

dunes there may be a tendency for the 

rote to shift from its normal position 
di^g the test unless the shaft is care- 

In deceleration tests the ofl film should 
be properly maintained by the motion of 
tte rotor. In acoderation tests, startin g 
from rest, it may take several revolutions 
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before the oil film is built up to its proper 
value. It is therefore important to start 
acceleration tests after a period of run¬ 
ning without allowing time for the rotor 
to settle and squeeze out the oil film. 



TIME - SECONDS 

Figure 4. Distance-time and vefocity-tlme 
curves from the acceleration test on the 7Va- 
horsepower 6-pole motor 

In trying to avoid the change in the 
oil film in the acceleration tests two 
methods were employed. The first was to 
run the machine and then allow it *to 
coast to rest. The test was started within 
about one second of the time the motor 
stopped. The second method was to run 
the machine in the reverse direction and 
then to plug it on the line. Recording was 
started as the motor reversed. In ana¬ 
lyzing the results of the tests made 
using the first method it was found that 
there was an apparent delay in the start¬ 
ing of the motor. In figure 4 thip delay 
is indicated. In this test the power was 
applied at the time t « 0.002. This ap¬ 
parent delay is believed to be due to the 
inductance of the rotor circuit, which 
does not permit the field to build up in¬ 
stantaneously, and to transients which 
may exist at the dosing of the line switch. 
The net result is that full torque is not 
available until some time after the dosing 
of the switch and, ^erefore, the speed 
increases more slowly than it should at 
first. By plugging the motor on the line 
the time required for the building up of 
the fidd and the decay of the transients 
was provided before recording was 
started. 

On decderation tests the motor fidd 
tends to collapse on the removal of the 
applied voltage but is hdd trapped by 
the short-circuited rotor winding. There¬ 
fore, during the first few seconds the losses 
of tile machine which must be supplied 
by the rotational energy indude a stator 
core loss. Only after the rotor resistance 
has dissipated the energy of the fidd does 
tto loss become zero and the friction and 
windage losses remain alone, A simple 
means of avoiding this core-loss error is 
to supply the motor with a higher fre¬ 
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quency, running it at overspeeds so that 
the field will have become negligible by 
the time the speed has decreased to 
normal. 

Since the camera used had a limited 
number of exposures, it was necessary to 
space these properly throughout the time 
of the test In the deceleration tests the 
vdodty-distance curves approximated 
straight lines and so were used in prefer¬ 
ence to the velodty-time curves. Since 
distance was used for the abscissa in these 
curves, a fairly uniform spadng of points 
on the curves was obtained by taking 
readings at approximately equal intervals 



REVOLUTIONS PER SECOND 

Figure 5. Acceleration and deceleration 
curves derived from the curves of figures 3 and 4 

Curve A —Deceleration versus speed In the 
deceleration test 

Curve B —^Acceleration versus speed In the 
acceleration test 

Curve C—Electrical torque versus speed 

of distance. In tlie acceleration tests, 
however, the velodty-time curves were 
more nearly straight fines and were there¬ 
fore used in determining acceleration. 
For these tests proper spadng of points 
was obtained by taking readings at ap¬ 
proximately equal intervals of time. 

Curves 

Figure 2 shows the distance-time and 
the velodty-time curves of tlie 
horsepower 1,200-rpm 60-cyde motor in 
the deceleration test. The motor was 
run at overspeed by supplying power to 
its stator at about 100 cydes. In figure 
3 the same data are used to plot the vdoc- 
ity-distance curve. It is believed tliat 
some of the waviness of tlie curve is due 
to fluctuations in the frequency of the 
^pply used to drive the S3nichronous 
dock. Figure 4 shows the distance-time 
and the vdodty-time curves of the same 
motor when acederated from rest by ap¬ 
plying three-phase 60-cycle power to the 
stator. The voltage was about 16 per 
cent of rated value. The power was ap¬ 
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plied at the time t = 0.002. The ap¬ 
parent delay in starting in this cas 0 
amounts to about 0.6 seconds. It is 
probable that the curve should not plunge 
into the axis at this point but should con- 
tein a reverse bend which would bring 
it over through the origin. It is also 
probable that the transients causing this 
apparent dday have decreased the slope 
of the curve near the origin so that the 
torques calculated for the lower speeds 
are too low. 

^ Curve A of figure 5 shows the decdera¬ 
tion as calculated from figure 3, curve B 
shows the acceleration as calculated from 
figure 4, and curve C shows the sum of 
the ordinates of A and JB and gives the 
speed-torque curve of the motor. This 



speed-torque curve of the motor is re¬ 
drawn in figure 6 in combination with 
curves showing current and power input. 
The inertia, spring constants, and damp¬ 
ing of the instruments used to measure 
the current and power have undoubtedly 
affected tlie readings near zero speed 
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Figure 7. Deceleration, acceleration/ and 
torque curves from the tests on the Ave- 
horsepower 4-pole motor 


since power was applied at that time. A 
slight effect may also be present at the 
higher speeds but except near zero speed 
the pointer movements were so slow that 
errors due to this should be negligible. 

In figure 7 are shpwn the curves ob¬ 
tained in tests on a five-horsepower 1,800- 
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Although water heating is especially 
applicable to off-peak control, owing to 
the heat-storage capacity of water, other 
loads, both domestic and commercial, 
could in part be kept off-peak, particu¬ 
larly if there was some incentive for the 
consumer to do so. 

The practice of cutting off water heat¬ 
ing loads during pealc hours is not alto- 


A S is generally recognized, electrical 
i energy is a commodity, the sale of 
which should be subject to the same 
economic laws that apply to other com¬ 
modities. The two most important eco¬ 
nomic laws which regulate the sale price 
are (1) the law of diminishing costs, and 
(2) the law of supply and demand. 

The first of these laws is partially 
applied in our present system for meter¬ 
ing electrical energy, the so-called block 
system charging a high price for the first 
block of energy, a lower price for the 
next block, and a still lower price for 
the third block, the whole schedule being 
equivalent to a lower price per kilo¬ 
watt-hour for greater consumption. 

The second law justifies a higher price 
when the commo^ty is scarce or the 
demand is great, and a lower price when 
the commodity is plentiful and the de¬ 
mand the least. This law has an appli¬ 
cation in the 24-hour load cyde of an 
dectric-utility company. The ever in¬ 
creasing peak load of the period between 


4 p.m. and 9 p.m. indicates a greater 
demand and a limited supply, justifying 
an increased price. The period from 
12 midnight to 5 a.m. indicates little 
demand and an unlimited supply, justi- 
fying a decreased price per kilowatt-hour. 

Unfortunatdy, our present method of 
measuring energy with watt-hour meters 
does not and cannot supply this second 
law of economics. The utility rate 
makers do, however, recognize this law 
and are applying it in part to some 
schedules, such as domestic water heat- 
ing, through the medium of off-peak time 
switches, carrier-current control, flat- 
rate schedules, and an allowance of a 
specific number of kilowatt-hours for 
water heating in billing. 


Paper number 38-103. recommended by the AIBE 
committee on instruments and measurements and 
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gether satisfactory and is not a logical 
long-run policy for the utility companies 
to adopt, because it is only partially 



Figure 1 


effective and does not apply to all shift- 
able loads. 

Rather than go to the expense of 
utilizing schemes for cutting loads off tlie 
peak, requiring additional wiring, meters, 
and timing devices, would it not be more 
logical to develop some metering system 
which will automatically take into ac- 


rpm 60-cyde motor. In this case only 
60-cycle power was available and the 
deceleration test was started from ap¬ 
proximately 1,800 rpm. The sharp rise 
in the deceleration test curve A at the 
higher speeds is undoubtedly due to the 
iron losses mtroduced by the trapping of 
the m^petic field by the rotor. In de¬ 
termining the combined curve, curve C, 

this sharp rise has been disregarded. The 

acceleration test on this motor was made 
by plugging it on the line at full-speed 
reversed rotation instead of starting it 
from rest. The errors due to transients 
at the start have thus been eliminated. 
For this motor dynamometer tests were 
available in which starting torque, puU- 
out torque, and the minimum torque be- 
^een ttese two had been determined. 
The ratios of these torques as determined 
m these tests and as determined in the 
dynamometer tests checked within about 
twopereent. An agreement as dose as 
^ was somewhat unexpected consider- 
mg »me of the known errors and the 
Widely different voltages used. 
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Conclusions 

These tests would indicate that the 
method is quite usable and that the re¬ 
sults should be quite satisfactory if the 
proper precautions are taken. The ap¬ 
paratus required and its costs are rela- 
tivdy small if the phenomena investigated 
are not of too high speed. With further 
refinements and the use of stroboscopic 
cameras, giving finer subdivisions of time 
and distance, higher-speed phenomena 
may be investigated, with, of course, an 
m«^e in the cost and the complexity 
Of the apparatus. 
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Shuck — Watt-Hour Meter 


count this second law of economics? 
The^ loads may be left on the system at 
all times, subject to a higher rate during 
the daily load cycle when energy is 
scarce and the demand great, and subject 
to a lesser rate when the energy is plenti¬ 
ful and tte demand least The consumer 
may himself apply automatic time 



Figure 2 


switches on his load, or control them 
manually or not at all, as he chooses. 

In order to investigate the possibility 
of applying the law of supply and de- 
in the metering of electrical energy, 
the writer, in the University of Washing¬ 
ton laboratories, constructed a metering 
um from a standard watt-hour meter 
w ch will be called in this paper a vati- 
able-register-ratio watt-hour meter. 

variable register ratio is obtained 
y introducing in the registering train of 
gears, a drum, and wheel. The position 
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of the wheel with respect to the drum is 
changed during the day by means of a 
timing unit. 

The shape of the variable-diameter 
drum should be such that the meter 
registers more slowly during off-peak 
hours. In general the shape of the drum 
should correspond to the daily load curve. 

Figure 1 is a schematic drawing of that 
part of the registering train which has 
been altered. The drum D is mounted 
on one of the shafts of the registering 
train of a standard watt-hour meter. 
The wheel W and pinion P are mounted 
on a carriage rack R, the latter arranged 
to slide longitudinally as well as turn on 
shaft •S'. The gear G solid on shaft S 
meshes with the long pinion P with the 
carriage in any position. The motion is 
transmitted from the meter disk through 
drum D to wheel W, pinion P, gear Gy 
to the first dial hand. 

The rack R is moved to the left along 
shaft S by means of the cam C and a push 
rod, and returned by means of a spring 
when released by the cam. The for¬ 
ward motion takes place in a little less 
than 24 hours, the return motion in about 
five minutes, the complete cycle in ex¬ 
actly 24 hours. 

The cam C is rotated at one revolution 
per day by means of a timing unit shown 
in figure 2. Gear P, mounted solid on 
the hollow shaft ilf, is driven by a syn¬ 
chronous clock at two revolutions per 
day. Gear A, mounted on shaft Ny 
is driven in the same direction by an 
ordinary hand-wound dock at two revolu¬ 
tions per day. The gear JS, meshing 
with both gears A and P, rotates on 
shaft K and revolves with shaft P, the 
latter passing through, the hollow shaft 
M. The cam C, also shown as C in 
figure 1, is driven by shaft P. If either 
gear ^4 or P rotates while the other is 
stationary, the shaft P is caused to rotate 
one revolution per day. 

In operation, the S3nichronous-motor 
dock drives the shaft P and cam C, 
while the hand-wound clock and gear A 
stationary. In the event of a power 
interruption, the synchronous-motor dock 
stops, and the hand-wound dock starts 
up and drives shaft P until the power 
again comes on and the synchronous 
motor resumes its duties. The hand- 
wound dock is designed to start or stop 
automatically by means of a very small 
dectromagnet which controls the motion 
of the balance wheel of the dock. 

In order to discuss the application of 
this metering system to a schedule, the 
24-hour day may be divided into periods 
suck as normal, off-peak, and peak 
penods. The normal periods may, for 
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example, be assumed to be from 7:00 
a.m. to 4:30 p.m., and from 6:30 p.m. 
to 11 p.m.; the peak period from 4:30 
p.m. to 6:30 p.m.; and the off-peak 
period from 11 p.m. to 7 a.m. 

The diameter of that part of the drum 
corresponding to the normal periods will 
be such as to cause the watt-hour meter 
to register true kilowatt-hours. The 
diameter of that part of the drum corre¬ 
sponding to the peak period will be greater, 
causing the meter to register more than 



TIME 

Figure 3. Customer-load curves 



TIME 


Figure 4. Variable-register-ratio drum radii 

the true kilowatt-hours. The diameter 
of that part of the drum corresponding 
to the off-peak period will be such as to 
cause the meter to register less than the 
true kilowatt-hours. 

Obviously any consumer cannot be 
expected to have a 100 per cent load 
factor. He is entitled to use a certain 
amount of energy during peak hours, and 
is also expected to use some energy during 
off-peak hours. The average consumer 
may be assumed to have a normal load 
curve, just as the power consumer is 
expected to maintain a normal power 
factor witliin reasonable limits. For 
purposes of discussion load curve 1 
(figure 3) may be considered to be a 
normal load curve. 

The pealc and off-peak diameters of 
the drum may be so calculated that, 
duimg a 24-hour period, the variable- 
register-ratio watt-hour meter, equipped 
^th this drum, will register the true 
kilowatt-hours of a normal load. That 
is, a consumer having a nonnal load 
curve would have the same kilowatt-hour 
registration during the month as he 
would have if his load were metered by 
a standard watt-hour meter. Curve 4 
(figure 4) shows the shape of such a 
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drum. Curve 5 (figure 5) shows the 
registration of the variable-register-ratio 
meter for load curve 1 (figure 3) indicat¬ 
ing a total registration of 192 kilowatt- 
hours. 

Assume that the consumer has a load 
curve 2 (figure 3) equal in kilowatt-hours 
to the normal load curve 1, but showing 
less peak and more off-peak load. The 
actual registration curve of the variable- 
register-ratio meter is shown in curve 6 
(figure 5) giving a total daily registration 
of 172 kilowatt-hours. 

Assume the consumer has a load curve 
3 (figure 3) equal in kilowatt-hours to 
the normal load curve 1, but showing 
more peak load but less off-peak load. 
The actual registration curve of the 
variable-register-ratio watt-hour meter 
is shown in curve 7 (figure 5) giving a 
total registration of 218. 

These curves show that a given number 
of kilowatt-hours will give different 
registration, depending on when the 
energy was used. 

In some two-rate schedules involving 
large blocks of power the niftyitrmtri de¬ 
mand is determined by a graphic record¬ 
ing wattmeter, and the charge per 
kilowatt of maximum demand varies, 
depending on when the Tnn.vimi .Tn de¬ 
mand occurred, whether off-peak or on- 
peak. In two-rate schedules involving 
small blocks of power the indicating 
maximum-demand register is used. This 
method gives no mdication of the tiini. of 
day tlie maximum demand occurred. 

If a maximum-demand attachment were 
installed on the variable-register-ratio 



watt-hour meter, it would automatically 
register a higher or lower indication, 
depending on the time of day the maxi¬ 
mum demand occurred. 

The variable-register-ratio watt-hour 
meter may be tised in a different way by 
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having two registers, one a standard 
dial, the other a variable-register-ratio 
dial. The standard dial registers the 
true kilowatt-hours as any other stand¬ 
ard meter. The variable-register-ratio 
dial gives the modified registration as 
already explained. The ratio between 
these two readings gives a modifying 
factor K which may be used in billing the 
true kilowatt-hours. 

Assume the consumer has the normal 
load curve 1 (figure 3). Both dials will 
indicate the same, namely 192, and the 
factor K will be ^®Vi 92 = 1. Assume 
the consumer has load curve 2. The 
standard dial will again register 192, 
but the variable-register-ratio dial will 
register 172. The factor Z wiU be 
^^Vi92 — 0.895. Assume the consumer 
has load curve 3. The standard dial 
will register 192. The variable-register- 
ratio dial will register 218. The factor 
ir will be == 1 . 135 . The factor K 
obtained each month is a measure of 
whm the energy was used and may be 
used as a modifying factor in billing the 
true kilowatt-hours. 

“Hie meter constructed in our labora¬ 
tories (figure 6) consisted of parts of 
otber meters assembled together Into a 
worl^g unit to test the general method, 
and is essentially a crude instrument com¬ 
pared to one which would be designed 
and constructed by a manufacturing 
company. However, some information 
was ob^ed which leads to the following 
conclusions. 


Trends in the Design and Arrangement 
of Electrical Equipment in Hydraulic 
Power Plants 
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1. A variable-register-ratio watt-hoiu 
meter can be constructed of sufficient ac¬ 
curacy and low cost to compare favorably 



D uring the last ten years there has 
been a considerable development of 
water power resources in this country. 
Many different organizations have par¬ 
ticipated in the design of these projects, 
and many contributions have been made 
to reduce the first cost, improve the over¬ 
all efficiency, and reduce the cost of opera¬ 
tion. A brief review of those trends 
which represent the greatest changes, or 
have provoked the most discussion, may 
be of interest at this time. On many of 
them there is no unanimity of opinion. 
The reader may disagree with some, he 
may even question whether others repre¬ 
sent g^eral trends at all; nevertheless, 
the writer will try to give them without 
. either commendation or condemnation, 
and he would not be entirely candid if he 
did not say that some looked rather 
fooli^ to him at first. It should be em¬ 
phasized that this paper will discuss only 
those features which have been changing, 
or^ve provoked discussion; many things 
which are of much greater importance to 
the station may therefore be mentioned 

onlybriefiy,ifatall. 

Powerhouse 

A number of semioutdoor type of gen- 
^ating stations have been built in which 
the conventional powerhouse superstruc¬ 
ture was omitted. In this design the 


generator-room floor becomes the stulitni 
roof, the generators being protecteti by u 
concrete or metal housing. An uubloor 
gantiy crane is usually provided for re¬ 
moving the waterwheel and gcncrulor 
parts to one end of the station, where 
they may be lowered through a hutch to 
the inside repair bay below. The luymit 
of the generating units and their uiixili- 
aries fa arranged so that practicidly all 
operation in connection with the eqiiij*- 
ment will be below the generator deefc, 
where complete protection is obtained. 
There fa a considerable clifferenee of opin¬ 
ion as to the true over-all saving with this 
type of plant, particularly where the extra 
cost of installation atwl maintenance is 
taken into account If experience denton- 
strates the absence of operating and miiin- 
tenance difliculties, they may be more 
generally adopted in the futuns. 

In the past, it has been the general 
practice to locate the generators in the 
powerhouse above the maximum expected 
flood waters, and in many cases this has 
Jilted in an expensive structural de¬ 
sign, because of the distance lictween the 
waterwheel and generators. T n several 
Paper number 88-<100, recommftndtcl bv th* a f ww 
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^ent factor of safety in regard to the 
wh^ shppmg on the drum. A oroni 
esi^ and choice of material could no 
doubt, mcrease this factor many fold. ' 

L, timii^ device should consist of a 
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recent projects, it was found that the most 
economical arrangement was to place the 
generators as close to the waterwheels as 
ordinary considerations would allow, and 
protect them from flood waters by build¬ 
ing a waterproof powerhouse without 
windows. This type of station naturally 
results in an indoor design, since the walls 
are essential for flood protection, and only 
a roof is necessar}" to enclose it. 

Generators 

Further economy in power-plant design 
has been achieved by an increase in the 
size of the generators and waterwheels 
over those which would have been con¬ 
sidered practicable a few years ago. 
Operating efficiency has been improved by 
the increased use of the adjustable-blade 
turbine for low-head developments. Al¬ 
though these trends principally represent 
an advancement in the design of hydraulic 
machinery, they, of course, affect directly 
the generating equipment. The largest 
unit in physical size at a particular speed 
which it is possible to build economically 
at the present time has not been reached, 
but it has been closely approached. The 
limiting factor in waterwheel-generator 
design is usually the mechanical stresses at 
runaway speed. 

There has been very little change in the 
structural design of waterwheel generators 
in the last few years. Fabricated con¬ 
struction continues to be widely used. 
Partly because of .the accuracy with which 
th^ strength of fabricated, rotors can be 
predetermined, and partl;^ because of the 
expense of building up and tearing down 
^again to meet* shipping limitations, par¬ 
ticularly on the larger size units, over¬ 
speed tests are seldom made at the fac¬ 
tory. 

Overhung or umbrella type of genera¬ 
tors with one guide bearing have been in¬ 
stalled in a number of stations. Such 
generators show a slight saving in first 
cost over the conventional two-guide 
bearing type. There is, however, an up¬ 
per limit in speed and physical size be¬ 
yond which it is not practical to go. Ow¬ 
ing to the lack of an upper-guide bearing 
on the generator, these machines are 
tested with the waterwheel attached. 
The design therefore is more difficult to 
test and does not lend itself readily to the 
investigation of vibration and other pos¬ 
sible troubles. 

The highest voltage waterwheel genera¬ 
tor built so far in this country is 16.5 kv. 
Studies have been made on the larger 
units for voltages of 23 and 34.5 kv with 
the result that a more conservative and 
economical design was obtained with a 


generator voltage of 16.5 kv or less, and 
a step-up autotransformer. This com¬ 
bination is as efficient as a generator 
wound for 23 or 34.5 kv. 

The advancement in the knowledge and 
appreciation of system stability has 
generally resulted in a more careful study 
and selection of those generator character¬ 
istics which affect stability. 

A fuller understanding of the general 
operating advantages of amortisseur 
windings in waterwheel generators has 
resulted in their incorporation in a, num¬ 
ber of units. The principal advantages 
are: the reduction of overvoltages in the 
stator winding resulting from unbalanced 
faults on the generator, particularly on 
unloaded machines coupled to capaci¬ 
tances such as transmission lines; the ef¬ 
fective reduction in oscillations of genera¬ 
tor-output kilowatts occasionally ex¬ 
perienced on machines which are con¬ 
nected to their loads through high resist¬ 
ance circuits; and a minor aid in system 
stability by reducing the magnitude of 
the rotor oscillations. 

Experience has shown that even though 
water-power developments are usually 
located in rural districts, the air is not 
free from impurities which lodg^ in the 
generator and interfere with the effective 
cooling of the machine. For this and 
other reasons the closed ventilS,ting sys¬ 
tem, using surface air coolers, has been 
adopted for most of the recent generators 
above 5,000 kva. In addit^n to the 
longer expected insulation life, the closed 
system reduces station noise and provides 
increased fire protection. In some in¬ 
stallations it permitted a more economical 
powerhouse, since provisions for large air 
intake and discharge openings in the 
building were not required. 

On very large generators, where the 
stacked height is sufficient, the cooler 
sections have generally been arranged 
vertically around the periphery of the 
generators. On the comparatively small 
machines, where the stacked height is so 
short that a vertical arrangement around 
the periphery would be expensive, the 
sections have been located parallel to 
the floor, and on the side of the unit for 
vertical machines, and underneath for 
horizontal units. 

Of the hydraulic generators which have 
been provided with surface air coolers, 
less than half are arranged to discharge 
air to heat the power station. The trend 
is in the direction of permanently closing 
the generators, and deriving station heat 
from some other source, because obviously 
any departure from the closed system 
reduces the effectiveness of that system. 
Although generator fires are rarer now 


than ever before, carbon-dioxide fire pro¬ 
tection has been provided on many of the 
larger generators, because of its effective¬ 
ness on the closed ventilating system as 
compared to the open system. 

In the larger-size generators which re¬ 
quire extensive disassembly for shipment, 
it has become the general practice to make 
the electrical tests as well overspeed 
tests after installation. 

Excitation Schemes 

The excitation scheme, used almost ex¬ 
clusively in the last few years on genera¬ 
tors rated 3,750 kva and above, employs 
direct-connected main and pilot exciters, 
and a high-speed individual rheostatic 
voltage regulator operating in the main 
exciter field. A main a-c generator-field 
rheostat is not required, and in a number 
of instances the armature of the main ex¬ 
citer is permanently connected "'to the 
generator field without a field switch. No 
provision is made for paralleling exciters. 

The operating simplicity of the direct- 
connected exciters has a very strong ap¬ 
peal. This system generally has the ad¬ 
vantage of lower cost, considering in one 
case a shaft alternator and a motor gen¬ 
erator set, and in the other case a direct- 
connected exciter plus a small step-down 
power transformer to serve the machine 
auxiliaries otherwise served by the shaft 
alternator. Beyond this difference in 
price is the additional switching equip¬ 
ment, such as circuit breakers and switcli- 
gear panels, not to mention increased 
wiring and cable connections. 

Because of the low outage record of 
direct-connected exciters, the complica¬ 
tions introduced by trying to provide 
spare excitation in what is otherwise a 
unit system, and a station design which 
contemplates the outage of a complete 
generating unit without adversely affect¬ 
ing operation, the spare motor-generator 
exciter set has been omitted in a number 
of stations. 

In many stations, advantage has been 
taken of the possibility of allowing con¬ 
siderable variation in generator voltage 
in order to obtain better system-voltage 
regulation. In such stations line-drop 
compensation has usually been incorpo¬ 
rated in the generator voltage regulators. 
In a properly co-ordinated generator volt- 
age regulating system there is no conflict 
between line-drop and cross-current com¬ 
pensation. 

Governor Flyball Drive 

One of the early steps taken to free the 
governor flyball drive from the physical 
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limitations of a belt was to provide a 
flyball motor and drive it from the Tnain 
generator terminals through small trans¬ 
formers. This type of drive was found to 
be satisfactory in most instances, al¬ 
though it has the disadvantage of tending 
to cause the governor to follow system 
frequency rather than generator fre¬ 
quency during those rare cases when the 
main unit twists out of step with the 
system due to instability. 

Although this condition has occurred 
very rarely in practice, the desirability of 
eliminating it was early recognized. The 
next source of power used was obtained 
from slip rings on the pilot exciter. Where 
steps were taken to obtain proper co¬ 
ordination in design between the governor 
motor and pilot exciter, this scheme has 
operated satisfactorily. Where this was 
not done, trouble has been experienced in 
some installations due to a very sensitive 
governor head along with slight phase- 
shifting of the pilot exciter flux with re¬ 
spect to the shaft of the main unit, with 
the result that the governor did not see 
true shaft speed at all times. 

A permanent magnet generator di¬ 
rectly mounted on each unit is the latest 
source of power supply for governor fly- 
baJl motors, and is the system which has 
generally been used in the last few years. 

Circuit Arrangements 

Hydroelectric-generating-station switch- 
gear shows a decided tendency to- 
w^d simpler circuit layouts including the 
elimination of generator oil circuit 
breakers ^d low-voltage busses, resulting 
in a considerable saving in cost, as well 
as a greatly simplified station design. 

The so-caUed unit system has been 
widely adopted. The simplest case with 
this scheme is to have one generator con¬ 
nected to its own individual transformer 
bank. In the earlier installations an oil 
circuit breaker was instafled between the 
generator ^d transformer primarily for 
synchronizing purposes. The present oil 
^cuit breakers of all voltages have clos¬ 
ing speeds sufficient for synchronizing on 
the high-voltage bus, so that in the more 
recent installations the breaker between 
the generator and the transformer has 
been omitted. 

Some stations have used a modification 
of the unit scheme in which two generators 
are connected to one transformer bank 
^ch generator having its own low-voltage 
breaker in order to be able to synchronize 
or rernove one generator from service 
Without affecting the other. 

Many operating engmeers have con¬ 
cluded that the unit scheme with its omis- 
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sion of the low-voltage bus represents 
practically no sacrifice in over-all station 
reliability or flexibility. Although this 
scheme is open to the criticism that, if a 
generator fails and at the same time a 
transformer normally connected to an¬ 
other generator also fails, the output of 
the two machines is lost, operating rec¬ 
ords show that such a contingency is very 
unlikely to occur. Furthermore, few 
plants are designed on the basis of two 
simultaneous failures, since their cost 
would be prohibitive. 

Switchgear Equipment 

Although the simpler circuit layouts 
now so prevalent in hydro stations have 
appreciably reduced the number of low- 
voltage oil circuit breakers, nevertheless 
many stations still require large-interrupt- 
ing-capadty breakers in addition to the 
smaller ones for controlling station-ser¬ 
vice power. 

In many of the more recent projects, 
these breakers, their disconnecting 
switches, busses, etc., are enclosed in com¬ 
plete factory-built metal structures. 
Metd-endosed busses from the generator 
terminds to the power transformers are 
also bdng used. 

The increasing use of metal-endosed 
gear is attributed to the more genial 
appredation of its economy and safety 
features. By using this equipment, sta¬ 
tion planning has been simplified by elimi¬ 
nating the time and expense in detail 
desi^ng and co-ordination which is 
required where cell-mounted equipment is 
used. Savings in building cost have been 
realized in many instances, because this 
type of gear saved floor-space and head- 
room. As a rule, metal-endosed gear has 
been found to cost less installed than other 
types in which equal precautions have 
been taken to preserve service continuity. 

Many refinements in oU-circuit-breaker 

design have been made in the last few 
years. More effective means for control¬ 
ling the interruption of the arc has per- 
niitted smaller oil circuit breakers for the 
same voltage, current, and inteixupting 
rating. Faster operating mechanisms 
are now being used to speed up the trip- 
ping and dosing times, thereby reducing 
system disturb^ces. In the high-volt¬ 
age fidd, oil circuit breakers rated 287 
kv and, having a dearing time of three 

cydes, have been installed. Inasmuch as 

^ese breakers were of very low oil con¬ 
tent, they evidenced the trend toward 
low-oil-content breakere. 

Metal-endosed air dreuit breakers or 
raritectors are extensively used for con¬ 
trolling station service power at 650 volts 
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or less. This equipment permits a still 
further reduction in fire hazard and its 
compact construction results in a saving 
in space and installation expense. 

Control Boards 

The tendency is toward the so-called 
duplex board with control, indicating 
instruments, etc., on the front panels, 
and relays, meters, test blocks, and 
similar equipment on the back panels. 
In some of the larger power plants, super¬ 
visory type of control has been mounted 
on duplex panels. Such control eliminates 
some of the wiring complexities, permits 
a smaller switchboard control room, and 
makes it possible for the operator to fol¬ 
low station conditions more readily since 
the essential information is concentrated 
in a relatively small space. 

The advantages of supervisory control 
are secured by locating cubicles adjacent 
to the generators with which they arc 
associated. The duplex switchboard 
located in tlie main control room ha.s 
supervisory control over these cubicles. 
Only those indications and controls whicli 
are required for station operation are pro¬ 
vided on the duplex board, thereby rc- 
dudng the number of instruments and 
devices, and the amount of interconnect¬ 
ing control cable. A signal system is 
used to indicate abnormal operating con¬ 
ditions, which in some instances may re¬ 
quire the attention and assistance of a 
generator floor man. In an emergency 
the generator floor man can take over the 
operation of the unit at the generator 
cubicle. 

Automatic synchronizing equipment 
has been provided to a greater extent 
than in ^e past, because the operation is 
accomplished smoothly and without the 
switchboard operator's neglecting other 
important duties at that time. 

Station-Service Power 

VI station-service power, 

like excitation schemes, has run a varied 
and intoesting course. Like excitation 
with which it has at one time or another 
been closely associated, the trend has been 
toward greater simplicity, influenced per¬ 
haps as much as anything by a careful re¬ 
examination of the basic service require¬ 
ments of the individual devices that make 
the station-service load. After doing 
the same t^g the same way for a few 
}^ars, additional experience gained in 
at time frequently demonstrates that 
requirements are not so severe as they 
had been assumed, or else the improve¬ 
ment in apparatus permits a simpler 
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solution. Such has been the case with 
station-service power. 

With the use of direct-connected ex¬ 
citers instead of motor-generator exciter 
sets, the principal reason for the shaft 
auxiliary generator was eliminated. The 
simplest and most economical system for 
obtaining station-service power, which at 
the same time possesses a high degree of 
flexibility, has been obtained by connect¬ 
ing a small step-down transformer to the 
generator leads, either directly or through 
a disconnecting switch. This system has 
been widely adopted in the last few years, 
particularly in stations without a low- 
voltage bus. 

With this scheme the auxiliaries inti¬ 
mately related with each generating unit 
are fed from the transformer connected 
to the terminals of that generator. This 
transformer usually supplies a low-voltage 
bus from which emanate the leads to the 
various unit auxiliaries, such as governor 
oil-pump motor. To give duplicate ser¬ 
vice to this bus for emergency or starting 
up the station, power is fed from an ad¬ 
jacent bus, a house generator, or a high- 
voltage step-down station-service trans¬ 
former bank. 

Present indications are that the unit 
station-service-power scheme may be used 
in the future, even in stations with a low- 
voltage bus, since it permits the elimina¬ 
tion of an expensive high-interrupting- 
capacity switch position. 

Grounding and Protective 
Equipment for Generators 
and Transformers 

It is difficult to discern any particular 
trend in generator-neutral grounding and 
relay protection on units connected to 
low-voltage busses from which feeders 
emanate. Such generators are either 
solidly grounded or else grounded through 
a neutral impedor. The limits are, on the 
one hand, a sufficiently low value to stabi¬ 
lize the system neutral, and on the other, 
high enough to minimize damage result¬ 
ing from faults. 

In stations employing the unit system, 
where each generator is directly con¬ 
nected to the delta side of its own step-up 
transformer, the relaying and grounding 
trends have been interesting. In many 
stations, the generator neutral is solidly 
grounded. This permits the generator 
differential relay to protect the 
amount of the generator winding on 
phase-to-ground faults, but on the other 
hand grounding the neutral solidly has the 
disadvantage of permitting the maximtun 
amount of fault current. 

Damage resulting from a fault, how- 
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ever, depends on duration as well as 
magnitude. In following the approach of 
reducing fault duration, high-speed bal¬ 
anced-beam differential relays operating 
in one or two cycles have been used in a 
number of stations, instead of induction- 
type relays having six- to eight-cycle 
operating times. This reduces the over¬ 
all fault-clearing time from approximately 
14 cycles to 9 cycles where the generator- 
neutral breakers are used to unground 
the machine. 

Because of the increased cost of the very 
special current transformers now required 
to provide high-speed generator dif¬ 
ferential relaying and the comparatively 
small gain in time in extinguishing the arc, 
tliere is a ti'end back to induction-type 
relays. This trend is perhaps further in¬ 
fluenced by the feeling that if damage 
from line to ground faults is the principal 
reason why generator differential relays 
have been speeded up, then the more direct 
attack on the problem is to insert an ap¬ 
preciable amount of resistance in the 
generator neutral, or unground it entirely, 
as has been done in some stations. In 
the latter case, a ground detector whicli 
signals the station operator, but does not 
trip the unit, is usually employed. This 
permits temporary operation until a 
shutdown can be conveniently arranged. 

There has been some interest in high¬ 
speed transformer differential relaying, 
but in the case of power-transformer pro¬ 
tection, the problem is more difficult than 
in the case of generator-differential protec¬ 
tion, for not only must instrument trans¬ 
formers be matched with bushing trans¬ 
formers, but even more important, pro¬ 
vision must be made to prevent false 
tripping during magnetizing inrush peri¬ 
ods. Despite these difficulties installa¬ 
tions of high-speed transformer differ¬ 
ential relays have been operating quite 
satisfactorily. The choice between high¬ 
speed and induction-type percentage 
differential relays is largely dictated by 
stability considerations. 

There has been a trend toward the in¬ 
creased use of bus differential protection 
where there were large concentrations of 
power because the preservation of service 
continuity requires the .speedy clearing of 
the large resulting fault currents. From 
the protective standpoint the presence of 
large fault currents causes current-trans- 
former saturation that tends to operate 
the differential relays during faults ex¬ 
ternal to the bus. The relay current in 
the case of an external fault differs from 
that arising from a bus fault, in that it 
h^ a large harmonic content. The recog¬ 
nition of this difference has led to the 
development of a harmonic-restrained 
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high-speed bus differential which 

will undoubtedly find increasing xise in the 
future. 

In the past, generators feeding through 
step-up transformers were generally be¬ 
lieved to be immune to Hghtning due to 
the fact that the transformer bank would 
act as a buffer against incoming waves. 
It is now known that this is not entirely 
true, and consequently generator light¬ 
ning-protective equipment is commonly 
installed. Experience has indicated that a 
relatively small investment in. properly 
selected equipment will provide a degree 
of protection that will result in a material 
reduction of the possible lightning stresses- 
imposed on rotating machines and con¬ 
tribute to an appreciably increased se¬ 
curity against faults due to lightning- 
impulse voltages. 

Outdoor Substations 

The arrangement of the higH-voltage 
equipment at a hydro station is largely 
influenced by the topography of tlie site 
and tlie location of the powerhouse. In 
those projects where the outdoor switch¬ 
yard is separated more than a few hundred 
feet, the general practice has been to lo¬ 
cate tlie step-up trausfonners adjacent to* 
tlie powerhouse, and conduct the power to 
the outdoor switchyard by means of 
overhead high-voltage lines. 

Outdoor substations at 66 kv aiad above 
are commonly shielded by overhead 
ground wires which extend out over each 
line for at least half a mile. Tine use of 
overhead ground wires has increased the 
height of the outdoor structure somewhat 
and requires slightly heavier steel to carry 
tlie additional load, not only in dead 
weight, but also to carry the takie-offs on 
the outgoing lines. These items represent 
only a small addition to the total cost of 
the station. 

Shielding of outdoor substations prac¬ 
tically eliminates the possibility of direct 
strokes nearer than half a mile from the 
substation, thereby limiting the incoming 
surges to a value that a lightning arrester 
can handle. In spite of a considerable 
discussion during the past few years of the 
real merits of plain gaps versus lightning 
arresters for apparatus protection, ar¬ 
resters continue to be in very general use. 
This is for the reason that gap settings 
which give a degree of protection compar¬ 
able to that of lightning arresters result 
in more dynamic flashovers tlian can 
ordinarily be tolerated. 

Power Transformers 

The trend in the design of power trans¬ 
formers continues to be in the direction of 
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improvement in the dielectric strength 
and refinements in mechanical construc¬ 
tion. Much attention has been given in 
the last few years to the study of insula¬ 
tion co-ordination, resulting in improved 
insulation strength to resist lightning, and 


Step-up transformer high-voltage-neu¬ 
tral grounding shows a trend away from 
solidly grounding in the direction of 
grounding through an impedance, and in 
a recent installation at 220 kv this 
impedance was a Petersen coil. The ex- 


the waterwheel attached, may be of small 
consequence if both units are of the same 
manufacture, but if different manufactures 
are involved, it may be very important to 
be able to test the units individually. 

Excitation Schemes 


the proper distribution of impulse stresses 
throughout the transformer winding ob¬ 
tained, for example, by the use of shield¬ 
ing. 

There is a trend in the larger size trans¬ 
formers toward the use of die gas-sealed 
unit, wherein the space between the oil 
and the cover is filled with dry nitrogen 
gas. In addition to providmg a seal 
against the entrance of oxygen, moisture, 
dust, etc., some operators feel that the 
fire hazard is less, because the oil level is 
below the transformer cover. The out¬ 
standing contribution from the design 
standpoint toward minimizing the fire 
hazard in power transformers, however, 
results from the use of a noninflammable 
liquid instead of transil oil. Indications 
point toward an increased use of such 
transformers in the future. 

The general tendency in this country 
has been to install single-phase trans¬ 
formers to form three-phase banks, even 
where three-phase transformers were 
practicable from a physical standpoint. 

A re-examination of this problem from the 
standpoint of outage, handling, and re¬ 
liability, indicates an increased interest 
in three-phase units. 

Strange as it may at fiirst seem, several 
recent large hydro stations have installed 
self- or forced-air-cooled transformers. 
The el imina tion of the cooling water 
tystem has influenced their selection to 
some extent. Another consideration was 
the ability to obtain outputs above the 
self-cooled rating with forced air. The 
latter is directly attributable to the gen¬ 
erator rating and temperature rise. Most 
generators rated 11 kv and above use 
dass B insulation, with dass A tempera¬ 
ture rise. Operating experience with such 
a design indicates a longer life and one 
capable of carrying some emergency over¬ 
load. This requirement may arise under 
the most favorable hydraulic conditions, 
since at that time the capacity of the 
waterwheel may be in excess of the normal 
generator rating. The air-pressure cool¬ 
ing equipment on the power transformer 
provides an economical means of obtain¬ 
ing transformer capadty to match the 
maximiun generator output. 


periences with these coils in this country 
in the last few years indicates a more 
general acceptance of this device for 
improving S 3 rstem performance. 

Because of the desire to obtain nonin- 
fiammability of the liquid, as well as 
to eliminate explosions of the arc-formed 
gases, there is an increased use of non- 
inflammable S3mthetic insulating oil in 
station-service transformers, particularly 
those installed in the powerhouse. 

Summary 

From the foregoing discussion, it has 
been seen that the outstanding trends in 
the design and arrangement of dectrical 
equipment in hydraulic power plants, 
with but a few exceptions, am toward 
greater simplification, rdiability, and 
lower first cost. Inasmuch as fixed 
charges constitute the major portion of the 
cost of hydro power, a reduction in first 
cost affords the principal means for secur¬ 
ing a reduction in the cost of water power. 


Discussion 


J* H. Foote (The Commonwealth 
Southern Corporation, Jackson, Mich.): 
This paper covers the subject in a compre¬ 
hensive manner and gives a good general 
picture of some of the developments in the 
design of hydraulic plants and the equip¬ 
ment which goes into them. Many of the 
types of design and the features outlined in 
this paper have been used successfully by 
our associated companies for a number of 
years. 


Powerhouse 

In 1926, we designed and built a hydraulic 
power plant, utilizing the semioutdoor type 
^ construction, with two 1,060-kva units. 
This plant is of the automatic variety and 
this type of construction has proved satis¬ 
factory from an operating standpoint. 

Generators 


of air^oohng system for the generatoi 
newer large hydraulic p< 
plants with satisfactory results. 

It nnght be pointed out that the testir 
umbrella-type generators in the field, ^ 


Direct-connected main and pilot exciters 
have been used on our hydrogeiierators since 
1924 with satisfactory results. In fact, 
direct-coimected exciters have been em¬ 
ployed without spare exciters or excitation 
busses since 1906 with success. No exciter 
failures have been experienced, and the 
practice of not providing spare sources of 
excitation has not caused us any difficulty. 
It is felt that the chief advantage of using 
the pilot exciter is that greater stability of 
the excitation system is obtained. 

It has been noted with interest that in 
certain cases field switches have been 
omitted. We have successfully operated 
four generators so connected since 1922. In 
many of our generator-overvoltage protec¬ 
tive schemes, the generator voltage regu¬ 
lators are depended upon for overvoltage 
protection. However, as a matter of back¬ 
up protection, or where voltage regulators 
are not installed, facilities have been pro¬ 
vided for tripping the field switch in case 
the generator voltage reaches an excc.ssive 
value under runaway conditions. Where no 
main field switch is used, we have had .suc¬ 
cess in using a small air circuit breaker to 
cut in resistance in the exciter field or to 
open the exciter field as a last resort. It 
also seems desirable to rcjnove the excita¬ 
tion from the machine in case the diJTerential 
protective equipment functions. A field 
switch in the exciter field seems to function 
satisfactorily in the absence of a main field 
switch. 

The necessity of providing special current 
transfomers for high-speed differential re¬ 
laying is a problem requiring further de¬ 
tailed investigation so that a better under¬ 
standing may be had of the performance of 
current transformers during the early trans¬ 
ient stages of a fault. 

Governor Flyb all Drive 

The use of an electrical drive for the 
governor has been a very desirable develop- 
m^t, but our experience indicates that 
serious trouble may be experienced if the 
(hive receive^ its energy from slip rings on 
the pilot exciter, especially if the generator 
IS equipped with a voltage regulator. Per¬ 
manent-magnet generators provide a very 
satisfactory source of supply for governor 
motors. 

Control Boards 

Our experience with automatic synchro¬ 
nizing equipment indicates that while 
satisfactory performance can be obtained 
under steady-state conditions, certain lyp^ 
of eqmpment may fail to function durhig 
tiransient conditions or emergencies, and it 
IS most needed at these latter times. 
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Synopsia: This iiujut di-st'rilws uu upplica- 
tion of u new metJuHl of aunimatic wiUml 
iielwi'eii two interooniieetetl |>o\vit svstetiiSf 
whcreliy Kreultr ulili/.ution of the inter- 
wmiiwlion cupacity is smired. As the 
sititde limit of the inleichaiiKe hetween 
systems is uiTeeied hy variations in tlie 
tnujtnittide and loisitioti of iutertnetiiate 
loads ill! the resjieetive systems, dirwt 
eontrtil of tin* phase atiKle hetweeii systems 
recsjRuizes sneh variations and periiuts a 
Ilexihle and more stable tyja* of operation 
ineltidinK, when desired, imixiimnn trans¬ 
fers of enerRy. An imlieaiitm of the till- 
eyek* voltage from a desired point on one 
system is eoniinmmsly trunsmitteil hy 
means of earrier eurretit, to a point tm the 
seeoml system where its phase position Is 
eomiiaretl with that of the lid-eyele voltage 
at the reeeivinR point. The output trf 
Renerating units at the eonirol stnliim is 
automatieully reRululed to mainttuu the 
phuse angle hetwwn systems at desired 
values or within predeti-rmined limits. 

T HK power systems in the Paetfie 
Ntrrthwcst have hceii sueec.ssfHlIy 
opcmtetl itJtcretnmecled for nmny years. 
In addition to the iiurinul tir routine 
fuuetlons, on several tKS.’nsloiw thea* 
interconnections haw been eulled upon 
to tran.sfer large blocks of power and 
energy to ancvtule ahnortnal cond!tutn.s 
on one system or anotber, averting .serious 
tiower shortages. 

Heretofore, the control of the power 
flow lietween these systems has Ireeu 


ucettmpUshed principally by nmmial opera¬ 
tion. riic amount of power witich has 
been interchangetl, under some condi¬ 
tions, tind between some of the systems, 
has mrt ajrproacUed the stable limit of 
tile intercomiectimis, atal maimal contnrl 
has not been diftunilt. On .some of these 
interconnections, liowever, e.\pcricnce lias 
denumstrated, as in .similar situations in 
other parts of the comitry, that hccau.se 
of the time retiuired for comnumication 
and manual control of genemting units, 
the interchange hud to be regulated to 
value.s well within the stable limits, in 
onkr tti prevent, or at lea.st limit tlie 
nunther tif severe disturhunces olherwi.se 
occasioned by the systems separating 
due to relay action as stable limits were 
apimmehed, or actually pulling out of 
step. 

In considering the application of 
automatic-control ecjuipment for the 
intcrcfmncetiort Iwtwcen the systems of 
The MonUuia Power Company and Tlie 
Washington Water Power Conifwiiy, so 
that a flow of power closer to the stable 
limit could he safely carried, a new 
inethwl of control, based upon the phase- 
angle difference between systems, was 
conceived and developed, 'riiis pujier 
describes the application and the cx- 
[wrience .so far obtained with this type of 
control. 


numbrr W-llt, remniincmled by tbc AtB: 
on tmiiMfiityiKfun uiiti dKtrihuflu 

ami prmntod at the AtKK Parilie tW ew 
vmlon, Ore., Augiur IM:;, 

MiitttiiicHpt iiubifiitted May 17, 11138; mttd 
iivtUlitbte for prtpHiKing July 21, lfi38. 

H. K. Fifittetf In nil (•IftrcrIcHl ifiiginrcr with Khuw* 
Srrvl^ii, fno.. New Viirk. N. Y„ utui II. W. lUmii 
MfiiiiHim Powrr Cninimny a 

I hr mithorM gmirfitlly iii’kti<iwI«>dK<* thr m-opttu 
tion of Choir miiioritttrx in thf ruKifirering niti 
operAtitiK orgttnimioiiM «f The Mntitnnn Powe 
t-ompnny nnd Thr WnwhinKfoii Water Powr 
Compotty, nnd pNriicttlarly of il. L, Mrlviit o 
himwo Skrvlota, Ine.. G. K nmi R. K 

Piiwrri of W««tifighoti!ie Kteecrir mid Mnnufac 
^ “ Morrhoiiite «f i,e«di 
tttid Nmhfup Company, to the surcifusirtil d« 
vrtopment atnd nppHrntiun of thift method of control 


Description of Systems 
and Interconnection 

Fi^re 1 is a map of the Northwest 
showing the principal transmission lines 
of the several interconnected systems. 

On The M<intana Power Company 
there is aiiproximately aoo.obo fcw of 
hydnielcetric generating capacity with 
2.W,tKH) kw usually in service. The total 
capacity will be increased to Ji.'iO.pOO kw 
in 1S13S. A large part of this generating 
capacity, and a substantial part of the 
load served, are both located in the Great 


Falls area. Many of the larger individual 
loads .served from this system, inchullng 
hoists, railway, and dredge loads, arc of 
such magnitude and fluctuating diameter 
that sudden load changes of from 5,000 
to .'10,000 kw arc not uncommon. 

The point of interconnection between 
The Montana Power Company anti The 
Washington Water Power Company 
systems is at Burke, Idaho. For a num- 
l)cr of years [ircvious, and at tlie lime 
tins appliitiUon of autoiualic control was 
planned, the ability to iiiterehauge jniwer 
between these two systems was limited 
hy the single llO-kv, 170 mile truns- 
mission line of the Chicago, Milwaukee, 
St. Paul ami Pacific Hailroud Company 
between Fast I'ortal and Gold Creek. 
Tlie capacity ftir power fitiw eustwartl 
was variable, depending ujion seasonal 
variations in the 'rhompson halls hydro¬ 
electric plant uut[)ul. The second line 
from Thompson Falls, via Flathead to 
Atmeotula, was added In March lilH?, 
pmctically cohidding with the iustalla- 
tion of the phase-angle control ctiuipinent. 
nie purpose of this latter tmnsmis.sion 
line was to truiismit power into Montana 
during an uniireccdcnted low-witcr periml 
and to furnish a second channel for 
Thompson Falls |K>wer into the Moiitunu 
system as well as that from Flatheatl. 
At later tu'riods it is contcmijlated these 
lines may transmit power to the west. 

The Washington Water Power Com¬ 
pany .system is also served by hydro¬ 
electric generation, with approximately 
201),CMK) kw of capacity, most of which is 
usually in service. A large concentration 
of capadty and load on this system is in 
the Spokane area. 

The Washington Water Power Com- 
pany system is in turn interconnected 
with the system of the Puget Sound 
Power and Light Company on the west, 
having appniximately .'{00,000 kw of 
capacity. To the .southwc.st, Washington 
is interconnected with the Pacific Power 
and Light and Northwesteni Klectrie 
Companies, having an aggregate eapacily 
of 120,(M)0 kw. The Portland (General 
Electric Company, 17.‘5,00»-kw cujiacity, 
and Washingbm Gas and Electric Com¬ 
pany, ilO.OOO-kw caiKidty. are in turn 
interconnected with the Nortliweslem 
Electric Company system in the Portland 
area. 'The Portland General Electric 
Company, however, is not normally 
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operated in paraUel with the Northwestern Electric 
Company when Northwestern is in parallel with other 
^tems in Washington and Montana. 

For several years the Long Lake hydroelectric station 
of The Washington Water Power Company has served 
as the primary frequency-controlling station for the 
entire group of systems. Additional frequency-control 
equipments have been available at the Morony station 
in Montana and the Ariel station in the Portland area, 
but have not generally been used when operating 
interconnected with Washington. 

Operating Limitations With 
Manual Control of Interchange 

From previous operating experience, when trans¬ 
mitting power from Washington to Montana over the 
original coimection, it was known that the systems 
were likely to pull out of step whenever the power 
input into the line at East Portal (interchange at 
Burke, plus Thompson Falls generation, less local 
load at Burke and line loss) reached values in excess 
of 60,000 kw. The normal practical operating limit, 
under manual control procedure, was considerably 
less, in the order of 40,000-kw maximum, or 35,000*kw 
average, because whenever attempting to operate at 
any higher value, the rapid “drifting” of the power 
flow would reach the pull-out point too often. The 
usual “swings” in power over this interconnection were 
approximately 5,000 kw, with occasional swings of up 
to 16,000 kw. 

With the Thompson Falls plant output (40,000-kw 
maximum during high-water months and 20,000-kw 
average during low-water months) flowing eastward, 
the max imum permissible average power flow through 
Burke, Idaho, ranged from approximately 0 to 16,000 
kw. To obtain these average flows, with manual 
control, it was necessary to place observers at Burke 
and Gold Creek; the observer at Burke giving very 
dose attention to the meters and promptly reporting 
excessive loading conditions to the observer at Gold 
Creek, who would in turn report conditions to the 
controlling station. Even with these precautions, 
from one to eight system separations would occur 
practically each day. 

Because of a combination of circumstances, indud- 
ing several successive years of lower-than-normal 
predpitation and run-off in Montana, it was decided 
in the fall of 1935 that the capadty of the interconnec¬ 
tion would have to be increased and at the 
time maximum possible use might have to be made of 
this interconnection in transferring en^gy into Mon¬ 
tana during the succeeding one or years. It 
was dedded to build the second transmission line, 
referred to above, and install automatic control 
equipment, m order to increase the practical operating 
limit and the load factor of the interconnection. 

Experimental Tie*-Line Load Control 

As a preliminary step, an experimental installation 
was made of automatic tie-line load control, based 
upon a measurement of the power flow in the 110-kv 
line at Gold Creek. A carrier-current-telemetering 
circuit, operating at 20 kilocydes over the private 
open-wire tdephone line, with variable frequency 
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modulation, gave an indication at the 
Morony hydroelectric plant of The 
Montana Power Company on the Mis¬ 
souri River near Great Falls, Montana, 
of the power flow in the line at Gold 
Creek. The automatic-frequency con¬ 
troller installed at the Morony plant was 
temporarily modified and used for auto¬ 
matic tie-line load control. This type 
of automatic control gave a definite 
improvement in the interchange capacity; 
the permissible average flow through 
Burke being increased to approximately 
21,000 kw, with separations of the sys¬ 
tems occurring on the average of only 
once every two days. 

Conception and Development 
of Phase-*Angle Control 

In considering the alternate locations 
for a permanent installation of a tie-line 
load measurement and telemetering trans¬ 
mitter, it was recognized that no one 
location could be chosen where the tie¬ 
line load as such could be controlled to 
any definite quantity over a period of 
time, and at the same time secure the 
ma x i m um possible transfer of energy 
between systems. With only the Chicago, 
Milwaukee, St. Paul and Pacific Railroad 
Company line constituting the tie be¬ 
tween systems, the power transfer at any 
point varied considerably due to the 
nature of the railway load. Not only did 
the railroad’s electric trains have a 
widely variable demand, but the location 
of the load along the transmission line 
varied as the trains progressed from one 
section to another. Fiuthermore, these 
trains employed regenerative braking so 
that at times, either a part or all of the load 
actually became generation with a corre¬ 
spondingly variable point of application. 
This was particularly true along the 110- 
kv line from East Portal to Gold Creek. 

For example, if the tie-line load at 
Gold Creek were to be controlled, the 
permissible power flow at this point 
would be greater when the intermediate- 
substation loads were light, especially at 
the Gold Creek end of the line, than when 
the intermediate loads were heavy. 
Consequently the control would have to 
be set for the smaller value of power 
transfer, to be safely within the stable 
limit under all conditions, and no ad¬ 
vantage could be taken of the greater 
permissible flow during a large propor¬ 
tion of the time. 

Likewise, if controlling the tie-line 
load at East Portal, for example, the 
control would have to limit the flow at 
this point to the amount that could 
safely be carried when the intermediate 
loads between East Portal and Gold 


Creek were light, without taking ad¬ 
vantage of the greater permissible flow 
whenever a large part of the power flow¬ 
ing past this point was being consumed 
at the East Portal, or other substations 
near the western end of the line. 

It was also recognized that with the 
planned addition of the Thompson Falls- 
Flathead-Anaconda circuit, stability 
limits, division of power flow between cir¬ 
cuits, and permissible angular displace¬ 
ments between the systems would change. 

Inasmuch as stability is basically a 
function of angular displacement be¬ 
tween systems, it was conceived by the 
authors that the phase angle itself should 
be utilized for the control of the inter¬ 
change, rather than a measurement of 
the power flow at any one point. It was 
proposed to transmit, by a continuously 
modulated carrier-current signal over the 
transmission circuits, an indication of 
the 60-cycle bus voltage at a point on the 
Washington system to a point on the 
Montana system. The received signal, 
being an indication of the angular posi¬ 
tion of the voltage in Washington, would 
be compared with the phase position of 
the local Montana 60-cycle bus voltage. 


Based on a measurement of the phase- 
angle difference between these two volt¬ 
ages, the output of generating units at 
the control station selected would be 
automatically regulated to maintain the 
phase angle at the desired point or within 
predetermined limits. 

It was thought that phase-angle con¬ 
trol might provide several alternate 
methods of operation, including those 
shown in figure 2. 

Devdopment and application of this 
method of control involved consideration 


of the following questions of fundamental 
importance; 

What location should be chosen on each 
system, for voltage measurement in the 
determination of the proper phase angle 
for control? 

What phase-angle distortion or attenuation 
would occur in the carrier-current equip¬ 
ment and transmission channels, from the 
transmitter input to the receiver output, 
and what variations would there be in 
this transmission under different operating 
conditions? 

What would be the effects of outages of 
lines at any point on the network between 
the two phase-angle determination points? 

Following co-operative studies with 
engineers of Leeds and Northrup Com¬ 
pany and Westinghouse Electric and 
Manufacturing Company, it was con¬ 
cluded that: 

1. The phase angle should be measured 
between the East Side substation, 
Spokane, on the W^ashington i^stem, and 
the Morony hydroelectric station, near 
Great Falls, on the Montana system. For 
practically all operating conditions these 
locations would be most representative of 
the hearts of the systems, and this phase- 
angle comparison, therefore, a better 
measure of stability between the two sys- 


Figure 2 

terns. It appeared to have the further 
advantages of (a) immediately recognizing 
an outage of any line having an appreciable 
effect on the interconnection capacity, 
such as on the parallel lines between Spokane 
and Burke, or between Butte and Morony; 
.(&) the receiver would be located directly 
at the station best suited for control pur¬ 
poses, due to the storage capacity, large 
and efficient units, and short penstocks, 
obviating the necessity for an additional 
telemetering circuit or a long-distance 
control circuit to the control station; and 
(c) the carrier-ctnrent equipment would be 
located at points well suited for adequate 
maintenance. 


A, With the predetermined limits of phase angle within a 
narrow range of large positive (or negative) values^ resulting in 
operation close to the stable limit with maximum permissible 
power flow In one direction (or the opposite) 


5. With the predetermined limits of phase angle within a 
narrow range between a small positive value and a small negative 
value, or wherever required^ to result In a minimum average 
power flow between the systems, with maximum stability, and 
maximum ability of each system to help the other under emer¬ 
gencies 


C With the predetermined limits over a wide range between 
a large positive value and a large negative value, resulting in 
the least amount of control or definite scheduling of the amount 
of power flowing between systems, except as the stable limit 
was approached In either direction 


SYSTEM A 


SYSTEM B 



^SYSTEM B 
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Figure 3. Carrier-current transmitter 

2. Carrier-current transmitting and re¬ 
ceiving equipment could be designed and 
built which would have an over-all shift or 
distortion, in the equipment itself, of a 
very small amount, probably less than five 
degrees, and that whatever distortion 
occurred would be essentially constant, 
and could therefore be corrected for. 

3. The phase-angle shift or distortion of 
the signal over the entire carrier-current 
transmission channel might be affected 
by variations in temperature or weather, 
particularly with sleet for example; how¬ 
ever, for long periods of time the distortion 
should be essentially constant and easily 
corrected for, and after some operating 
experience with the equipment, such gradual 
changes as occurred with changes in tem¬ 
perature or weather could probably be 
anticipated or followed fairly closely without 
materiaUy affecting the degree of control. 

4. One effect of outages of lines at different 
points in the network between the two 
phase-angle determination points would 
be to increase the net or effective impedance 
of the tie, and decrease the permissible 
power transfer between systems. In this 
respect automatic control based on phase 
angle should inherently recognize such line 
outages and compensate for them in cor¬ 
recting the interchange to values of the 

r®! rfative degree of safety, with respect 
to stable hmits. 

Another effect of an outage of an inter- 
me(^te line might be to change the phase- 
angle distortion or attentuation in the 
earner-current measuring channel As it 
was not planned to confine the carrier 
transm^ion to a single channel, it was 
believed that the loss of one of sev^ 


parallel paths in the carrier channel would 
not seriously affect the practical operation 
of the control. 

6. Phase-angle control equipment could 
readily be developed, and installed at the 
Morony hydroelectric station in Montana, 
having a generating capacity of 46,000 
kw in two units, using as a basis the already- 
developed phase-difference recorder, * which, 
together with the frequency-control equip¬ 
ment already installed, would provide the 
following alternate methods of control: 

Flat Phase-Angle Control, For controlling 
the phase angle to a predetermined value, 
or within predetermined limits, independent 
of frequency. 

Phase-Angle Bias Control, For control 
primarily to a definite predetermined value 
of phase angle, but with assistance given 
for short periods in the control of system 
frequency. 

Selective-Frequency Control. For control¬ 
ling to a constant value of system fre¬ 
quency, but only when in so doing, the 
correction would also assist in controlling 
the phase angle to a predetermined value. 
Flat-Frequency Control, For use as in 
the past, with isolated operation of the 
system. 

It was decided to proceed with the 
development and installation of the 
equipment, and the complete phase- 
angle control system was placed in service 
in December 1936. 

The control equipment as installed 
provides for any of the four types of 
control described under conclusion 5, 
and the locations of ,the phase-angle 
determination points and control equip¬ 
ment were in accordance with the other 
conclusions outlined. 

The predetermined basic phase-angle 



Figure 4. Transmitter installation at East 
Side substation, Spokane, Wash. 


86 Transactions 


difference for control is fully adjustable 
to any angle (0 to 360 degrees), but the 
width of band around this base reference 
control point is adjustable up to plus or 
minus 30 degrees. 

With reference to the three alternate 
methods of interconnected operation 
previously described in figure 2, and 
designated as A, or C, wliich were 
conceived as possible with this type of 
control, the equipment as installed, 
therefore, has sufficient flexibility for 
method A (maximum interchange in 
either direction); and method B (maxi¬ 
mum stability or minimum interchange), 
but method C (minimum control or 
scheduling) is applicable only within the 
range of plus 30 degrees to minus 30 
degrees. 

Description 6f Carrier- 
Current Equipment 

The carrier-current equipment was 
manufactured by Westinghou.se Electric 
and Manufacturing Company and con¬ 
sists of: 

1. A transmitter, surge protective equip¬ 
ment, and coupling capacitors, located at 
the East Side substation in Spokane, on 
The Washington Water Power Company 
system. 

2. A receiver, surge protective equipment, 
and coupling capacitors, located at the 
Morony hydroelectric station, near Great 
Falls, on The Montana Power Company 
system. 

The distance between the transmitter 
and the receiver, by transmission cir¬ 
cuits, is approximately 460 miles. Cou¬ 
pling is between one phase wire and 
ground. No wave traps were installed 
at any point, so that the carrier-current 
signal is permitted to flow over the entire 
110-kv network of the group of inter¬ 
connected systems. 

The carrier-current transmitter, shown 
in figures 3 and 4, has a frequency range 
of 50 to 160 kilocycles and is rated 160- 
watts modulated output. The oscillator 
is of the Colpitts type, followed by one 
stage of class A and one stage of pudi-' 
pull class B amplification. The circuit is 
plate-modulated, using a single trans¬ 
former, with excitation from a potential 
transformer connected to the East Side 
substation 110-kv 60-cycle bus. The 
outdoor steel cabinet houses the tuning 
inductance as well as the transmitter 
proper. 

The earner-current receiver, shown in 
figure 6 is of simple design, and consists 
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of a detector and two stages of resistance- 
coupled amplification. The receiver de¬ 
livers one-watt output. Two tuning 
controls are used, one for input and 
another for grid tuning. Meters are pro¬ 
vided for indications of filament voltage, 
and final output plate current. The re¬ 
ceiver is housed in an outdoor steel cabi¬ 
net together with its tuning inductance. 
All the receiver components are mounted 
on one panel in this cabinet and can be 
readily removed. 

The surge protective equipment at each 
location consists of a 7,500-volt Deion 
fuse, two enclosed gaps, and one drain 



Fisure 5. Carrier-current receiver 


coil, all equipped for outdoor mounting. 

The line coupling capacitors at each 
location consist of three suspension-type 
units connected in series with an over-all 
capacity of 0.00133 microfarad. 

Since the accuracy of this equipment 
depends upon the constancy of the phase- 
angle difference between the transmitter 
modulating voltage and the receiver- 
output voltage, careful consideration was 
given in the design to limit this phase 
difference and to minimize variations 
thereiof. The completed equipment was 
checked to determine the magnitude and 
yariations in this angle, by means of a 
cathode-ray oscillograph^ but the angle 
was found to be so small that it could not 
be accurately measured in this manner. 
For all practical purposes in this applica¬ 
tion, the shift in phase angle in the carrier 
equipment itself was considered to be of 
negligible magnitude. 

Another feature of this equipment, 
while not a new engineering development 
nor confined exclusively to this set, is the 


use of iron-cored transformers for carrier 
frequencies of 50 to 150 kilocycles. By 
giving special consideration to leakage 
reactance and distributed winding ca¬ 
pacities, efficiencies have been secured at 
150 kilocycles that are comparable with 
commercial 60-cycle transformers. 

Description of Automatic- 
Control Equipment 

The fundamental control equipment 
for phase-angle, frequency, and load 
control was manufactured by Leeds and 
Northrup Company; auxiliary switch¬ 
board equipment by Westinghouse Elec¬ 
tric and Manufacturing Company. The 
complete control equipment as installed 
at Morony hydroelectric station includes 
the following major items; 

1. Manually operated phase shifter 

2. Phase-angle recorder controller with 
automatic-droop corrector 

3. Frequency controller 

4. Proportionate load controller 

5. Frequency recorder 

These various items perform the 
following functions in the complete con¬ 
trol system. 

The manually operated phase shifter 
is connected in the potential circuit from 
the Morony bus, and is used to shift this 
reference voltage by the number of 
degrees desired to be maintained be¬ 
tween the two systems. The controller 
will maintain this difference by control¬ 
ling to zero degrees on the phase-angle 
recorder-controller. Theoretically the 
phase shifter also may be considered 
available to correct or compensate for 
any phase-angle shift occurring in the 
carrier-current transmission of the remote 
reference voltage, but in practice this 
Step is unnecessary and the over-all 
apparent phase-angle difference is used. 

As its name implies, the phase-angle 
recorder-controller produces a graphic 
record of the relative phase angle of the 
local Morony bus voltage (as corrected 
by the phase shifter), with respect to the 
reference voltage (the received indication 
of the Spokane bus voltage). Deflection 
to the left of the center of the chart 
indicates Morony voltage (as corrected) 
lagging with respect to Spokane. In 
effect, therefore, this instrument gives a 
micrometer reading of the algebraic 
difference between the phase-shifter set¬ 
ting and the apparent phase-angle differ¬ 
ence between the bus voltages. The 
recorder has a range of plus and minus 30 
degrees which is more than ample to 
cover the normal variations from the 
base setting. This record on the ten-inch 


chart gives a very open scale and permits 
direct readings to one degree of phase- 
angle difference. 

The measuring circuit of the phase- 
angle recorder is shown schematically in 
figure 6, and is basically a form of a-c 
potentiometer which employs the null 
method of measuring the angle between 
the two sources, shown connected to El 
and £2, If these voltages are exactly in 
phase, the. recorder galvanometer will 
balance when the pen and indicating 



Figure 6. Measuring circuit on the phase- 
angle recorder-controller 


pointer are exactly in the center of the 
scale. If the voltage of the Morony bus, 
as corrected by the phase shifter, lags or 
leads the reference bus voltage (the re¬ 
ceived indication of the Spokane voltage), 
in time phase, a current will flow through 
the galvanometer, causing the **micro- 
max” balancing mechanism to change the 
relative values of capacity and resistance 
in the measuring circuit until zero de¬ 
flection of the galvanometer is obtained. 
The recording pen and the indicating 
pointer move as a unit with the balancing 
mechanism to show the new phase-angle 
difference. 

Besides measuring and producing a 
graphic record of the phase-angle differ¬ 
ence, this instrument contains the neces¬ 
sary contacts and control slidewires for 
originating correcting impulses which are 
sent to the governor motors to vary the 
Morony generation as required to main¬ 
tain the desired phase angle. A unique 
feature of this control is an automatic- 
droop corrector which varies the rate at 
which the controller restores the phase- 
angle departures back to schedule. If 
the phase-angle trend is away from the 
control point, a proportionately larger 
correction is made than when the trend 
is toward the control point. In other 
words, the control action is a function of 
both magnitude of deviation and trend 
of the deviation from schedule. This 
prevents the tendency for the control to 
“hunt,*' or “overshoot" and was found 
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to be an essential feature for this applica¬ 
tion. 

The frequency controller is of the 
standard proportional-step type. When 
the Montana system is operating alone, 
this instrument is used to maintain the 
frequency. It is also used in connection 



Figure 7. Switchboard control paneU at 
Morony hydroelectric station 


with the phase-angle recorder to provide 
a bias of phase angle on the frequency 
for certain operating conditions. 

The proportionate-load controller is 
of a similar type and is used to divide the 
load swing with the second unit, regard¬ 
less of the type of control on the station. 

Contacts were added to the frequency 
recorder to trip the control when the 
system frequency departs a predeter¬ 
mined amount from normal, such as under 
fault or surge conditions. 

With this equipment the following four 
alternate types of control, which were 
previously described, are available: 

1. Flat phase-angle control 

2. Phase-angle bias control 

3. Selective-frequency control 

4. Flat-frequency control 

The change from one type of automatic 
operation to another is accomplished by a 
single station operation selector switch 
on the automatic-control panel. The 
appearance of this panel is shown in 
figure 7. Figure 8 shows the appearance 
in greater detail of the phase-angle 
recorder-controller itself. 


Operating Experience 

The complete phase-angle control 
equipment was first placed in service on 
December 10, 1936. The phase-angle 
recorder-controller instrument initially 
installed was found to have an inadequate 
speed of response, as the changes in 
phase angle occurred much more rapidly 
than had been anticipated. The original 
instrument was replaced in July 1937, 
with one having approximately six times 
the rate of control response. The opera¬ 


conditions. While not provided in the 
original installation, an automatic alarm 
has since been added for signaling the 
attendant in the event of failure of the 
carrier-current signal. This consists of 
an electronic relay with the grid of the 
tube controlled positive by the incoming 
signal. On the failure of this signal, the 
tube stops drawing current and releases 
a relay, tripping off tlie automatic con¬ 
troller and operating an alarm. Main¬ 
tenance of the carrier-current equipment 
has consisted principally of tube replace¬ 



tion of the control equipment has been 
very satisfactory and it has not required 
any maintenance other than oiling and 
cleaning. 

Operation of the carrier-current equip¬ 
ment has also been very satisfactory. 
The equipment was originally instal le d 
with coupling to two phases of the 110-kv 
system, but transmission tests indicated 
superior performance with coupling be¬ 
tween one phase and ground within the 
frequency band desired, and operation 
has been on this basis. It is very seldom 
that a signal failure occurs due to storm 


Figure 8. Views of the phase-angle recorder* 
' controller 


ments. Both the transmitter and re¬ 
ceiver have been modified in order to use 
standard tubes. 

Previous a-c calculating board studies 
indicated that when the new line was 
completed, a phase angle of approxi¬ 
mately 72 degrees between Spokane and 
Morony would be the “practical steady- 
state limit,” with a corresponding to^ 
power flow eastward, consisting of the 
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interchange at Burke plus the Thompson 
Falls generation, of 75,000 kw, for the 
particular distribution of the inter¬ 
mediate loads assumed. This “practical 
steady-state limit” was the maximum 
power flow or phase angle possible, con¬ 
sistent with maintaining tiie minimum 
allowable operating voltages at sub¬ 
stations along the line. The theoretical 
steady-state power limit would be slightly 
higher, but was not determined in those 
studies. It was thought that in actual 
operation, the average amount of power 
delivered, and the phase angle to be 
maintained, would have to be limited to 
values less than the above, to allow for 
power swings between systems, or to 
approximately 65,000 kw average and 60 
degrees. 

Experience with the new line and the 
phase-angle control equipment in service 
has shown that when operating with an 
average indicated phase angle between 
systems of 55 degrees, the only separa¬ 
tions of the systems are those resulting 
from line troubles. At 60 degrees, sepa¬ 
rations are likely to occur about once 
every three days (from operation of an 
instantaneous undervoltage relay at 
Burke indicating instability). At 70 
degrees, operation is only possible with 
continuous vigilance on the part of the 
operators. The maximum indicated 
phase angle at which the systems have 
been operated under automatic phase- 
angle control, was 74 degrees, and under 
the system loading conditions existing at 
the time the total power flow eastward 
was 61,000 kw. 

The total hourly average power flow 
eastward, however, has often reached 
80,000 kw, the maximum recorded being 
82,700 kw. For this large hourly average, 
the flow during the hour varied from 
80,000 kw to 86,000 kw. The correspond¬ 
ing average phase-angle indication was 
approximately 55 degrees. Usually, how¬ 
ever, an indicated phase angle of 60 
degrees results in a power flow of from 
50,000 kw to 60,000 kw. 

Figure 9 illustrates the typical per¬ 
formance of the interconnection under 
automatic phase-angle control. In this 
figure, the first chart at the left is the 
system frequency, the second chart is a 
record of the power interchange at Burke 
(from 40,000 to 60,000 kw toward Mon¬ 
tana), the third chart shows the varia¬ 
tions in the phase-angle difference be¬ 
tween systems, and the chart at the right 
gives the record of the Morony plant 
output. It may be clearly noticed that 
over considerable periods of time, while 
the average phase angle remained es¬ 
sentially constant, the average kilowatt 



A B C D 

System frequency Burke Interchanse Phase-angle difference Morony output 


Figure 9. Typical charts showing operation of interconnection under phase-angle control 

interchange between systems was con- the typical comparative phase-anglevaria- 

tinually varying several thousand kilo- tions (a) when the automatic controller 

watts with occasional changes of as much is out of service and with the Morony 

as 6,000 to 10,000 kw. This illustrates output regulated manually to maintain 

the fundamental idea of phase-angle constant phase angle, and (6) with the 

control as contrasted to tie-line load con- automatic phase-angle control equipment 

trol. Such changes in interchange indi- in service. Whenever the Morony out- 

cate the normal variations in the location put gets outside of the regulating range 

and magnitude of the intermediate loads of the generators in service, the phase 

on the two systems, and are to be ex- angle, of course, cannot be held at the 

pected and desired under this type of desired value. Such an occurrence is 

control. Also illustrated in figure 9, at illustrated on this chart between 8 a.m, 

about 1 p.m., is an instance of the sys- and 9 a.m. 

terns separating unexpectedly, which is Usual practice so far has been to oper- 
never desired. In this instance the ate with “phase-angle bias control,” with 

apparent phase angle between systems frequency as the major influence. It is 

reached a value of 76 degrees and the expected that further operating ex¬ 
interchange at Burke 55,000 kw when the perience, not only with “phase-angle 

interconnection was opened by operation bias control,” with varying relative 

of overload relays. degrees of influence between frequency 

Figure 10 illustrates in greater detail and phase angle, but with “flat phase- 
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Figure 10. Typical chari—phase-angle differ¬ 
ence—manual and automatic control 


angle control’* and “selective-frequency 
control,” will permit more definite con¬ 
clusions regarding the relative merits of 
different types of control for the different 
operating conditions that may arise. 

Figure 11 shows typical charts of sys¬ 
tem frequency and Morony plant output, 
when the Montana system is operating 
isolated from the other systems, with 
automatic-frequency control in service 
at Morony. A comparison of the fre¬ 
quency record with that shown in figure 
9 is of interest and of significance. The 
wider band of the frequency record in 
figure 11 is evidence of the relatively 
larger load changes with respect to the 
generating capacity, on the Montana 
system, as compared to the entire inter¬ 
connected group of systems. 

One of the difficult features in the 
control problem of this intercoimection is 
the rapid power fluctuation as shown by 
the typical high-speed chart of power flow 
through Burke, figure 12. The governors 
and water wheds that are regulated by 
the phase-angle controlld: are not fast 
enough to eliminate these fluctuations, 
as tests have shown that the output of 
the generators does not respond to the 
control impulses for 4 V 2 to 6 seconds. 
While the controller helps to lessen the 
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Figure 11. Typical charts illustrating isolated 
operation of Montana system with automatic 
frequency control 


magnitude of the surges, it is obvious 
that any slow response of the governor, 
gate mechanism, and water column tends 
to lead away from the desired results. 
Further attempts are being made to 
secure faster action of the governor, 
thereby reducing the delay between con¬ 
trol impulses and water-wheel response. 

A co-operative study was made to 
determine the cause of these rapid and 


persistent surges in power flow through 
Burke by a committee made up of repre¬ 
sentatives from each of the interconnected 
companies. Material for the study was 
obtained in a unique manner which has 
many possibilities for further use. It 
being desired to secure simultaneous 
readings of power flow tlirough inter¬ 
connecting ties as well as readings of 
power output at several stations, each 
company planned to install high-speed 



Figure 12. High-ipeed chart—megawatt 
interchange at Burke—power into Montana 
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wattmeters at key locations and one 
company would secure a high-speed 
frequency record. 

In order to take numerous readings 
simultaneously, small homemade carrier- 
current receivers were installed at the 
location of each recording meter, with 
these receivers tuned to the phase-angle 
carrier frequency. In accordance with 
prearranged schedules, an observer at 
Spokane interrupted the carrier signal 
for a fraction of a second at regular in¬ 
tervals of 30 seconds. At each interrup¬ 
tion the various observers marked their 
respective recording charts. In this 
manner simultaneous readings of power 
flow were taken on the systems of the 
Northwestern Electric Company, Puget 
Sound Power and Light Company, 
Pacific Power and Light Company, The 
Washington Water Power Company, and 
The Montana Power Company. As 
these charts indicated that five out of six 
times when the flow of power into Mon¬ 
tana increased, the frequency was lower, 
indicating apparent power increases in 
Montana, and as it was not reasonable 
to believe that this proportion of the load 
changes occurred in Montana, further 
studies were made. It was concluded 
that many of the swings were not so much 
the direct result of actual load changes, 
as evidence of disproportionate and un¬ 
timely increases in power input from 
certain systems and stations in endeavor¬ 
ing to restore system speed to normal— 
definitely indicating a lack of co-ordina¬ 
tion of governors, both steam and hy¬ 
draulic. If all governors had the same 
speed of response, the situation should be 
considerably better. This problem is 
still being studied co-operatively by the 
several companies. 

Conclusions 

Installation of automatic control based 
on phase angle has accomplished the 
following: 

1. Made it possible more completely to 
utilize the capacity of the interconnection 
transmission facilities, practically up to 
the stable limit at all times, and thereby 
transfer greater amounts of energy. During 
one month, over 30,000,000 kilowatt-hours, 
an average of about 46,000 kw, or 70 per 
cent of the stable limit, were transferred. 

2. Improved the operating performance 
of the interconnection by permitting large 
transfers of power without numerous 
separations of the systems. The average 
power flow possible with satisfactory per¬ 
formance is in the order of 20 to 26 per cent 
greater than that possible with manual 
control. 

3. Relieved the operating personnel of 
much of the continuous and tedious super¬ 


vision of the power interchange, decreased 
the number of telephone calls between 
operators and dispatchers, and minimized 
the manual operation of the controlling 
plant. 


Discussion 

V. M, Marquis (American Gas and Electric 
Service Corporation, New York, N. Y.): 
The paper by Messrs. Pierce and Hamilton 
describes another method of approach on 
the problem of regulating power flow 
between interconnected systems and is 
especially applicable where there ate many 
intervening loads, the magnitude of which 
^e of a highly fluctuating character. As 
interconnected systems have grown, it 
has become more and more apparent that 
merely tying together systems does not 
mean interconnected system operation 
unless the technique of operating these 
interconnections is properly developed. 
Great strides have been made over the past 
few years in developing this technique and 
there still remains work to be done. 

On most large interconnected systems it 
has become apparent that to regulate 
properly the power flow between systems 
and thus maintain schedules manual control 
alone is not in general satisfactory. Some 
form of automatic control is usually neces¬ 
sary. For the most part it has been pos-* 
sible to work out a combination of fre¬ 
quency and tie-line control by simply 
using an indication of the power flow on 
tie lines either at the point at which the 
regulating is done or by telemetering from 
the proper point on the tie line. 

The problem which the authors of this 
paper had to meet is somewhat more difficult 
due to the limitations in capacity of the 
lines and due to the nature of the loads 
tapped off between the systems. The 
result obtained in this case is ample proof 
of the effectiveness of the control system 
described by the authors. Although this 
development may have rather limited 
application, it is gratifying to know that 
another tool has been developed for im¬ 
proving the operating technique of inter¬ 
connected systems. 


A. N. Geyer (Woodward Governor Com¬ 
pany, Seattle, Wash.): It has been a 
pleasure to hear Mr. Pierce talk about 
this unique control arrangement, about 
which we have been hearing good reports 
at several other meetings here in the North¬ 
west during the past year or so. It has 
been .my privilege to study even more 
accurate charts representing its per¬ 
formance, these being high-speed charts 
taken like the one of figure 12 at about 
one inch per minute. When such charts 
are assembled as in figure 9, with time 
markings all coinciding, the record of the 
phase angle is seen to follow very closely 
the changes of power in the tie line. Like¬ 
wise, a further comparison of the Morony 
output curve shows very definitely the 
extent to which these are in agreement or 
conflict. 

For example, take a conspicuous increase 
in power flow toward Montana, and 


straight below we look for an upswing of 
Morony output, with whatever delay 
actually occurs. Since this is given in the 
paper as being often four or five seconds, 
it seems unfortunate that the telemetered 
indication of upswing, after being trans¬ 
mitted immediately for several hundred 
miles to the generating station, is there 
delayed like tliis in going the remaining 
few feet to get the needed response on the 
prime mover. 

Regarding the later reference to the 
unco-ordinated action of various governors 
on the interconnected systems, this would 
seem very likely when remembering that 
a good many of these are early-day models, 
thus not representing a high-grade per¬ 
formance on a par with this other part of 
the equipment concerned in this new method 
of control. A direct showing of how such 
old governors often perform may be seen 
in those particular plants where the several 
units are in a line, enabling an observer 
at one end and looking across them to see 
the relative movements, and as the speed 
changes in regular manner, the governor 
movements are seen not to be together, but 
even traveling in opposite directions at 
times, indicating that they can't all be 
right. From what I have observed I feel 
this is an explanation of earlier reported 
hunting swings across this Northwest inter¬ 
connection that was observed to occur a 
few times a minute in a plain showing on 
the charts. But the case is different with 
modem precision govemox*s, contrary to 
the commonly expressed fear df ^‘governors 
fighting each other," for if all are very 
sensitive to start early in any speed change, 
and are stabilized to stop where needed 
through proper dashpot action insured by 
correct field adjustments, they don't do 
the wrong thing any more than does some 
other highly developed precision apparatus. 
Then with all working correctly in response 
to any change in speed, their benefits are 
cumulative in maintaining close speed. 

To bear out these statements by referring 
to a situation of interconnection and power 
regulation' that is a very close parallel to 
the problem under discussion, I want to 
say that during the past year I have been 
working on improvements on governors 
where a rough mining load at one end near 
a group of hydro plants is connected over 
the mountains with a larger system which 
has a regular lighting and commercial load 
but uses an automatic frequency controller. 
The situation was just the same as here, 
in that the tie-line loading must not be 
allowed to go high enough to cause diffi¬ 
culty. Hence in order to prevent the 
heavy mining load fluctuations from flowing 
through the interconnection, these changes 
must be absorbed largely on their own 
system, that is, by their own hydro units. 
Now this must be done in spite of the 
average frequency controller on the other 
system. This called for the highest order 
of sensitivity in these governors, also the 
fastest rate of operation practicable. By 
modernizing these governors, they were 
put into the class of good modern governors 
and by using the very smallest droop prac¬ 
ticable, they were enabled to respond well 
to every quick change of speed to take most 
of the load changes on their own system. 
In order to help hold the steady-state 
loading d€isired in the tie line, a telemeter¬ 
ing arrangement was put in to indicate 
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in the controlling station the power flow 
in the interconnection. This is valuable 
to the operator in avoiding slow drifts at 
any time including those during the be¬ 
ginning and end of working shifts at the 
mines. 

In order to assist in this holding of the 
average loading in the tie line, it is the plan 
to go farther and make the whole thing 
automatic, by arranging to put this tie¬ 
line loading influence directly on the gover¬ 
nors. This is being done, however, in a 
manner considerably different from the 
usual practice of using the synchronizing 
motor, by making the action direct on the 
governor controls. It is hoped that more 
operating results of this whole eqiflpment 
may be reported later. 


Sherwin H. Wright (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.); In system planning and 
design it •is usually transient stability, 
rather than steady-state stability that 
receives first consideration. This is logical, 
for steady-state stability limits are usually 
much liigher and less important than the 
transient stability limits. Attention has 
therefore been focused for some time on 
methods of increasing transient stability 
limits, resulting in such developments as 
high-speed breakers and relays, quick- 
response excitation, and most recently, 
high-speed reclosing breakers. 

During this development period system 
interconnections have become the rule 
rather than the exception and while tran¬ 
sient stability of such interconnections is 
still lower than steady-state limits, yet the 
latter are for various reasons quite im¬ 
portant, as in the case described in this 
paper by Pierce and Hamilton. The 
authors describe a case involving several 
large-size systems as evidenced by the ca¬ 
pacities given in the article: 


Kilowatts 


The Montana Power Company. 250,000 

The Washington Water Power Company... 200,000 
Puget Sound Power and Light Company. - . 300,000 
Pacific Power and Light Company and 

Northwestern Electric Company. 120,000 

Portland General Electric Company. 175,000 

Washington Gas and Electric Company.. . 30,000 


Thus it is seen that the total generating 
capacity involved is considerable, and it is 
quite probable that there are similar system 
groups in existence where phase-angle 
control apparatus can be and will be suc¬ 
cessfully applied. 

It is pertinent to note that this phase- 
angle control equipment, since it controls 
the phase angle, is applicable in situations 
where phase-angle difference is a suitable 
and preferable control index. In the 
application described by the authors it 
was recognized (1) that the highest limit is 
the steady-state stability limit, (2) that the 
steady-state voltage limit is somewhat lower, 
and (3) that the control should be set for a 
value lower than (2) in order to allow margin 
for continual power swings between the sys¬ 
tems. 

As stated by the authors, the reason 
that kilowatt loading in itself is not a 
proper index is because along the inter¬ 


connection there are loads which vary in 
both location and magnitude; such a 
situation gives phase-angle the preference 
over kilowatt loading as a control index. 
Under such conditions of variable location 
and magnitude of intermediate loads, phase- 
angle control may find successful applica¬ 
tion in not only cases where steady-state 
stability or steady-state voltage determines 
the practical operating limit, but also in 
cases where the practical limit is deter¬ 
mined by transient stability for faults on 
the interconnection itself. 


H. L. ^elvin (Ebasco Services, Inc., New 
York, hi. Y.): This discussion of the paper 
by Messrs. Pierce and Hamilton is pre¬ 
sented for the purpose of amplifying some¬ 
what the section dealing with operating 
experience. Because of the familiarity 
of the discusser with the interconnected 
operation of the Pacific Northwest systems 
during the past several years, the liberty 
is being taken of relating two or three items 
of interest which might more properly be 
presented by representatives of the several 
utility companies. 

The paper gives a brief report of the 
high-speed chart-marking tests at inter¬ 
connection points and controlling power 
stations. It was suspicioned that varia¬ 
tions in governor sensitivity and dead 
time between the closing of governor- 
motor contacts and the kilowatt response 
of the generators were responsible to a 
large degree for the occasional large power 
swings and to some extent the amplitude 
of the regularly occurring swings. To 
check thif suspicion, a photoelectric fre¬ 
quency recorder with an auxiliary me¬ 
chanical pen was borrowed from the General 
Electric Company and preliminary tests 
were made^o determine the characteristics 
of several governors on the interconnected 
systems. These tests demonstrated con¬ 
clusively that unco-ordinated governor and 
automatic phase-angle control action could 
be accountable for the magnitude of at 
least a part of the power swings. The tests 
were not complete nor was the frequency 
recorder alone adequate for the purpose. 
Accordingly, the Washington Water Power 
Company purchased and has just received 
a General Electric, two-element, photo¬ 
electric recorder which will make a record 
of frequency and kilowatts; also, it has 
two auxiliary pens for mechanical attach¬ 
ment, all on one variable high-speed chart. 
It is planned to use this instrument for 
analyzing, adjusting, and co-ordinating the 
operation of governors, also automatic 
tie-line load-control equipment on the 
interconnected systems. The recording and 
analyzing of power flow at interconnection 
points with variations in system frequency 
also can be accomplished. 

Since the paper was prepared, there has 
been placed in service an automatic tie¬ 
line load-control equipment of General 
Electric Company manufacture between 
the systems of the Puget Sound Power and 
Light and The Washington Water Power 
companies. Kilowatts interchange on the 
Chelan-Wenatchee interconnection is trans¬ 
mitted by carrier signals to the White 
River plant on the Puget Sound Company’s 
system and the output of this plant is 
automatically controlled to hold the inter¬ 
change at desired values. It, like the 


automatic phase-angle equipment between 
Washington and Montana, is working 
successfully. 

Though all of the systems from Montana 
to the Pacific Coast are now operated 
successfully in parallel, it is expected that 
improvements wfll be realized through 
further applicatiojfi of Automatic load- 
control equipment and better co-ordination 
of governor tnd automatic control actioq. 
after completion of tests with the photo¬ 
electric frequency^ and kilowatt meter. 
Progress will be made ^nly if this work is 
carried on in the splendid co-opq^ative 
spirit which exists among the operating 
organizations; also between the^ electrical, 
hydraulic, and mechamcal engineers in¬ 
volved. 

It should be remembered that the ca¬ 
pacities of the interconnections are rather 
limited and distances in the Northwest 
are relatively great. However, with maxi¬ 
mum utilization of the interconnection 
facilities it is believed that present capacities 
will be adequate for some time. Eco¬ 
nomics and service are controlling con¬ 
siderations rather than the control of inter¬ 
change to precise demand values, which in 
reality should have little if any place in 
interchange agreements. 


R. E. Pierce and B. W. Hamilton: The 
authors are gratified at the interest shown 
in the new method of control described. 
We concur in the view of the several dis¬ 
cussers, and would like to emphasize some 
of these points. 

Mr. Geyer brought out very well that 
the apparent lack of co-ordination between 
the various governors and with the auto¬ 
matic control equipment would perhaps 
not exist were the governors of modern 
and sensitive design and properly adjusted. 
We also anticipate that somewhat improved 
co-ordination and over-all system per¬ 
formance can be obtained, even with the 
present installe(J governors, following com¬ 
pletion of the further studies mentioned 
and following whatever maintenance and^ 
adjustments that may be indicated as 
necessary. This will probably include 
making certain governors less sensitive for 
small speed variations (and considerable 
more thought being given to speed-droop 
setting). Mr. Geyer also describes a 
somewhat parallel case, where it is planned 
that automatic control of an intercon¬ 
nection will result in practically all of the 
load swings on one system being absorbed 
on that system. The results secured will 
be of interest, and we hope will be reported. 

As Mr. Marquis points out, some form 
of automatic control is usually necessary 
to maintain scheduled power flows between 
systems, but that in the situation described, 
we were attempting to do somewhat more 
than maintain a scheduled flow. Inas¬ 
much as any predetermined scheduling of 
power flow at some arbitrarily selected 
interconnection point (usually wherever 
ownership of facilities changes) does not 
always result in maximum utilization of 
the transmission facilities, it is pertinent, 
as Mr. Melvin has done, to raise the ques¬ 
tion as to whether definite scheduling of 
interchange flows to precise demand values 
is always the best over-all practice. In our 
opinion, there are probably many inter¬ 
connections where the full capabilities of 
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Static Power Limits of Synchronous 
Machines 


By CHARLES F. DALZIEL 

ASSOCIATE AIEE 


T his paper presents an analysis of 
tht determination of static power 
limits of power systems and offers an 
accurate method considering resistance, 
shunt loads, saliency, and saturation. 
The conventional methods of determining 
the static power limits of systems com¬ 
posed of synchronous machines and shunt 
loads based on unsaturated cylindrical- 
rotor theory give only approximate 
results. It is fortunate that the actual 
maximum power transfer is generally 
larger than the calculated value obtained 
from the customary analysis. Machine 
saturation and saliency increase the 
power limit, the difference decreasing 
with increased system impedance. The 
validity of the method is shown by the 
check between experimental values ob¬ 
tained from three small machines and 
theoretical curves. It was found that 
errors due to neglecting saturation are 
more significant than those due to 
neglecting saliency. 

Static power limits are important 
because they may be exceeded under 
emergency conditions, even though the 
system is designed to operate well below 
these limits normally. Although tran¬ 
sient stability will probafily continue to 
-•_ 

Paper number 38-108, recommended by the AIEE 
committee on electrical machinery, and presented 
at the AIEE Pacific Coast convention, Portland, 
Ore., August 9-12, 1938. Manuscript submitted 
June 8, 1936; made available for preprinting July 
11, 1938. 


be regarded the most important factor 
limiting the power transfer through most 
practical systems, recent accoi^nplish- 
ments which increase the transient limit 
reduce the difference between the tran¬ 
sient and static power limits, and an 
accurate analysis of static power limits 
is of increasing importance. It is possible 
that studies made on operating systems 
might indicate minor or preferred changes 
in load dispatching which would result 
in higher power limits and greater margins 


It has been shown that inertia effects 
may cause a difference between the 
maximum power output and the static 
stability limit. ^ In the experimental 
work reported here, the difference be¬ 
tween the maximum power and static 
stability limits was negligible for syn¬ 
chronous generator-motor systems. Sys¬ 
tems involving two generators and shunt 
loads were much more stable, and it was 
possible to operate the machines ""with 
displacement angles up to 91 electrical 
degrees. However, when the displace¬ 
ment angles exceeded that corresponding 
to maximum power output, the machines 
were in unstable equilibrium and required 
very careful supervision, any slight mis- 
adjustments causing immediate loss of 
synchronism. It was conclu4ed that 
for practical purposes static stability 
may be regarded as a problem of stable 
equilibrium in which all transieijt phe¬ 
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the facilities should be utilized, and efforts 
made to equitably share the burdens and 
benefits between the interconnecting parties, 
rather than to make extraordinary efforts 
to control the operation to maintain arbi¬ 
trarily predetermined interchange values. 

We agree with the opinion expressed by 
Mr. Wright that phase-angle control may 
find application where the practical limit 


of stability, ultimately reflecting in¬ 
creased reliability of system operation. 

Much data included in this paper 
were obtained by graduate and senior 
students under the writer’s supervision. 
No serious experimental difficulties were 
encountered, and a number of the runs 
were repeated and rechecked at various 
times during the past three years. 


is determined by transient stability, a 
well as in cases, such as the one described 
by the authors, where it was desired to 
operate beyond the transient stability limit 
and as close as practicable to the steady- 
state limit. In either case, the phase- 
angle difference between systems is the 
basic determining factor between stable 
and unstable conditions. 


nomena and inertia effects are neglected. ^ 
This is in agreement with the recent 
report of the AIEE committee on the 
subject.® 

The stability limit is determined by 
the first synchronous machine to reach 
its maximum power output. A system 
is considered stable if all the machines 
are operating in stable equilibrium. It 
will be unstable if any machine is un¬ 
stable.^ A machine operates in stable 
equilibrium if each additional increment 
of load is accompanied with a corre¬ 
sponding increasing increment of dis¬ 
placement angle. For each machine a 
critical load will finally be reached which 
is the maximum load the machine can 
carry and operate in stable equilibrium 
with respect to the other machines. If 
further attempt be made to load the 
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machine, it will be found that increasing 
increments of displacement angle are 
accompanied by decreasing increments 
of load, and the machine will be unstable 
equilibrium. 

Static stability refers to the normal 
power transfer through a system, and 
should not be confused with transient 
stability in which the effects of dis¬ 
turbances are considered. Two static 
power limits are distinguished: 

I. The steady-state power limit is defined 
as the maximum power that may be trans¬ 
ferred through a network without loss of 
synchronism when the machine excitations 
are maintained constant at the values 
necessary to produce the terminal voltages 
required for the initial system loading. It 
is assumed that the disturbance caused by 
the addition of each increment of load has 
ceased before the next increment is applied.^ 

II. The dynamic power limit is defined 
as the maximum power that may be trans¬ 
ferred through a network without loss of 
synchronism when the machine excitations 
are varied either manually or by automatic 
devices to maintain the voltages at one or 
more points at constant, or at definite 
values. It is assumed that the disturbance 
caused by the addition of an increment of 
load is over before the next is added, and 
that the increments are applied at a slow 
enough rate to permit the restoration of the 
system voltages before the next increment 
is added. 

The power-angle equations for a sys¬ 
tem involving n salient-pole machines 
have been taken from Longley.® The 
general case is complicated due to the 
number of variables involved. For- 
tunatdy, the important two-machine 
problem can be solved easily and deriva¬ 
tions of power and current-angle equa¬ 
tions are given in the appendices. The 
author believes this is the first time con¬ 
cise equations for two salient-pole ma¬ 
chines have been published.® 

Determination of the 
Steady-State Power Limit 

The machine internal voltages are 
determined from the known or 



Fisure 2. Variation of quadrature-axis syn¬ 
chronous reactance with air-gap voltage 
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load and substituted in equations 11 and 
12 (see figure 1). The displacement 
angle (5) is arbitrarily increased and the 
first machine to reach its maximum power 
output determines the power limit of the 
system. The steady-state limit is of 
minor interest in power systems, but it 
is important in determining the pull-out 
torque in synchronous machines using 
fixed excitation or manual control. 

Determination of the 
Dynamic Power Limit 

The dynamic power-angle curve inter¬ 
sects each of a family of steady-state 
power-angle curves at points of known 
voltage and current. The limit of stable 
equilibrium of a synchronous machine 
occurs when the dynamic curve inter¬ 
sects the first steady-state curve at its 
maximum point. This point may be 
determined by plotting stabfiity coeffi¬ 
cients for increasing values of power or 
displacement angle. The first stability 
coefficient to change sign determines the 
power limit. Since the voltages and 
currents are known, equations 13 and 14 
are used to determine the stability coeffi¬ 
cients. For this case the system im¬ 
pedances contain of the machines, 
and represents the voltage b^ind the 
quadrature synchronous reactance. 

Although not stated in the paper by 
Edith Clarke and Lorraine, “ their analysis 
may be used to determine the dynamic 
power limit of systems composed of 
three or more salient-pole machines if 
their equations 1 to 8 contain the Xf, 


of the machines and the corresponding 
voltages behind X^, 

For cases in which the system voltages 
are maintained constant, all shunt 
loads including s)mchronous condensers 
and induction motors may be repre¬ 
sented approximately by simple shunt 
impedances. This treatment assumes 
that the induction motor portion of the 
system load remains stable. Since the 
maximum power transfer is ordinarily 
limited by the synchronous machines on 
the system, this assumption should not 
introduce significant errors in the result. 
See references 2 and 7 for accurate treat¬ 
ment. 

Consideration 
of Saturation 

Saturation in the synchronous ma¬ 
chines was neglected in the preceding 
discussion. The power or current equa¬ 
tions give accurate results if satiurated 
values of the machine Xq corresponding 
to the machine air gap voltages are 
used.®’® Determination of the steady- 
sta,te power limit is complicated by 
variations of Xq and the correction for 
saturation with current. Fortunately, 
the dynamic limit, which is the most 
important from a practical standpoint, 
may be determined easily, since the 
voltages are known and the current or 
power is the independent variable. The 
saturated Xq corresponding to the air-gap 
voltage is obtained and JEq determined. 
These values are then used to determine 
the stability coefficients using equations 


Figure 3. Uniatu- 
rated synchronous 
motor operating from 
an infinite bus 

SP —^Salient pole 

RP —Round rotor 

SM —^Synchronous 
motor 

SSPL —Steady - state 
power limit 
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Figure 4. Unsaturated synchronous motor operating from an infinite bus^ 
with series impedance 



Figure 5. Unsaturated synchronous motor operating from an infinite bus, 
with series resistance 


It was concluded that the common 
method of determining the unsaturated 
power limits should give results of suffi¬ 
cient accuracy for most engineering 
purposes. It will be shown that the 
effects of saturation are likely to cause 
much greater errors than those caused 
by neglecting saliency. 


13 and 14. In this case the system 
impedances, Zn, Z 22 , and Z 12 contain 
the machine 3,nd the E^s are the 
corresponding • voltages behind the Xqs> 

It is believed that the dynamic power 
limit may be approached in large power 
systems, since variations in load generally 
occur at a slow enough rate to permit 
modem voltage regulators and governors 
to maintain the system voltage and fre¬ 
quency. The method permits an ac¬ 
curate determination including resistance, 
saliency, and saturation. It should be 
of particular value in determining the 
maximum power transfer over single¬ 
circuit tie lines, as well as the emergency 
power limits of transmission systems in 
general. ' 

Experimental Results 

The laboratory work centered about 
two similar synchronous machines rated: 
15 kva, 220 volts, 39.4 amperes, 1,200 
rpm, 60 cycle, 3 phase. The quadrature 
axis synchronous reactances versus air- 
gap voltage are given in figure 2.* 

* Per unit quantities are used throughout this 
discussion. 1.00 per unit power equals 15 kw. 
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The unsaturated machine constants 
are: 

Machine A. Ra = 0.044, Xi = 0.072, 
Xd = 1.15, = 0.742. 

Machine B. = 0.045, Xi = 0.071, 
Xa = 1.10, = 0.722. 

Steady-State Power and Current 
Characteristics, Unsaturated 
Synchronous Motor 

Figures 3, 4, and 5 show calculated 
and test results of machine Ay energized 
from an infinite bus at half voltage. 
With the excitation held constant, values 
of power and current were obtained for 
various loads up to pull-out. Theo¬ 
retical power and current-angle curves 
using both round-rotor and salient-pole 
analyses were plotted to compare results. 
Although the round-rotor theory yields 
poor results with respect to displacement 
angle, the differences at pull-out were 
small, and the errors decreased with 
increased system impedance. The differ¬ 
ence between the shaft and bus power 
was due to the PR loss in the machine 
and series impedance. Motor power 
was plotted negative to avoid confusion. 
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Steady-State Power Angle Curves, 
Synchronous Generator-Motor 
System 

Figures 6 and 7 show calculated and 
test results with machine B driving 
machine A. With the excitations held 
constant, corresponding to approximately 
half voltage at no load, values of power 
were obtained for various loads up to 
pull-out. Again the agreement between 
test and calculated results substantiates 
the analysis and should lead to a better 
understanding of the unsaturated syn¬ 
chronous machine. 

Figure 8 shows similar results under 
saturated conditions. For the steady- 
state test, the machine excitations w;ere 
held constant corresponding to rated 
voltage at no load. The power-angle 
curve was obtained as before. Calcu¬ 
lated power-angle curves using unsatu¬ 
rated machine constants are included for 
comparison and . indicate the .necessity 
for considering saliency and saturation 
if accurate results are required. It is 
obvious that this statement applies to 
both steady-state and dynamic power 
limits. It was concluded that errors 
due to neglecting- saturation are more 
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significant than those due to neglecting 
saliency. 

For the dynamic stability test, the 
machine excitations were varied to hold 
the motor terminal voltage and power 
factor constant at unity. The dynamic 
limit of the system was not reached due 
to limitations of equipment. The corre¬ 
lation between observed and calculated 
values for this highly saturated case is 
an indication of how accurately satura¬ 
tion may be included, since E 2 was held 
constant at rated value and Ei varied 
from 1.00 to about 1.25. 

Two Synchronous GeneratorSi 
Variable Shunt Load, and Series 
Impedance 

In this test an attempt was made to 
duplicate the general two-machine prob¬ 
lem. A variable three-phase balanced 
resistance load connected to the terminals 
of generator A was energized from both 
generators. The power supplied at the 
load was held in the ratio P 1 /P 2 « 2/1, 
and the frequency was held at 60 cycles. 
Startingat no load, the deHvered power- 
angle curves were obtained by gradually 
increasing the shunt load. 

For the steady-state test the 
excitations were held constant corre¬ 
sponding to a no-load voltage, M 2 = 
0.4516. The load was applied and the 
power-angle curve obtained. It is in¬ 
teresting to note that the two generators 
were inherently more stable than during 
the generator-motor tests and several 
points were obtained in the region of 
unstable equilibrium (see figure 9). 

For the dynamic test, the machine 
excitations were varied to hold the load 
voltage constant (Et =. 0.4615), and the 
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Fisure 6. Unsatu¬ 
rated synchronous 
generator-motor sys¬ 
tem 

SG — Synchronous 
generator 
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Figure 7. Unsaturated synchronous generator-motor system, with 
resistance 


series 
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power factors unify at the load. The 
method of calculating the dynamic curve 
will be illustrated by a specific example. 

0.50, Pi - 0.333, and P, - 0.167 
P/E » 1.108/a 
0.738^ and/j = 0.370/0 

impedance, Z, » 0.123 -|- jO.692 
- 0.702 /79.9 

■ Ex + /,Ze 

' 0.4616^ -1- 0.738^ X 0.702/79.9 
' 0.744/43.2 

Ex 4- hZti 

0.744/43.2+0.738^(0.045+i0.07l) 
0.804 

/0.571 from figure 2 

Ex + /iZ„ 

0.744/43.2 + 

0.738/0 (0.045 + j0.671) 
1.09 6/58;2 

similar process, - ^'0.723 and 
0.53 8/29.7 

68.2 - 29.7 = 28.6 
(0.046 + 0.123) + ^(0.571 + 0.692) 
1.272/82.4 

(0.044 +i0.723) - 0.72 4/86.5 


Xgx 


By a 

Pfl* « 
Zi « 

B2 » 


‘ 0.407/0 


2^12 

Ctlt 

Si 

& 


1.108/0 

Zi + Zi + zizi/zt « 3.1 4/129.6 
-39.6 

cos(28.6 + 39.6) 

0.373 from equation 13 
cos(28.6 - 39.6) 

0,981 from equation 14 

The complete curve was obtained by 
repeating the process using increasing 
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values of power. It was noted that this 
operating condition required large in¬ 
creases in El, and varied from 0.700 
to 0.468 due to saturation. Unfortu¬ 
nately the dynamic stability limit was 
not reached due to limitations of the 
equipment. 

The dash-line curves of figure 10 
illustrate the determination of the dy¬ 
namic limit when the machine excitations 
were varied to hold both generator 
terminal voltages equal at 0.4515. The 
stability coefficient Sia indicates a theo¬ 
retical maximum delivered load of 0.280 
per unit. Although it was possible to 
supply a slightly greater load, the syst^ 
became very unstable and soon lost 
S3mchronism. 

The solid-line curves of figure 10 
illustrate the determination of the dy¬ 
namic limit when a 7.6-kva 220-volt 
19.7-ampere cylindrical-rotor machine 
used as a S3rnchronous condenser was 
connected at the load to inQintain 
voltages. During this test the power 
supplied to the load was held in the 
ratio P 1 /P 2 = 2/1, and machine A was 
held at unity power factor. The losses 
of the condenser were considered as part 
of the load. Stability coefficient Su, 
determines the stabiKty limit of the 
system with a delivered power equal to 
0.270 per unit. 

The assumption that a i^mchronous 
condenser can be replaced with a static 
condenser for dynamic analysis is verified 
from inspection of the curve. Experi- 
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mental points using three different static 
condensers are in good agreement with 
the other results. 

Calculated curves showing various 
factors which may limit the power 
transfer for this typical system are 
given in figure 11, in which the ratio 
-P 1 /P 2 has been varied over a wide range. 
The burned operating conditions were 
the same as those of the preceding test. 
The rapid increase in dynamic stability 
occurs when the machines are operating 
with nearly constant displacement angles 
between them, a condition similar to the 
dynamic curve of figure 9. A similar 
study applied to practical systems might 
indicate that large increases in the maxi¬ 
mum power would be realized by minor 
redistribution of the system generating 
capacity. Curves of this type should be 
of interest in determining the conditions 
for optimum *power transfer and suggest 
the extreme conditions to be considered 
in transient stability studies. 

Practical Application 

The power limits of several actual 
S 3 rstems were determined to illustrate the 
possibilities in the way of practical 
application. Although the actual power 
limits were unknown, available operating 
experience was consistent with the con¬ 
clusions reached. The reactances of 
most of the machines were not available 
and typical unsaturated values were 


0.90 to give a conservative correction for 
saturation. 

San Diego Consolidated Gas and 
Electric-Southern California 

Edison Interconnection 

In the summer of 1932, the small 
50/60-cycle frequency converter inter¬ 
connection of the San Diego Consolidated 
Gas and Electric-Southern California 
Edison Company was operated for a 
considerable period in utilizing “spill¬ 
way** from the Edison system. During 
certain times of the day when the system 
loads were changing most, it was a com¬ 
mon experience for the converter load 
to increase to some value slightly in 
excess of 7,600 kw, and its breakers 
would trip on out-of-step operation. The 
converter excitation system included one 
automatic voltage regulator which could 
be connected to either side of the ma¬ 
chine. It .was found possible to choose 
the system on which instability would 
develop, and best results were obtained 
with the regulator connected on the 60- 
cycle system. It was desired to hold 
the average converter load at about 
5,000 kw. 

In calculating the dynamic power 
limit it was assumed that all terminal 
voltages were maintained constant at 
rated values and that the San Diego 
system loads remained constant at the 
average values given in figure 12. It 


was concluded that the 60-cycle side of 
the converter should control the dynamic 
stability of the system and permit a 
maximum load transfer of approximately 
16,400 kw (see figure 13). The steady- 
state power limit of the 60-cycle system 
was determined at approximately 8,000 
kw assuming constant converter excita¬ 
tion corresponding to an initial load 
transfer of 6,000 kw. The result com¬ 
pares favorably with operating experi¬ 
ence and stresses the value of automatic 
excitation equipment. It is the writer’s 
opinion that the higher power limit could 
have been approached and the operating 
difficulties reduced had modern excita¬ 
tion equipment been provided. 

Hbtch HETCHY-PAaFic Gas and 

Electric System 

The City of San Francisco’s Hetch 
Hetchy system is an example of a large 
hydroelectric project feeding power over 
a long transmission line into an infinite 
bus (see figure 14). Since the lines were 
originally designed for 154 kv, but were 
insulated and operate at approximately 
110 kv, and the operating orders limit 
the power transmitted over one line to 
40,000 kw, it was thought that a study 
of the maximum or emergency power 
limits might be valuable as well as in¬ 
structive. The dynamic power limit 
was determined at approximately 92,500 
kw for normal operating voltages and 
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one line in service. With the exception 
of the generator quadrature reactances, 
actual system constants were used.^® 

Several times during emergency switch¬ 
ing and trip-outs, full load (approxi¬ 
mately 77,000 kw) was dumped on the 
remaining line for a few minutes until 
the station operators had time to re¬ 
adjust the governors. It was reported 
that although there was naturally quite 
a disturbance when one line went out, 
(depending upon the severity and loca¬ 
tion of the trouble) in no case was there 
any indication of instability when one 
line was carrying the load. This is 
consistent with the calculated value and 
should increase confidence in the proposed 
analysis. 

Boulder Dam System 

The dynamic power limit of the Boulder 
Dam-City of Los Angeles system should 


reactances of the Boulder Dam genera¬ 
tors. The equivalent steam-plant im¬ 
pedances were assumed by the writer. 
The Los Angeles load was assumed at 
0.80 power factor lagging and the theo¬ 
retical S3mchronous condenser kva re¬ 
quired to maintain the system voltages 
was computed. Using a factor of 0.80 
to allow for imperfections in assumptions, 
system hunting, etc., the dynamic de¬ 
livered power limit of the 275-kv trans¬ 
mission system was approximately 
294,000 kw with the steam plant floating. 
The power limit increased materially as 
the steam plant was given load. It may 
be interesting to mention that similar 
studies using round-rotor theory and 
neglecting saturation lowered the theo¬ 
retical dynamic power limit 43,000 kw. 
Perhaps a more important problem 
involves the dynamic power limit with 


one line section out of service; however, 
lack of time prevented extended investi¬ 
gation. 

The above examples and practical 
problems should be sufficient to illustrate 
the application of the static stability 
limits of power systems. It is believed 
that the effects of saliency and satura¬ 
tion are of sufficient importance to war¬ 
rant consideration, especially for prac¬ 
tical cases where an accurate determi¬ 
nation of the maximum power limits are 
under question. 

Appendix I 

Derivation of Power-Angle Equations 

The following is an extension of the 
familiar power-angle equations. Lower¬ 
case bold-face letters are used to denote 











* Idii ““ IdAi • • • '~'Idni 

also 


111 


s 

*11 


Si / - Ss* ^ 

» 111 ®* -, . .. = — 


*21 


*al 


The impedances contain the system 
parameters, machine resistance, and the 
quadrature-axis S3ntichrQnous reactance. 
Obviously the scalar value of Zm *» Z«i, 
and 4thn ** Let Bn be the angle of 
from a reference. 

Introducing scalars: 


(3) Substituting (4) in (1): 

^ sm an H--— sm(5i2 - a^) + 

*^11 Zl2 

^ai -Sffs . 

z sm(5i8 — ais).,. H- 

Zis 

■2^1 

—-sin(5i» - «!«) 

Similarly, 


cos (5 i2 + ^ 12 ), .. 


Figure 13. Dynamic power limits of 50/60- 
eycle converter 
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Figure 14. Hetch 
SYNCHRONOUS Hetchy-Pacific Gas 
CONDENSERS Electric inter- 

connected system 


2-CIRCUIT IIO-KV 98^-MILE 

transmission line 


SHUNT-LOAD 


Et^IIKV 

HETCH HETCHY SYSTEM 

vectors, and capitals represent scalars. 
Subscript q used with current or voltages 
represents the quadrature-axis component; 
similarly, subscript d denotes the direct- 
axis component. The first numerical sub¬ 
script following g or d refers to the voltage 
producing that current. The second nu¬ 
merical subscript, or when only one sub¬ 
script is used, denotes the branch or ma¬ 
chine considered. Subscripts g or d used 
with reactance rrfer to the S3mchronous- 
machme constants according to present 
usage. The system impedances are denoted 
by a double subscript notation consistent 
with the above.*****>^®*** 

Referring to figure 1, the shaft power 
output of machine 1 is: 

^1 * 

By the principle of superposition 


eb-l06KV 

pacific gas and 

ELECTRIC SYSTEM 


JE 

^ sin ( 4 ) 

Zin 


and 


-^ffii ~ Iqi 


( 1 ) 

( 2 ) 


ail — ^cos(5i2~«i2)_* 


En^ 


COs(«t«-ai„) (5) 






^Qk Eg2 . 


^*2 


sin — otja) ... -h 

sin (5jfe» - «*») (d) 


^Qk^an 


Zjcn 


The relation between Ex and is apparent 
from figure 1: 

= Eq^ -|- — X^) 

Substituting equation 6: 

Sft = ^1 + cos - 

~ ^Zvt—~ ~ ~ 


Let 


■“«» 5 -cos (5i, — ajn) 

^in 


and 

T *®gl • -r Eq* 

laii “ — sm 0 u, 7^21 « ^ sin ( 5 i 2 + 012 ), .. 

^11 Z 12 

Eton 

• • -^dni sin -{- 0 j„) 

Substituting ctm « 90 —• 0 i„ in the foregoing: ‘Lhcn 

J Eql . Em 

‘'gi “ ^smau -h —sin( 5,2 - an) _-|- 


= 1 + (r^ai - 

Zii 

(Xgn ^Xqn) 
Znn 

(Xgx -Xgx) 


cos an 


<dn — 1 -|-^ cos 


^12 

Ejtn 


Z 12 

(X^k - Xq^) 
Zkn 


Efi — AiEqi — Eq^B\% cos (5,2 — an) — 
cos (5,8 — axa) .,. — 

. EqnBxfi cos (5i„ — am) 

Similarly 

Eiis = —cos (5^5, — a*i) .,. -f- 

AkEffft ... — 

EqnEjtn cos (Bfai — akn) C7) 

Values of Egi, Eq^,Eqk ... Eqnt are obtained 
from simultaneous solution of these equa¬ 
tions, for example, see equation 8. 


Eqk 


Ax ”Bi 2 cos (5,2 -- an) 

'-B 21 cos (581 — ail) At 

-BAaCOS (5jfci — a*,) cos (5jfe2 — ajn) 

-Bnicos (5ni - am) ~ Bm COS (5„2 — a!«8) 


Ai ““Bn cos (5,2 — ai 2 ) 

—^21 cos (521 — a^i) A 2 

-■®*iCOS (5Aa — ajsi) —Bk 2 cos (5jfc2 — ajn) 

-Bm COS (5»i - a»i) -B^jcos (5»2 — a#2) 



-Bifc cos (5 ,a; - aik) 
-Btk cos (5** - ajfc) 

'-Bnk cos (5 »a; — ank) 


““Bln COS (5,11 ~ a„i) 
-i?2n COS (52« - «2„) 

“'■®*»C 0 S (Skn *- akn) 

Z * 


“•■Sin COS (Sin ^ a,»)| 
““Bin cos (52» — af 2 ») 
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The power equations for the two machines are obtained from equation 6 . Substituting 
=■ “ 5 i 2 and rearranging: 

P. = 1 ^ 1 -’sin ^ sin 

-^11 Zi2 


** -^22 * ~~Z 

From equation 7: 

Ffl “ A\E.qi — F^Fi2COs(5i 2 — ai2) 

Eii SB "-£ffiF 2 i cos (5 i 2 + au) 4* 

Solving for and J 2 ^ and simplifying: 

A^ii 4* EjJBu cos (5 i 2 — ai 2 ) 


>w 


C'fll 


AiA 2 4“ F 2 iFi 2 sm* an — B^iBn cos* Sw 
"I" EiiB%\ cos (5 i2 H" ‘an) 


^ ( 10 ) 

AiA2'i- F2i5i2sm* an — F2ij5i2Cos* 612 

Substituting equation 10 in equation 9 gives the power-angle equations for two salient- 
pok machines. The stability coefficients are determined by differentiation. Only 
signm^t terms are included. Common multiplying factors and terms becoming 
negligible at the maximum power output have been omitted. 

Power-Angle Equations for Two Salient-Pole Machines 

The shaft power output of the leading is: 

AiEji -j- EnBn cos (S 12 — of^) **1 * sin an 


[ 


,AiA 2 4- F 12 F 21 sin* ai 2 — B 12 F 21 cos* Sn, 

A 2 Eii 4* EizBn cos (^12 — an) 


] * sin ai 
Z\\ 


b 


5 * 512 J 


r AiEm EiiBzi cos (ii2 -f- ai2) "1 

sin (Su - au) 

^<71- 

A2Eu4'Ei2Bi2 cos (in—an) "I 

X^AiAz + F12B21 sin* an ~ -Bn52i cos* inj 

Zn 

LAi.42+BnB2i sin* an—B12B21 cos* in J 


Appendix II 

Derivation of Current Equations 

The machine currents are given by 
equations 4 and 5. Similarly, the voltages 
are obtained from equation 7 or 8 . The 
machine currents for the two-machine 
case are derived as follows: 

The component currents of machine 1 
are: 

E E 

= "^sin an + sin (dn — an) 

Zn 

E E 

hi = - 5 ^cos Oil - cos («18 - aa) (IS) 
<^n Zn 

and the component currents of machine 2 
are: 

E E 

sin a 22 — sin (5j2 + an) 

Z 22 Zn 

E E 

■^<(2 “ ^ cos ^ cos (Si, + an) (16) 

Substituting E^ and Eg^ from equation 10 
in equations 15 and 16 gives the— 

Current-Angle Equations 
FOR Two Salient-Pole Machines 

The quadrature-axis component of cur¬ 
rent of the leading machine is: 


X 


The stability coefficient of the leading machine is: 

Si = AiA,Eti£ti cos (S,t - Otis) + AiBa^Bn cos 2 («k - ««) + A,Eii*B,i cos 2 «u - 

Zi2 

2 A 2 EiiEi 2 Bn — sin an sin ( 5 i 2 - a^) ( 11 ) 

Zii 


LAiA2~\- 


[Ei 2 -]rEiiB 2 i cos ( 612 +^ 12 ) 


sin ail 
^11 


_,_lx 

ti- 42 +Fi 2 F 2 i sin* an—BnBii cos* 5 i 2 J 

sin (gi 2 - ai 2 ) 

^12 

The direct axis component of current of 
the leading machine is: 

hi - 

f" ~h> 5 li 2 Fi 2 cos ( 5 i 2 — ai 2 ) n 

Li 4 ii 42 +Fi 2 B 2 i sin* ai 2 —BnB 2 i cos* 5 i 2 J ^ 

cos an 
^11 " 

r AiEn-\'EiiB 2 i cos (gn+an) 1 
L-4iii24-Bi2B2i sin* an^BnB 2 i cos*SnJ ^ 
cos (Sn - tti 2 ) 
-^12 

The total current is: 

h - Vht‘ + W (17) 

at an angle « tan“* hi/hi axis of 

machine 1 . 

The quadrature-axis component of cur¬ 
rent of the lagging machine is: 

j ■<4iFi2+-SiiB2i cos(gi 2 -|-ai 2 ) "I 
L-4ii42+B 12 J 321 sin* ai 2 -'BviSti cos *fii 2 J ^ 

sin a 22 
Zn 

[ A^ix '{'EjiBn cos (di 2 ~ an) ") 

; 4 i 424 “. 5 i 2 F 2 i sin* an^Bi^ 2 i cos* di 2 J 

sin (gi 2 + ttu) 
Z 12 

Electrical Engineering 


The shaft power output of the lagging machine is: 
A\Ei 2 H~ EiiB 2 i cos (S 12 H" an) 




A 1 A 2 4“ BnB 2 i sin* an — B 12 F 21 cos* 5 i 2 ^ 

A 2 Ei\ 4- EjiBn cos (^12 — ai 2 ) 


“I* sin a 22 

J ^22 " 


X 


[ AlEjg 
A 1 A 2 -h B\, 


‘«u] 


sin (§12 -j- an) 
Zn 


LA.iA .2 4“ 512^21 sin* an — F 12 B 21 cos* 5i2, 

? H~ EjiB^i cos (5 i 2 4* Qtu) 

’ F 12 B 21 sin* ai 2 — BnBti cos* 

The stability coeflScient of the lagging machine is: 

S, = AiAitEixBi, cos (S,t + an) + AiBa^Bu cos 2(8i, + a,,) + AiEe‘Bi, cos 28ij + 

1 Z 12 

2 AiEiiEi 2 B 2 i— sin a 22 sin (in + an) ( 12 ) 

mere: in is the displacement angle between the axes of machines 1 and 2 in elec- 
UiCQl degrees. Ziu Z 22 , and Zn are the driving point, receiving point, and transfer 
impedances, resp^tively, and contain Xg of the machines, an, a 22 , and an are their 
associated ^1^ (a = 90 — 4sg). In most cases the a angles are small, and the output 
of a generator is p^itive; similarly, the output of a motor is negative. 

When the machines have round rotors the A constants become unity, the B terms 
zero, and the machine Xg = Xa, E{ = Ea. 

Power-Angle Equations for Two Round-Rotor Machines 

sin (in — an) Si « cos (in — an) 

S 2 *= cos (in 4“ ail) 


El 

•F 2 « E<n* 




sin a 22 




Z22 


"I" 


(13) 

(14) 


“ the familiar round-rotor power equations. They 
tSfn w! determme the power transfer betweai two round-rotor nwchines, or any 

two pomts of known voltage, En and £*. ' ^ auy 
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and 


r 1 - 5^2 cos ($12 H~<yi2) 1 

\^AiA2~\~Bi%B%i sin* otn cos* 5i2 J ^ 


cos a'22 


[ 


4^22 

AiiEii~\"E,iiBii cos (5i2-~ai2) "I 
AiA 2 ~\‘BnB 2 i sin* —BitBn cos* 5i2 J ^ 

cos (5 i 2 H“ ttl2) 


■^2 * “H 

at an angle « tan-i I^/I^ ( 18 ) 

When the machines have round rotors 
the A constants - 1 , the B constants « 0, 
the machine =* Xa, and Et » Ed. 


Cxtrrent-Anglb Equations 
FOR Two Round-Rotor Machines 


Edi sin ail , Ea 2 sin (gi 2 — ai 2 ) 
^11 ^12 
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Discussion 


- _ Egx cos an Ba cos («ij — a,,) 

* Zn Za 

= V/ji* + 

at an angle = tan-i IdJIqi ( 19 ) 
and 


y. __ Ed^ sin 0^ 22 Edi sin (612 + ai 2 ) 

** ~ Za 

^ Egi cos (5ii -|- aij) 

h - V V + -Ta* 

at an angle * tan~i ( 20 ) 

It should be noted that the component 
currents refer to the axes of the particular 
machine considered, see figure 1 . 
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S. B. Craiy (General Blectric Company, 
Schenectady, N. Y.): The experimental 
checks which the author has obtained are 
very good and appear to substantiate his 
conclusion “that for practical purposes 
static stability may be regarded as a prob¬ 
lem of stable equilibrium in which all 
transient phenomena and inertia effects 
may be neglected (reference 2 ).“ How¬ 
ever, as the author’s experimental results 
necessarily only covered a very limited 
range, it is desirable to view any general 
conclusions drawn directly from such ex¬ 
periments quite critically. Mr. Dalziel’s 
reference 2 presents a conservative method 
for determining the stability limit which 
h^ great practical value when applied 
wili a knowledge of the conditions under 
which the results may be too conservative. 
Discussions of the limitations of the method 
may be found on pages 476, 476, 601, and 
602, AIEE Transactions, volume 63, 
1934. An example of a case in which the 
inertia effects are important is a large 
generator delivering load to a large shunt 
load of constant impedance and a small 
synchronous motor. Actually the angular 
displacement between the motor and 
generator may approach 180 degrees with 
stable operation. Such a conclusion may 
be reached analytically when the relative 
inertia of the generator and motor are 
considered. 

Reference is also made in the paper to 
the report of the AIEE subcommittee on 
stability (reference 3), to substantiate 
the contention that the inertia effects may 
be neglected. The subcommittee report 
must have been unintentionally misleading 
to the extent that it was possible for Mr. 
Dalziel to misinterpret it in this respect. 

The following statement is made in the 
paper “For cases in which the system 
voltages are maintained constant, all shunt 
loads including synchronous condensers 
and induction motors may be accurately 
represented by simple shunt impedances. 
This treatment assumes that the induction 
portion of the system load remains stable. 
Since the maximum power * transfer is 
ordinarily limited by the synchronous ma- 
chme on the system, this assumption should 
not introduce errors in the result (ref¬ 
erence 7).“ That such a simplification 


cannot be made in many practical studies 
is well known and reference 7 does not show 
that this is possible. Reference 7 does 
show that a composite load may be replaced 
with good approximation by an equivalent 
load having a given real and reactive power 
and a given rate of change of real power and 
reactive power with voltage. These four 
characteristics are sufficient in order to 
obtain the effect of a composite load on the 
system. However, only when the rate of 
change of real and reactive power with 
respect to voltage ai*e related to the total 
amount of real and reactive power in a 
definite manner can the composite load be 
replaced by a simple shunt impedance. 
This unfortunately is the exception rather 
than the rule. The case of fixed impedance 
load rather than the actual characteristics 
of a composite load will in general lead to 
optimistic or too high steady-state stability 
limits as the real power component of a 
composite load does not fall off or decrease 
as rapidly as that of a constant shunt im¬ 
pedance with drop in voltage. 


A. J. Gilardi (Ohio Brass Company, 
Barberton): I should like to supplement 
Professor Dalziel’s consideration of the 
Hetch Hetchy-Pacific Gas and Electric 
system by a concrete example which inci¬ 
dentally includes typical stability curves 
of the power system. 

For accurate analysis equations 11 and 

12 of the paper should be used to calculate 
the steady-state power limits. The steady- 
state power curve and margin of stability 
so determined accurately considers sa- 
liency and saturation. However, since the 
transmission line under consideration has 
considerable seiies impedance it will be 
sufficiently accurate to compute the steady- 
state power curve using Xq in equations 

13 and 14. In figures 3 and 4 of the paper 
it ^ shown that the error due to neglecting, 
^liency decreases with increased system 
impedance. The simplification obtained 
by neglecting saliency greatly reduces the 
labor of computation and the resulting 
errors are small. The steady-state power 
limits and stability coefficients computed 
using 0.90 Xq unsat in determining Si and Sa 
from equations 13 and 14 gives results 
which are approximately correct where 
accuracy is not essential (i.e., at the large 
margins of stability) and accurate results 
at the power limit where good accuracy is 
desired. 

The accompanying figure 1 illustrates 
the power system under consideration, 
except that only one circuit of the trans¬ 
mission line was used in the computations. 
The receiving-end bus feeds a shunt load 
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Figure 2. Steady-state and dynamic power 
limits of Hetch Hetchy system 


and the ssmchronous condenser serves to 
maintain constant voltages on the system. 
The following equations w’ere used to 
determine the stability limits utilizing the 
simplifications of the preceding paragraph: 

Pi - ^ sin ofii + sin («« — an) (1) 

Si - cosC«i» - on) (2) 

„ £»»sinajs enBi . 

“ -?-=— sm («« + ail) (3) 

St = cos (5 i2 + oni) (4) 

Since ajt is positive the power limits are 
detennined by Pt and 52. The results of 


computations for various loads using the 
foregoing equations are shown in figure 2. 
These results were obtained using actual 
system constants with the exception of the 
generator reactances. The curve for 5j 
is not shown since 52 reaches zero first. 
The synchronous-condenser kilovolt-ampere 
curve indicates the amount of capacity 
required to maintain constant system 
voltage at any given load. It may be 
seen that the dynamic power limit is ap¬ 
proximately 92,600 kw with one line in 
service. As mentioned in the paper , one 
line has delivered approximately 77,000 
kw during emergency switching and trip¬ 
outs. 

Figure 3 compares the margin of stability 
of figure 2 with that obtained for the same 
system using the unsaturated cylindrical- 
rotor theory. It is evident that the latter 
approach gives only an approximate solu¬ 
tion which is less accurate than by using 
the theory outlined in the paper. 


Charles F. Dalziel; The author wishes to 
thank S. B. Crary for the constructive 
comments drawn from his rich experience 
in this field. The final draft of the paper 
has been changed in an endeavor to meet 
his objections regarding the representation 
of loads. It was originally intended to 
check the method and the simplifying 
assumptions under question by comparing 
theoretical results with the operating 
records of several large power ssrstems. 
The analyses of the practical problems 
presented in the paper are consistent and 
in good agreement with available operating 



Figure 3, Comparison of results obtained by 
use of round-rotor or salient-pole theory 


records. However, due to limited data, 
the results fall somewhat short of the 
original objective. The writer would ap¬ 
preciate receiving system data for cases 
where the stability limits are fairly ac¬ 
curately known, and which could be re¬ 
duced to a two-generator system for 
analysis. 

Mr. Gilardi’s detailed analysis of the 
Hetch Hetchy system should be of interest 
to those applying the method to actual 
systems. It should be repeated that 
most of the generator impedances in the 
practical problems were unknown, and 
typical average values were used. These 
were multiplied by 0.90 to give an approxi¬ 
mate correction for saturation. This may 
explain the small effect of saliency and satu¬ 
ration on Mr. Gilardi^s power limits in 
contrast to the experimental differences 
of figure 8. 
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Applications of Copper-Oxide Rectifiers 

By E. W. MORRIS 

MEMBER AIEE 


Synopsis: Since the development of the 
copper-oxide rectifier in 1927, no paper 
has presented to the Institute a compre¬ 
hensive list of the many problems to which 
the device may be applied successfully. 
It is the purpose of this paper to describe 
a few of the representative installations 
made in the various industries. 


venting current flow in reverse directions 
to a common bus. 

Applications of copper-oxide disks 
made during the past ten years can be 
classified as rectifiers for battery loads, 
rectifiers for resistance loads, and valves 
in control circuits. 


W HEN the copper-oxide rectifier was 
announced,^ limited information 
was available regarding such characteris¬ 
tics as aging, the effect of ambient tem¬ 
peratures, and the safe values of cturent 
and voltage per disk. Applications made 
since 1927 have removed many of these 
uncertainties. Continued research has 
produced valuable information about the 
characteristics of the device, and has im¬ 
proved the method of manufacture and 
application to industry.**® It has become 
indispensable in the design of control and 
electronic equipment,^ and is well adapted 
to applications requiring high efficiency at 
low voltage and to those requiring high 
overload capacities for short periods of 
time. 


1. Rectifiers for Battery Loads 

After the development of tlie copper- 
oxide rectifier, one of the most immediate 
applications was that of small battery 


DIRECTION OF a 
ELECTRON FLOwT 


, - -OXIDE 
''^COPPER 


SECTIONAL VIEW OF SINGLE RECTIFIER DISK 



half wave OR VALVE FULL WAVE OR BRIDGE 
THESE SYMBOLS ARE USED THROUGHOUT THIS PAPER 


The copper-oxide rectifier consists 
essentially of a copper disk, one side of 
which is covered with cuprous oxide 
formed by heating to a high temperature. 
This rectifier disk then has the character¬ 
istics of asymmetric resistance, allowing 
electrons to pass more readily from copper 
to oxide than in the reverse direction, as 
indicated in figure 1. The rating of a disk 
is based upon ability to dissipate the 
losses, and rectifier disks usually are as¬ 
sembled into units with cooling fins and 
spacers to assist in heat dissipation. Soft 
metal washers insure intimate contact 
with the oxide. 

These assembled units may be con¬ 
nected into groups for half- and full-wave 
rectification, for any number of phases, 
and in parallel or series for increased cur¬ 
rent or voltage ratings. 

As valves in d-c control circuits they 
are convenient in isolation of circuits, pre- 


Paper number 38-105, recommended by the AIEE 
committee on general power applications, and pre¬ 
sented at the AIEE Pacific Coast convention, Port¬ 
land, Ore., August 9-12, 1938. Manuscript sub¬ 
mitted May 16, 1938; made available for preprint¬ 
ing July 12, 1938. 
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chargers. Sizes of chargers have gradu¬ 
ally increased until now they are available 
in ratings up to 6 amperes at 130 volts. 
A duplex charger having a rating of 15 
amperes at 30 volts and 0.5 ampere at 
24 volts is shown in figure 2. Simplicity 
results in an assembly consisting of an 
insulating transformer, the copper-oxide 
rectifying units, some type of overload 
protection, and a dial switch to care for 
current adjustment and aging. 

The nearest approach to an ideal bat¬ 
tery charger has been obtained in the re¬ 
cent ^development of a self-regulating 
charger, the diagram of which is shown in 
figure 3, It is particularly adaptable for 
floating battery service, and automati¬ 
cally variest the charging rate proportion¬ 
ate writh the demands of the battery by 
means of saturable reactors. The main 
rectifier, I, furnishes charging current to 
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the battery. Between the transformer 
secondary and the main rectifier is located 
a saturable reactor, A. The saturation 
of reactor A is controlled partly by a 
series coil which is energized by the 



Figure 2, Station-type rectifier for charging 
telephone batteries 


Charging current, partly by a shunt coil, 
but mainly by rectifier II. This rectifier 
is supplied from the primary side of the 
transfonner through a second saturable 
reactor, B. Rectifier III is furnished with 
a constant a-c voltage by means of a 
small regulator connected across the pri¬ 
mary of the power transformer. The 
constant d-c output voltage of rectifier 
III is opposed by the battery voltage so 
that any difference between tlie two will 
result in a flow of current through the d-c 
winding of reactor B; hence the saturation 
of reactor B will vary according to the 
battery voltage. Reduction in the cell 


RECTIFIER TT RFA^T/M3 *ia® 



Figure 3. Automatic self-regulating battery 
charger 
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voltage below the average for which the 
charger is set to regulate will cause the 
charger to turn on and deliver full charg- 



F! 9 ure 4. Circuit breaker cfosing and tripping 
from an a-c supply 


ing current to the battery. As the cell 
voltage increases to a point above the 
average voltage, the charging current will 
be reduced to its minimum value. Such 
a charger is capable of maintaining the 
cell voltage within limits of plus or minus 
one per cent for all load conditions and 
for variations in the a-c line voltage of 
not more than plus or minus five per cent. 

II. Rectifiers for Resistance Loads 

In the field of industrial control, versa¬ 
tility has been added by the use of the 
copper-oxide rectifier. The advantages 
of d-c operation of contactors and relays 
can be obtained from an a-c source and 
the rectifying units. D-c fields can be 
excited from an a-c supply and regulated 
by means of the proper arrangement of 
rectifiers and reactors. 

Rectifiers for 

Circuit-Breaker Operation 

Solenoid t 3 ^e.of circuit-breaker mecha¬ 
nisms may be operated from an a-c 
source by means of rectifiers connected as 
in figure 4. Operation of the closing 
switch ^ergizes relay X, which in turn 
energi^ the rectifier and the closing 
solenoid. The circuit breaker, in closing, 
closes pallet switch Bl, thus energizing 
relay T, which s e al s m as long as the con¬ 
tacts of the closing switch are held in the 
closed position. The operation of relay 
Y de-energizes relay X and the rectifier, 
providing an automatic cutoff. Since 
the rating of the rectifier is limited by its 
tbermal capacity and abiHly to dis^pate 
internal heat, it has a high short-time 
overload capadty, and is ideal for this 
type of application. Circuit breakers 
may be tripped from an a-c source by the 
of rectifiers and capacitors, a distinct 
advantage in the eKmination of battery 
maintenance at isolated or unattended 
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substations. Capacitor tripping has the 
advantage of requiring current trans¬ 
formers only of sufficient size to energize 
the fault-detector relays. The tripping 
energy is stored in capacitors from the a-c 
supply voltage during normal conditions, 
and is available to trip the breaker for at 
least six seconds after charging potential 
is entirely removed. In figure 4, when 
the overload relay or manual tripping 
contacts dose, the capadtor discharges 
through the trip coil. The device is so 



Figure 5. A 5,000-ampere circuit breaker 
with solenoid closing mechanism 


designed that suffident charge is available 
to trip the breaker at any time with not 
less than 65 per cent of normal potential. 
The tripping capadtor will recharge in 0.2 



Figure 6. Voltage regulator for a-c generator 
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second. Figure 5 shows, in the lower left- 
hand comer, the small size of rectifier 
required to close a 6,000-ampere three- 
pole air circuit breaker. 

Voltage Regulators 

FOR A-C Generators 

It has long been recognized that a-c 
generators inherently have a poor regula¬ 
tion, lacking the advantage of a series 
field for maintaining a nearly constant 
Voltage under var 3 dng loads. The device 
shown in figure 6 was developed to meet 
the demand for a simple voltage regulator, 
with no moving parts, for small-size a-c 
generators. It consists of copper-oxide 
rectifier units assembled with the proper 
transformers, reactors, and resistors to 
provide an increase in the exciter shunt- 
field current proportional to the increase 
in voltage required under varying loads on 
the generator. As indicated in figure 7, 
changes in generator load are reflected in 
two full-wave rectifier units. Rectifier I 
is energized by a current transfonner, and 
is adjusted to produce a compounding 
effect to some voltage less than normal at 
full load. Rectifier II, energized from 



the generator potential, supplies the addi¬ 
tional rectified field current necessary for 
maintaining normal generated voltage. 
A small change from normal potential on 
the circuits of rectifiers III and IV causes 
a relatively large change in the output of 
the three-core reactor in series with 
rectifier 11. 

Under normal conditions of operation, 
this type of regulator will maintain the 
voltage within plus or minus three per 
cent from no load to full load. 

Another simple form of a-c regulator is 
shoTO in figure 8, this requiring special 
design of the generator and exciter fields. 
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Rectifiers for the 
Prevention of Electrolysis 

Corrosion of underground structures 
can be mitigated by the use of cathodic 
protection, and is conveniently accom¬ 
plished by connecting the underground 
structure to the negative terminal of a d-c 
source and by maintaining it negative to 
the earth by 0.3 volt or greater. Cor¬ 
rosion occurs in underground structures 
due to stray currents from d-c systems, 
and from electrochemical reactions be¬ 
tween the structure and the surrounding 
soil. Small currents flow from the under¬ 
ground structure through the soil to other 
parts of the structure, corrosion occurring 
where the currents leave the structure. 
Figure 9 shows an outdoor installation of 
a rectifier unit rated 30 amperes at ten 
volts, used to protect a section of a pipe 
line from corrosion. The use of the cop¬ 
per-oxide rectifier for this d-c supply is 
preferred to other d-c sources, because of 
its efficiency at low voltage and the fact 
that a minimum of maintenance is re¬ 
quired, such as an occasional check of the 
output to adjust for seasonal variations 


Figure 9. Installa¬ 
tion of rectifier for 
protection against 
electrolysis on pipe 
line 



suitable as a valve to control the path of 
flow of direct current. This type of 
application has increased the versatility 
of control circuits and has reduced the 
number of mechanical relays necessary to 
complete many control functions. This is 
best illustrated by a few of the examples 
given in figure 11. 

Remote control of many devices may 
be accomplished in a minimum time by 


possible combinations of polarized lines. 

The rectifier valve has become quite 
useful in isolating the flow of direct cur¬ 
rent within parts of a circuit, as shown in 
figure IIB. This shows a system of re¬ 
lays and rectifier valves, each of which 
may be energized either from a common 
test bus or through contacts on alarm de¬ 
vices. Each alarm contact allows but 
one relay to operate, the valve in that 



Figure 8. The recti¬ 
fiers on this switch¬ 
board provide volt¬ 
age regulation for 
the large engine- 
driven a-c generator 


in the soil. The device is noiseless and 
free from radio interference, factors which 
are important when the device must be 
Ideated in residential distriefts. The 
schematic diagram in figure 10 indicates 
how this type of device is connected to 
protect a section of pipe against corrosion. 

ni. Valves in Control Circuits 

The asymmetric resistance characteris¬ 
tics of this rectifier makes it particularly 


the system of polarized lines, shown for 
two wires in figure 11.4. Relay A or B 
will operate depending on the relative 
polarities of the bus to which they are 
connected. This simple two-conductor 
system may be arranged to operate over 
one conductor and a good ground retum 
such as a water pipe, which is sometimes 
convenient in the remote control of pump¬ 
ing plants. By the use of three or more 
wires the munber of relays that can be 
operated increases® because of the many 


circuit preventing current flow to the 
test bus and to other relays. The circuit, 
and all signal lamps, may be checked con¬ 
veniently by depressing the test button, 
wherein all of the relays are energized 
simultaneously. Figure 12 illustrates a 
group of rectifier valves and relays used 



REVERSING 

SWITCH 



{b)“ VALVES FOR ISOLATION OF 
ALARM CIRCUITS 

Figure 11 


March 1939, Vol. 58 


Morris — Copper-Oxdde Rectifiers 


Transactions 105 












Figure 12. Valve-type rectifiers installed in 
annunciator circuits (cover removed from one 
group only) 


washer on each bolt was tightened to ob¬ 
tain high contact pressure between the 
soft metal washers and the oxide surfaces. 
The size of disks was limited to a diameter 
of IV 2 inches by the ability to maintain 
uniform pressure over the entire surface. 

Continued research during that time 
developed a satisfactory method of spray¬ 
ing a conducting coating on large copper- 
oxide plates.® The necessity for high 
contact pressure having been removed, 
the new rectifier plates with sprayed coat¬ 
ing are assembled a fraction of an inch 
apart and the losses are dissipated by 
means of forced air. Electrical connec¬ 
tions between plates are made with dips. 
Foiu- sizes of plates, 10 inches and 12 
inches in lengli, and 3 inches and 4®/$ 
inches in width, have been used in group 
assemblies. The rating in output of a 
three- by ten-inch plate assembled in a 
properly ventilated, three-phase rectifier, 
is 20 watts at six volts d-C inaicimiini. A 
complete three-phase full-wave rectifier 
which would require six plates, would then 
have an output rating of 120 watts at six 
volts, or 20 amperes, six volts d-c maxi¬ 
mum. In the larger plates current capa¬ 
city increases in proportion to the area. 



Figure 13, Plate- 
type rectifiers in¬ 
stalled in film labora¬ 
tory for stripping sil¬ 
ver from film 


in the alarm signaling circuits of a large 
hydroelectric generating plant. This 
group of 16 rectifiers is sufficient to in¬ 
clude all alarm devices, such as may be 
actuated by bearing, coil, and core tem¬ 
peratures, for one generator. 

IV, Plate-Type Rectifiers 

During the first ten years of copper- 
oxide-rectifier manufacture, contact with 
the oxide surface was obtained by means 
of soft metal washers. The rectifier disks 
were assembled in the proper direction 
on bolts with the necessary cooling fins 
and spacers. A special cupped spring 

106 Transactions 


but the voltage rating remains the same. 
The plates can of course be connected in 
series or parallel, to any desired capacity. 
The development of the plate-type copper- 
oxide rectifier will not supplant, but will 
supplement, the standard design disk 
assemblies, and will increase the number 
of applications in the high-current low- 
voltage field. 

The major fidd for such units, is in the 
dectrochemical industry, induding, for 
example, chemical processing, dectrol 3 rtic 
deaning, and dectroplating. Figure 13 
shows an installation of two plate-type 
rectifiers each rated four volts, 200 am¬ 
peres d-c output at 220 volts, three-phase, 
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60 cydes, a-c input. These are installed 
in a laboratory for use in stripping silver 
from salvaged film. Figure 14 shows a 
large-capadty plate-type rectifier. This 
rectifier has an output rating of 1,600 
amperes, six volts maximum for 220 volts, 
three-phase, 60 cydes, a-c input. 

Conclusions 

No attempt has been made herein to 
list all possible applications, but to de¬ 
scribe a few representative types and to 
show installation photographs of rectifiers 
in new kinds of services. Units have been 
assembled with ratings which vary from 



Figure 14. Plate-type rectifier, 1,500 am¬ 
peres, 6 volts d-c output, built for electroplat¬ 
ing service 


0.001 watt to several kilowatts in ca¬ 
pacity . This is a device which finds appli¬ 
cations in any field, whether it be trans¬ 
portation, power, or industry. The future 
should see increased application for sim¬ 
plifying control and metering problems. 
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The Electrostatic Unbalance of 
Transmission Lines and Its Effect on 
the Application of Petersen Coils 

By JOHN ALEXANDER MELVIN LYON 

ASSOCIATE AIEE 


R ecently three Petersen coils 
were installed on the 66-kv trans* 
mission system of the Metropolitan 
Edison Company of Pennsylvania. These 
Petersen coils provide service protection 
to approximately 320 miles of overhead 
transmission lines against outages and 
voltage dips which would otherwise re¬ 
sult when single phase-to-ground flash- 
overs occur on the system. Much of the 
66 -kv transmission system consists of 
two-circuit lines with vertical configura¬ 
tions of the line conductors with no trans¬ 
positions prior to the Petersen-coil instal¬ 
lation. 

During the tuning tests on these 
Petersen coils which were made before 
putting them in service, it was found 
that excessive currents were flowing 
•through the coils when tuned with the 
system, even though there was no ground 
fault on the system. These currents far 
exceeded the continuous current ratings 
of the coils, and they were of such magni¬ 
tude that the system neutral in some cases 
shifted as much as 70 per cent above 
ground. The shift in the neutral above 
ground, if allowed to remain on the sys¬ 
tem, would have needlessly subjected the 
line insulation and connected apparatus 
to d 5 mamic overvoltages. Accordingly, 
an investigation was made to determine 
the cause of this excessive, current. 

Measurements obtained of the line-to- 
ground voltages with the system neutral 
isolated revealed an abnormally un¬ 
balanced capacity to ground. That is, the 
capacities to ground of the three phases 
were unequal, causing unequal voltages 
and, therdore, with the Petersen coils in 
the neutral, excessive current flowed. 
The unbalanced capacity was accounted 
for by the lack of transpositions in the 
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transmission lines. It became apparent 
that by rearranging some of the circuits, 
the direct capacities of the three phases 
to ground could be balanced and the cir¬ 
culating current passing through the 
Petersen coils would be reduced to a 
small fraction of its original value. 

This paper deals with the analysis of 
zero-sequence electrostatic unbalance of 
transmission lines to neutral, illustrates 
the methods of calculation, applies these 
calculations to obtain a proper balance in 
the most economical maimer, and pre¬ 
sents experimental data which v^y 
the methods and procedure used for the 
solution of the problem. The subject of 
electrostatics is considered not in its 
entirety, but only to the extent necessary 
for the application of impedors (also 
grounding transformers and neutral re¬ 
actors). It is hoped that the information 
embodied in tiiis paper may be of use to 
others contemplating the use of Petersen 
coils, neutral reactors, or grounding trans¬ 
formers. The material whidi follows 
should not be construed as an attempt to 
add to the subject of electrostatics; it is 
instead the application of well-known 
ftmdamentals to a very practical situa¬ 
tion. For this reason there is at the 
conclusion of the text a list of general 
references which contain all of the neces¬ 
sary theory and methods which are used 
herein. 

Briefly, a Petersen coil is an iron-core 
variable inductance which, when system 
leg voltage is applied across it, passes a 
current the magnitude of which is equal 
to the charging current in a line-to- 
ground fault on the system when the 
system neutral is isolated. During 
the occurrence of a single line-to-ground 
fault, the Petersen coil causes the flow 
of a reactive current which is equal to and 
180 degrees out of phase with the capaci¬ 
tive current which flows in the ground 
fault. The result is that the current in 
the arc is reduced to very nearly zero, 
the arc is extinguished, and the temporary 
ground fault disappears without having 
become a permanent ground fault or 
having devdoped into a line-to-line fault 
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as is so often the case. The coil operation 
does not compensate for the small 
amount of in-phase or loss current whidi 
. is usually present in the arc. In practice 
the current from these two sources is 
small and not sufficient to maintain the 
arc. Owing to the fact that a perfect 
electrostatic balance cannot be obtained 
practically, it is to be expected that some 
current will flow through the coil with 
system normal. This has been the case in 
previous installations. This flow of 
current does not interfere with the func¬ 
tioning of the coil in arc extinction in any 
practical case; the main objection to it, 
if it exists to an abnormal degree, is that 
of neutral displacement. 

Figure 1 shows the schematic diagram 
of an impedor applied to a transmission 
line. The capadtance values of the line 
are shown as lumped constants in this 
diagram, and zero-sequence capadtance 
will be considered in this manner through¬ 
out the discussion. This can be done with 
impunity because in the application of 
impedors one is concerned primarily with 
the paralld circuit constants of the lines; 
the series reactance and resistance of the 



Figure 1.' A Petersen coji applied to a 
transmission line 


transmission lines are neglected in the 
analysis which follows. In the case of an 
actual transmission system, there will be 
a coil placed in the neutral of every ground 
bank, or a coil may serve a group of two 
or more ground banks. In some in¬ 
stances it may be desirable to separate a 
ground bank from ground completely 
and thereby save the cost of an additional 
coil. Of course, a Petersen-coil-protected 
system must be electrically insulated by 
transformers from every other system 
which is either grounded or ungrounded. 

On the Metropolitan Edison Company 
system a coil was used at each of the 
three grounding banks which were origi¬ 
nally chosen for number and positions 
according to rela 3 ring and switching re¬ 
quirements. It is desirable, when a sys¬ 
tem is operating in sections, that each 
section should be able to operate alone 
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^th Petersen-coil protection. The analy¬ 
sis loses none of its generality through the 
consid^ation of only one coil, and the 
reader is referred to the general theory on 
coil operation found in the list of refer-' 
ences on that subject. 

Now the installation of a coil upon a 
transmission system requires that the 
coil be tuned for the transmission lines 
which it is to protect; the coil must be 
tuned and set at a different tap when ad¬ 
ditional miles of line are added to the 
number which it must protect, or when 
the number of miles which it protects is 
reduced, such as in switching operations. 
This tuning process, varying the induct¬ 
ance by means of taps, corresponds to 
obtaining the resonance point for a simple 
series circuit. The tuning is accomplished 
while the transmission lines are operating 
under normal conditions without the 
presence of a ground fault. This is one 
of the several possible methods of tuning. 
For a given length of line, the tuned 
point is found when the tap setting, which 
corresponds to the maximum residual 
ground current, is obtained. 



Figure 2. The three-phase circuit ol a 
Petersen-coil installation 


Now when the impedor is in the neutral 
of the ground bank, the current becomes: 

I„ = 37,-3 -:- — - 

^^0 + jXt 4 - jXci — jXcap. 

The coil is in tune for the transmission 
system when Xa is of such value that 

Xt + X^:^ Xcap. 

and this leaves the resistance as the 
only factor limiting the current for a 
given voltage. 


Cat Cft, etc. « capacity of respective con¬ 
ductors to groimd 

Then using the method of images (Att- 
wood, ^'Electric and Magnetic Fields,” 
page 113) one obtains the following: 

\ r ah 

Oclog.-j (I) 

El, = log, ^ log, ^ + 

0c log.—) (2) 

ca ) 

Eo = 2^ Qa log*-f- log^ ^ -)- 

\ ca be 

Qc log. (3) 

Similar equations may be written for any 
number of conductors. Now in general: 


C (Capacity) « 


Q (Charge) 
E (Voltage) 


(4) 


Figure 2 illustrates the electrical cir¬ 
cuit. One tunes, of course, the zero- 
sequence circuit of figure 2. Figure 3 
shows the comparable simple series cir¬ 
cuit. It is such a circuit as this that is 
tuned to resonance. 

It can be seen that even with a solidly 
grounded system the grounding bank 
helps to tune this zero-sequence circuit 
and if JSqj the zero-sequence voltage, is 
large, it appears that a large ground cur¬ 
rent would result. 

Referring to figure 3, consider the coil 
short circuited, or in other words, the 
system is to be solidly grounded. 

Let 

-To *= zero-sequence component of phase 
current 

In “ current through neutral of ground 
bank 

Xt »*» zero-sequence reactance of trans¬ 
former 

^cap. =“ average line-to-neutral zero-se¬ 
quence capacitive reactance 
Rq =» equivalent ground resistance for 
entire circuit 

Xei ^ zero-sequence reactance of coil 
Then; 

I» - 3/o - 3- — - 

+ jX, - jXcap. 

Even when solidly grounded, the 
grotmd banks of the Metropolitan Edison 
Comply had heavy ground currents. 
The reason for this was a large Eo which 
was caused by the electrostatic or capaci¬ 
tive unbalance of the three lines to 
ground. 


In tuning on the Metropolitan Edison 
system, the residual ground current in¬ 
creased on the resonance peak to as much 
as five times the continuous current 
rating of the Petersen coil. Obviously, 
the coils could not be put in service tmder 
such conditions. 

In the haste to place the coils into 
operation during the lightning season, a 
futile attempt was made to achieve elec¬ 
trostatic balance by interchanging the 
top and bottom phases of a section of 
vertically spaced line. It is shown in the 
analysis to follow that for vertical con¬ 
struction, the top and bottom wires have 
higher capacitances than the middle wire 
which was left unchanged. In all of the 
work the effect of grounded crossarms 
and poles was neglected. 

Vertical construction is used predomi¬ 
nately on the lines of the Metropolitan 
Edison Company, although it has been 
found that all of the other types of con¬ 
struction, double and single lines, resulted 
in capacitive unbalance which was ap¬ 
preciable. The system under considera¬ 
tion was almost completely imtransposed 
and this led, of course, to the resultant 
state of unbalance. 

There follows the analysis applied to a 
typical transmission line as shown in 
figure 4. 

Let 

r = radius of conductors in inches 
Qat Qb* etc. » charge on conductors A, B, 
etc,, in statcoulombs per 
centimeter 

Eat Ej,t etc. a* voltage above ground of con¬ 
ductors A, B, etc. 


The direct or zero-sequence capaci¬ 
tance of a conductor A to ground is the 
ratio of the charge on conductor A to 
its potential (the zero-sequence poten¬ 
tial) when all other conductors except 
the reference conductor, in this case the 
ground, are at the potential (zero-se¬ 
quence potential) of A. Solving equa¬ 
tions 1 to 3 would give equations for 
Qat Qbt and in terms of 7^, 7^, and 7,. 
The three wires are allowed to assume the 
same potential with respect to ground; 
that is, 7a = Vj, — 7^, It is thus possi¬ 
ble to solve by the method of determi- 
nmts equations 1, 2, and 3 for Qay and by 
dividing through by 7^, according to 
equation 4, the coefficients 7a, 7^, and 
Vc are removed from the expression which 
now represents the capacitance, Ca, 


2 log« — 2 log« — 
00 ca 

Ot be' 

2 log, ~ 2 log. — 
r be 

2 loge — 2 log* — 

oc r 


21 og.?2? 21og.2^ 21og. 

T - ao ca 

o 1 be* 

2 log, — 2 log. — 2 log, — 

00 r be 


21o..^ 21«fc53 

ca be r 

statfarads per centimeter (S) 
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Expressions can likewise be found for 
Cl, and Cfi. 

It is more convenient for computation 
to use logarithms to the base 10, and to 
obtain capacitance in microfarads per 
mile; thus equations 6, 7, and 8 arise. 


0.0389 X 
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log — 
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be 

log — 
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microfarads per mile (6) 

The denominators of 6, 7, and 8 are 
the same and can be denoted in each case 
by the symbol D, 


& 

o 

OTRANSFORMER 
I® REACTANCE 


capacitance: 


^—yMSir 


PETERSEN-COIL 

REACTANCE 


RESISTANCE OF 
GROUND aRCUIT 

— m- 


J-Eo-jJ 


zero-sequence 

VOLTAGE 


Fisure 3. The equivalent zero-sequence 
resonant circuit 



Figure 4. The transmission line spacings used 
in the calculations 
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microfarads per mile (8) 


vSolving for the capacitances of the 
line of figure 4: 

2ag , 12 X 2 X 40 _ 

-3.666 

, 2be 12 X 2 X 36 „ „ 

log — - log --- =. 3.609 

r ® 0.207 

, 2cg 12 X 2 X 30 „ , , 

log- =3.541 


log 


06 ' 

ab 


ca^ 


, 75 

I log ■— « 1.176 

o 

log — - log — = 0.846 

ca 10 

, be' , 65 

log-., log- _ 1.114 


3.666 1.176 0.846 

D = I 1.176 3.609 1.114 | » 37.08 

0.846 1.114 3.541 


(C« X £>) = 0.0389 X 


1 1.176 0.846 

1 3.609 1.114 

1 1.114 3.641 

0.0389 X 6.523 

C.. . 0^ X 5:^ 

D 37.08 

* 0.00686 microfarad per mile 

3.666 1 0.846 

(C» X i>) = 0.0389 X 1.176 1 1.114 

0.846 1 3.641 

0.0389 X 5.962 

C « X ^ 0.0389 X 5.962 

* D 37.08 

= 0.00625 microfarad per mile 

3.666 1.176 

(Cc X P) = 0.0389 X 


1.176 3.609 
0,846 1.114 
- 0.0389 X 7.028 

jCg. X D ) ^ 0.0389 X 7,028 
P “ 37.08 

0.00737 microfarad per mile 


It is the problem now to show that such 
an electrostatic unbalance to neutral as 
indicated by the zero-sequence capaci¬ 
tance values above can produce a large 
-Eoi or zero-sequence voltage, which is 
responsible for the large residual currents. 
In this computation, it makes no differ¬ 
ence whether one considers one mile or 
100 miles of line having the per mile ca¬ 
pacitance values which have just been 
found. 

Therefore: 


“7 


-7 


2irfCa 377 X 0.00686 X lO-^* 

~ —7387,000 ohms 

Note: The letter / designates fre¬ 
quency in the above expression 




-7 


-7 


2ir/Cj 377 X 0.00626 X lO”® 
= — 7424,000 ohms 


-7 
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X as ^ s __ 

2t/Cc 377 X 0.00737 X lO-® 

= — 7860,000 ohms 

Now these zero-sequence capacitive 
reactances are considered as forming an 
unsymmetrical wye load with balanced 
line-to-line voltages of 66,000 volts. 
The method of symmetrical components 
with the usual notation is used. 

X, = 1/3 + Xi,^ X,) 

- (387,000 + 424,000 + 360,000) 
o 

ohms 

= -^390,000 ohms ■= -j390 X 1,000 
ohms 

Xi - 1/3 {Xa + aXt + a*X^) 

- 1/31-/387,000 -/424,000 (-0.5 + 
/0.866) -/360,000 (-0.6 -/0.866)) 
ohms 

= (18.3 + j2) X 1,000 ohms 
Xt - 1/3 (Xa + + aX^ 

= l/3l(-/387,000 -/424,000 (-0.6 + 
/0.866) -/360,000 (-0.6 - /0.866)) 
ohms 

« (-18.3 -1-72) X 1,000 ohms 
Now 

Eo « hX^ -b I%Xx (9) 

El = IiX^ -b (10) 

E 2 = + hX\ (11) 

66,000 

.El — “ 38,100 volts (phase voltage 

effective value) 

Es « 0 (not generated) 

Using equation 10 there results: 

38,100 « Ji (-7*390,000) -b h (-18.3 -b72) 
X 1000 
or 

38.1 « Ji (-7*390) -b h (-18.3 4-7*2) (12) 
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Using equation 11 

0 « l2(-7390,000) + Ji(18.3 + j2) X 1,000 
0-/2 (-7390) + h (18.3 +72) (13) 

Remembering that h and h are vectors, 
one can obtain four linear simultaneous 
algebraic equations from (12) and (13), 
and these can be solved for h and U 
which are foimd to be: 

Ji * 0.000736 +70.0979 
li = 0.00469 - 7*0.000736 

Substituting these values in (9), it 
follows: 

F« := (0.000736 + 70.0979)(-18.3 + j2) X 
1000 + (0.00469 - 7*0.000602) X 
(18.3 + 72) X 1000 
7o « -126.26 -7*1799.1 

Absolute value of Fij “ 1,800 volts (effective 

value) (14) 

In an actual test at the West Reading 
plant of the Metropolitan Edison Com¬ 
pany it was found that 67 miles of line 
having the dimensions and construction 
whidi have just been considered operated 
with a zero-sequence voltage or neutral 
displacement voltage of 1,920 volts. 
This checks very closely with the value of 
1,800 volts from the computations; it 
should be obvious that any discrepancy 
which is present can be attributed to the 
sag in the lines and other immeasurable 
irregularities in the lines. Furthermore, 
the computations have involved the 
assumption of the plane of zero potential 
or ground plane. 

Transpositions were made at the regular 
switching stations or accessible H-frame 
structures of the above system for the 67 
miles considered and as a result the dis¬ 
placement voltage was reduced to 144 
volts. With this voltage even under 
conditions of resonance the Petersen 
coils could operate safely within their 
continuous ratings. 

It should be pointed out that zero- 
sequence dectrostatic balance to neutral 
can be and was obtained in actual prac¬ 
tice, both by completdy transposing as 
well as by interchanging two of the three 
line wires. 

Refer to figure 4. 

Ca = 0.00686 microfarad per mile 
Cft « 0.00626 microfarad per 
Cc 0,00737 microfarad per mile 

The arithmetical mean of Cj, and Q is 
0.00681 microfarad per mile. Thus it 
can be seen that if A phase is always on 
top, B phase is half of the distance in the 
middle and the other half of this 
on the bottom, and C phase is half of the 
distance on the bottom and the other half 
of the distance in the middle position, an 
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almost perfect balance of capacities to 
neutral is obtained. 

Economic considerations were impor¬ 
tant in the revision of the existing trans¬ 
mission lines of the Metropolitan Edison 
Company. Transpositions were confined 
to switching stations or other accessible 
points such as H-frame locations; no new 
structures were erected. In some in¬ 
stances one line was arranged so as to 
electrostatically balance a second line, 
although an outage of either line would 
cause the line remaining in service to 
throw some unbalance on the system. 
There are several instances on the system 
of balancing one line against one or more 
lines. However, the system is large 
enough so that two or three line outages 
may occur without causing a prohibitive 
residual current, assuming, of course, 
that the coils have been retuned for the 
new system setup. In some very remote 
conditions of operation, the coils will have 
to be detuned or else taken out of service 
completely by short-circuiting them, 
which is equivalent to solidly grounding 
the transformer banks. 

It seems necessary to add that in some 
instances the capacitances of the line 
insulators will be an important factor in 
the electrostatic unbal^ce to neutral. 
The capacitance of an individual pin- 
type, insulator may be as high as 60 micro¬ 
microfarads. With bonded and grounded 
hardware the added balanced capacitance 
of the insulators could conceivably reduce 
the displacement voltage by ten per cent. 

Obviously, the method of obtaining the 
direct capacitances to neutral of the line 
conductors can be extended to apply for 
transmission lines having one or more 
ground wires; double lines with or with¬ 
out ground wires yield also to this method. 
The equations for capacitances of double 
transmission lines with two ground wires 
are given in the appendix. Calculations 
involving all of liese possibilities were 
made for the Metropolitan Edison Com¬ 
pany S 3 ^tem and the results were checked 
in the field; an accuracy was obtained in 



FIsure 5. Potential diasram which applies 
to the method of the appendix 
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all cases comparable to the case which has 
just been considered in detail. 


Appendix 

The following alternative method is given 
for obtaining the displacement voltage Eo. 
It is especially useful for those who are un¬ 
familiar with the symmetrical-component 
notation. 

Figure 6 shows the potential diagram for 
three equal line voltages drawn in the com¬ 
plex domain. The line-to-line voltage is 
66,000 volts. The co-ordinates in figure 6 
are given in thousands of volts. 

Let 

•Eaoi ^ho» and Eco = the voltages from 0 to 
A, B, and C, respec¬ 
tively, expressed in 
thousands of volts 

As before 

“ —7*387,000 ohms 
Xii =» — 7424,000 ohms 
Xc ^ —7360,000 ohms 

Now 

Bao = 33 - P +767.2 - jQ 
Ebo = 66 - P + 7*0 - 7 *e 
Eco =0 — P + 7*0 — 7 *C 

The above equations express the line-to- 
neutral voltages in terms of the co-ordinates 
of the complex number system. 

If it is assumed that the direction of the 
line currents /«, /&, and 1^ is such that they 
all flow toward the neutral point 0 , then: 

ia + iv + /c = 0 (15) 

Now 



These three currents will be in amperes if 
Xa, Xb, and Xc are in thousands of ohms, 
for the voltages are expre^ed in thousands 
of volts. 

^ 33 - P +7*67.2 -7(2 
‘ “ -j387 

- i0.0852 — J0.00258P — 0.1475 + 

0.00258Q (16) 

_ 66 - P -jQ 
-j4M 

=jO.1657 -i0.00236P + 0.00236Q (17) 

-P -JQ 
-j360 

“ -j0.0027aP + 0.00278Q (18) 

Tken substituting the values of the cur- 
r^ts from equations 16,17, and 18 in equa¬ 
tion 16 there is produced (19). 

i0.0862 - j0.00258P - 0.1475 + 

0.0Q268Q + jO.1667 - j0.00236P -f- 
0.00236Q-i0.0027aP-f-0.00278Q = 0 (19) 
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Now the algebraic sum of the terms 
directed along the axis of reals may be 
equated to zero. 


-0.1475 + 0.00268Q -f 0.002366 + 

0.002786 = 0 (20) 

0.007726 =* 0.1476 
6 = 19.1 

Similarly the algebraic sum of the terms 
directed along the axis of imaginaries may 
be equated to zero. 

jO.0852 - i0.00258P + i0.1557 - 

i0.00236P -i0.00278P » 0 (21) 
0.00772P = 0.2409 
P « 31.2 


From figure 6 the co-ordinates of the true 
neutral are 33, il9.1. Now Eq is the zero- 
sequence voltage or the displacement volt¬ 
age from true neutral. 

£o - Vdg.i - Qy + (33 - py 
- V(19.1 - 19.1)‘ + (33 - 31.2)* 
= 1.8 thousands of volts 
Po — 1,800 volts (22) 


This value of the residual voltage agrees 
with the value obtained by the first method. 

The direct capacitances for a double- 
circuit transmission line with two ground 
wires can be found by writing equations 
similar to (1), (2), and (3) and proceeding 
as for the single-circuit three-wire line. 
Let A, B, and C represent the conductors 
for one circuit; D, E, and F will represent 
the conductors for a second circuit; M and 
N will represent two ground wires; and fa, 
fc» Hi Uf will represent radii 

of the respective conductors. Then ag will 
be the distance of conductor A to ground. 
The expression ab' will represent the dis¬ 
tance from A to the image P' of B, and ab 
will represent the distance from A to B. 
The same system will apply to all conductor 
distances. 

There follows a list of terms which must 
be computed. The logarithms are to be 
taken using the base 10. 


Paa 
P ab 
Pac 
Pad 
Poe 
Par 

Pam 
Pan 
Pbb 

Pbc 


log — 
ra 

_ ab^ 
log — 
ab 

ac* 
log — 
ac 

, ad* 
log — 
ad 


= log — 
ae 

- 10 .- 

. am* 
=» log- 


, an* 
log — 
an 


log 


rh 


1 

'“*67 


Pm 
Pm ^ 
Pv 

Pbm 

Pbn 

Pee 

Ped 

P ce 
Per 
Pern 


log 


bd 


1 

V 

, bm' 
log — 
bm 

bn' 
log — 
bn 

2cg 
log — 
fe 

1 

log — 
ce 

logC 

4 

^ cm* 
log — 


Ca 


Cb 


Ca 


1 

Pab 

Pae 

Pad 

1 

Pbb 

Pbe 

Pbd 

1 

Pbe 

Pcc 

Ped 

1 

Pbd 

P ed 

Pdd 

1 

Pbe 

Pee 

Pde 

1 

P^f 

Pcf 

Pdf 

0 

Pbm 

P cm 

Pdm 

0 

Pbn 

P cn 

Pdn 


= 0.0389 X 


Paa 

Pab 

P ac 

Pad 

Pab 

Pbb 

Pbc 

Pbd 

Pac 

Pbc 

P ce 

Ped 

P ad 

Pbd 

P ed 

Pdd 

Pae 

Pbe 

P ce 

Pde 

Par 

Pbf 

Pcf 

Paf 

Pam 

Pbm 

P cm 

Pam 

Pan 

Pbn 

Pen 

Pdn 

Paa 

1 

Pae 

Pad 

Pab 

1 

Pbe 

Pbd 

Pae 

1 

P ce 

Ped 

Pad 

1 

P cd 

Pdd 

Pae 

1 

Pee 

Pde 

Par 

1 

Pcf 

Pdf 

Pam 

0 

P cm 

Pdm 

Pan 

0 

Pen 

Pdn 


Pae 

Pet 

Pam 

Pan 

Pbe 

Pit 

Pbm 

Pbn 

Pee 

Pet 

P em 

P cn 

Pde 

Pdf 

Pdm 

Pdn 

Pee 

P^t 

Pern 

Pen 

Pv 

Ptt 

Pfm 

Pfn 

Pem 

Pfm 

Pmm 

Pmn 

Pen 

Pfn 

Pmn 

Pnn 


microfarads per mile 


Pae 

Pat 

Pam 

Pan 

Pbe 

P»t 

Pbm 

Pbn 

Pee 

Pet 

P em 

P cn 

Pde 

Pdt 

Pdm 

Pdn 

Pee 

Pet 

Pem 

Pen 

Pdt 

Ptt 

Pfm 

Pfn 

Pem 

Pfm 

Pmm 

Pmn 

Pen 

Pflt 

Pmn 

Pnn 

Pae 

Pat 

P am 

Pan 

Pbe 

Pot 

Pbm 

Pbn 

Pee 

Pet 

P cm 

P cn 

Pde 

Pdt 

Pdm 

Pdn 

Pee 

Pat 

Pern 

Pen 

Pcf 

Ptt 

Pfm 

Pfn 

Pern 

Pfm 

Pmm 

Pmn 

Pen 

Ptn 

Pmn 

Pnn 


= 0.0389 X 


- microfarads per mile 

T 


- 0.0389 X 


1 Pa& + P<M Pac H" Pfli Pam “1" Pfl» 

1 Pbb + Pm Pbe + Pbf Pbm + Pbn 

1 Pbc Pee Pee~\“PefPem ‘{'Pen 

0 Pbm Pern Pem’hPfm PmmPmn 

- microfarads per mile 

Paa "i" Pad Pab Poe Pae Pab Pam "{r Pan 

Pab 4* Pm Pbb + Pm Pbe + Pbf Pbm + Pbn 

Poe Ped Pbe Pee P<c“hPc/ P cm Pcn 

Pam Pdm Pbm Pm P cm Pfm Pmm "h Pmn 


(23) 


(24) 


(2S) 


Pdd = 


Pde “ 


Pdf 
Pdm ^ 
Pdn — 
Pee = 
Pef = 


, cn* 
log — 
cn 

Pern 

^ em* 
» log — 
em 

log?^ 

Td 

Pen 

« log — 
en 


Pff 

-log^^ 

log^' 

df 

Pfm 

, /«' 
jm 

, dm* 
log-— 
dm 

Pfn 

“ log — 
fn 

. dn* 
log — 
dn 

Pmm 

, 2mg 

a- log - 

fm 

log — 
re 

Pmn 

^ mn* 

«= log- 

mn 

■"‘f 

Pnn 

=.Iog?2-« 
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Equation 23 gives the value of the capaci¬ 
tance of conductor A, Equation 24, which 
has the same denominator T as equation 23, 
gives the value of the capacitance of con¬ 
ductor B, If the column of six one’s and 
two z^o’s successively replaces in the nu¬ 
merator the A column (farthest left), and 
the P, C, Df E, F, M, and N columns, ex¬ 
pressions will be obtained for the capaci¬ 
tances of A, B, C, D, E, F, M, and N con¬ 
ductors in the order named. Equation 23 
has the replacement in the A column; 


equation 24 in the P column. The same 
denominator T is used for all of the expres¬ 
sions. 

These eighth-order determinants are 
rather difficult to solve. If the two circuits 
and ground wires are unsymmetrically 
placed on the towers, there can be no great 
simplification, and the eighth-order deter¬ 
minants will have to be solved laboriously 
by the method of minors to reduce to lower 
order determinants. 

If the two transmission circuits are sym¬ 
metrically placed on the tower line so that 
conductors A and D, B and E, C and F 
have the same capacitances, and ground 
wire M has the same position with respect 
to circuit ABC as N has with circuit DEF, 
then a considerable simplification may be 
accomplished. Equation 23 may then be 
reduced (26). 

Equations similar to (25) may be written 
for Cb or C,, and Cc or C/. This is accom¬ 
plished by successive replacement of col¬ 
umns in the numerator by the l-l-l-O 
column. A fourth-order determinant is, of 
course, easily reduced to three third-order 
determinants by the method of minors, and 
these in turn are readily solved. 
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Discussion 

F* VoB Voigtlander (The Cominoiiwealth 
and Southern Corporation, Jackson, Mich.): 
Doctor Lyon's analysis and computation of 
the electrostatic unbalance of a trans¬ 
mission line nicely illustrate the application 
of the theory of electrostatics to the prac¬ 
tical solution of system capacitance un¬ 
balance problems. 

It is mteresting to note, however, that for 
single-circuit Imes, the solution of the un¬ 
balanced voltages can be found very simply 
and directly for any common configuration 
by reference to charts 3, 22, and 23 of Engi¬ 
neering Report No. 16 of the Joint Sub¬ 
committee of Development and Research 
of the National Electric Light Association 
and the Bell Telephone System. 

Using the example cited in the paper, 
from chart 3 of Report No. 16, we find that 
the highest voltage listed for five-foot 
vertical spacing is 22 kv. Entering chart 23 
with 22 kv and lowest conductor 30 feet 
from the ground, we find the residual 
voltage to be 1.8 kv. Multipl 3 ring by the 
ratio of the actual line voltage (66 kv) to 
the voltage corresponding to the given 
spacing (22 kv), we find the characteristic 
residual voltage for the 66-kv line to be 
6.4 kv. The zero-sequence voltage is one- 
third of the residual, so we have 1,8 kv for 
the neutral displacement which agrees 
exactly with Mr. Lyon's results for the 
totally nontransposed line. The effect of 
transpositions can readily be taken into 
account by multiplying this unbalanced 
voltage by the ratio of the equivalent non¬ 
transposed length to the total length of the 
system. 

For twin circuits and circuits with 
ground wires, the results from these charts 
would have to be modified, but for single 
circuits without ground wires, they are well 
within the accuracy required for this type 
of work. 


J. A. M. Lyon: The interesting discussion 
of F. Von Voigtlander tells of an easy 
method to obtain the residual voltage of a 
transmission Ime by means of published 
charts to which he has made complete 
reference. There is no denying that the 
use of wch charts is extremely expeditious 
m obtaining the residual voltage for a simple 
tr^smission line composed of a single circuit 
mthout a ground wire. 

It should be emphasized again that the 
author chose for the illustration of the 
method of his paper, the simplest case which 
occurred on the transmission system in¬ 
volved. It should also, be pointed out 
that a large portion of the total line mileage 


Synopsis: This paper describes the power 
features of the aqueduct being built to 
supplement the water supply of Southern 
California. Three himdred thousand kilo¬ 
watts of power ultimately will be trans¬ 
mitted from Boulder Dam to operate 46 
synchronous motors driving centrifugal 
pumps. High efficiency, long life, and sim¬ 
plicity of design are given i)recedence over 
close voltage regulation and the elimination 
of momentary interruptions. 

T he Colorado River Aqueduct, whidi 
will double the present water supply 
of Southern CaKfomia, is in its sixth 
year of construction and the initial de¬ 
velopment, originally estimated to cost 
$220,000,000, is approximately 86 per 
cent completed. This giant water-supply 
project is being built by The Metropoli¬ 
tan Water District of Southern Cali¬ 
fornia, a public corporation composed at 
this time (August, 1938) of the cities ol 
Anaheim, Beverly Hills, Burbank, Comp¬ 
ton, Fullerton, Glendale, Long Beach, 
Los Angeles, Pasadena, San Marino, 
Santa Ana, Santa Monica, and Torrance, 
a total of 13. The District was organ¬ 
ized in 1928; bonds were voted in 
1931; in September 1932, the Recon¬ 
struction Finance Corporation agreed to 
buy the first bonds; and construction 
was started in December of the same 
year. It is expected that water will be 
delivered through the aqueduct in 1939. 

The project is closely linked to Boulder 
Dam since the 1,100,000 acre-feet of 
water appropriate d by the District out 

Paper ntunber 38-116, recommended by the AIEE 
committees on power transmission and distribution, 
general power applications, and electrical machin¬ 
ery, and presented at the AIEE Pacific Coast con¬ 
vention, Portland, Ore., August 9-12,1938. Manu¬ 
script submitted April 19, 1938; ‘made available 
for preprinting July 19, 1938. 

J, M. Gaylord is chief electrical engineer for The 
MetropoUtan Water District of Southern Cali¬ 
fornia, Los Angeles. 

1. For all numbered references, see list at end of 
paper. 


is equipped with double-circuit lines; Some 
of these double-circuit lines as well as some 
of the single-circuit lines have ground wires. 
The author indicated in his paper a. general 
method which is applicable to ail these 
double- and single-circuit lines with and 
without ground wires. 


of the flow of the river will be stored by 
the Government in Lake Mead and 36 per 
cent of the firm energy developed at 
Boulder will be used for the operation of 
pumping plants on the aqueduct. The 
power and pumping system, comprising 
five pumping plants and a 230-kv trans¬ 
mission system, will ultimately demand 
300,000 kw of power and use 2 V 4 billion 
kilowatt-hours per year, making the 
project of special interest to the electrical 
and mechanical engineer. 

The Aqueduct 

The aqueduct has its intake on the 
Colorado River just above the confluence 
of the Bill Williams River 150 mil es below 
Boulder Dam. The Parker Dam, just 
below the mouth of the Bill Williams, is 
now being completed by the United 
States Bureau of Reclamation using funds 
furnished by the District, and will raise 
the water 72 feet above river level creating 
a reservoir of 717,000 acre-feet capacity 
from which the aqueduct will draw its 
supply. From its intake at Parker res¬ 
ervoir the main aqueduct extends 241.7 
miles to the tenmnal reservoir at Cajalco. 
This distance is covered by 92.1 miles of 
tunnel, 64.5 miles of cut and cov^ con¬ 
duit, 62.8 miles of open-Kned canals, 
28.7 miles of inverted siphons, 1.2 miles 
of pump-delivery lines, 1.1 miles of open 
ditch, and 1.3 miles of passage through 
reservoirs. 

From the Cajalco reservoir, distribu¬ 
tion conduits win deliver water to the 
member cities of the District. Five 
pumping stations lift the water from Par¬ 
ker reservoir at elevation 450 feet above 
sea level to 1,807 feet, the highest point 
on the aqueduct, from which point flow is 
by gravity to the terminal reservoir at 
elevation 1,405. The problem from the 
standpoint of the electrical and mechani- 


Mr. Von Voigtlander grants that his 
method would not be satisfactory in these 
more complicated cases, at least not with¬ 
out numerous modifications and extensions 
of the charts. Such changes in his method 
would destroy the original simplicity and 
would thus d^^t its purpose. 
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. PROFILE 

Figure 1. Map of powor system for Colorado River Aqueduct and 
proRle of section that includes pumping plant 


cal engineer was to design and build five 
pumping plants capable of raising 1,500 
second-feet of water through a total net 
lift of 1,617 feet by means of power ob¬ 
tained principally from Boulder Dam. 
Figure 1 is a general map of the project 
showing the location of the transmission 
lines, pumping plants, and related fea¬ 
tures of the project. 

The Intake plant, figure 10, draws its 
water directly from the Parker reservoir, 
lifts it 291 feet, and delivers it through 
the Colorado River tunnel to Gene Wash 
reservoir. The Gene pumping plant, 
figure 11, lifts the water 303 feet addi¬ 
tional and delivers it through two tunnels 
to the Copper Basin reservoir. Since 
both the Colorado River and Copper 
Basin tunnels operate as pressure con¬ 
duits, surge tanks are provided at the 
tops of each lift. The outflow from Cop¬ 
per Basin is regulated by gates operated 
by supervisory control from Gene pump¬ 
ing plant. From Copper Basin the 
water flows by gravity 60 miles to the 
Iron Mountain pumping plant, figure 12, 
where the third lift, 144 feet, is made. 
At this plant no natural storage reservoir 
is available but a regulating forebay res¬ 
ervoir of 100 acre-feet capacity has been 
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constructed. Normally water is piimped 
direct from the open canal and in case of 
power failure it overflows into the res¬ 
ervoir. Two of the pumps in the plant 
have auxiliaiy inlets from the reservoir 
permitting water accumulated during a 
power outage to be pumped out later. 
The forebay reservoir will hold the full 
aqueduct flow for 45 minutes and a siphon 
spillway provides a means of wasting 
water onto the desert during a prolonged 
outage. The next pumping pl^t in the 
series is Eagle Mountain, figure 13, with a 
lift of 438 feet, located 40 miles from the 
top of -the Iron Mountain lift. At this 
plant also, a 100-acre-foot regulating fore¬ 
bay reservoir has been provided. Six¬ 
teen miles farther along ^e aqueduct is 
located the Ha3rfield reservoir, capacity 
83,000 acre-feet and the Hayfield pump 
lift of 441 feet, figure 14. At this plant 
independent intakes are provided from 
the canal and from the reservoir, so that 
any pump can draw water from either 
source. 

Hydraulic Equipment 

^ The pumps are all of the single-stage 
single-suction vertical-shaft volute type 
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without guide vanes or diffusers. Each 
pump has a capacity of 200 second-feet. 
The first installation at eadi plant con¬ 
sists of three pumps connected to a single 
disdiarge pipe. Additional discharge 
pipes and pumps will be added as required 
to meet water demands until a total of 
three discharge lines and nine pumps has 
been installed in each station. 

Few pumps of the capacity and head 
required for these installations have ever 
been built, and at the time the work was 
undertaken considerable difference of 
opinion existed between various manu¬ 
facturers as to the best type, speed, num¬ 
ber of stages, and depth of setting to 
insure satisfactory oj^ation. In order 
to resolve these differences in opinion and 
to improve pump eflficien<gr the District, 
with the co-operation of the California 
Institute of Technology, constructed a 
pump testing laboratory and carried out 
a two-year program of model testing 
prior to the purchase of the equipment. 
The specifications which resulted from 
these tests required that each bidder sub¬ 
mit for testing in the District’s laboratory 
prior to the award of contract a model of 
one of the pumps offered. Three con¬ 
tracts were awarded as a result of this 
competition and each of the contractors 
was then required to submit for testing a 
model of each full-size pump to be fur¬ 
nished. Rivalry between competing 
manufacturers led to keen competition in 
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the course of these tests. Information 
obtained during tests was used to improve 
the design and each of the final models 
showed efficiency between 91.5 and 92,5 
per cent. Characteristic curves for one 
of the Gene models are given in figure 9. 
The contracts provide for bonuses aggre¬ 
gating $55,000 for each per cent in effi¬ 
ciency in excess of 88 as shown by field 
tests of the full-sized pumps. 

The program of testing also showed cer¬ 
tain structural improvements to be de¬ 
sirable in the pump shafts and casings. 
Under certain conditions, encountered 
in starting and stopping pumps, the im¬ 
pellers were found to be subject to heavy 
lateral forces and in order to prevent con¬ 
tact between the rotating and stationary 
seal rings the shafts were required to be 
much larger than ordinarily used. Fig¬ 
ure 7 is a transverse section indicating 
structural features of a typical pump. 
The tests also determined very definitely 
the depth of the setting below inlet water 
level necessary to prevent unstable op¬ 
eration and cavitation of impellers. In¬ 
formation of this kind, shown graphically 
in figure 8, aided materially in the design 
of the plants. 

The casings of all pumps are made of 
cast steel except at the Iron Mountain 
plant where high-strength nickel cast 
iron is used. The casings are heavily 
ribbed to minimize deflections caused by 
water hammer and unbalanced side 
thrusts of the impellers. The pump impel¬ 
lers are all made of high-tensile-strength 
bronze. Oversize shafts made it possible 
to reduce radial clearances and increase 
pump efficiency. Figure 20 is a trans¬ 
verse section through one of the pump 
houses. 

At the Intake plant, each pump takes 
water from the reservoir through a sepa¬ 
rate inlet pipe which may be closed inde¬ 
pendently by plain sliding gates. At the 
other plants motor-operated butterfly 
valves are provided in each inlet pipe. 
Each pump is fitted with a discharge 
valve and can be unwatered for inspec¬ 
tion and maintenance without interfering 
with the operation of adjacent pumps. 
Discharge valves are of the rotating-coni- 
cal-plug type operated by oil cylinders. 
This valve when fully opened has a cir¬ 
cular water passage tapered to coire- 
spond to the increasing diameter of the 
pump-discharge nozzle. In operating the 
valve in either direction the operating 
mechanism first raises the plug slightly to 
unseat it, rotates it to the desired posi¬ 
tion, then lowers the plug, and reseats it. 
The oil pressure system is similar to that 
ordinarily used to operate the Servo¬ 
motors of hydraulic turbine governors. 
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Figuf* 5. Concrete 
anchor 



Tower Use: § 

1370-Normal span I* 30*^ in Line ^ 

1710-Maximum spanNo^ in Line ^ 

o 

Figure 4. Clearance diagram ^ 

For standard suspension tower, type 5AS for 795,000 circular mils 
aluminum steel reinforced conductor 

Oil for operation is kept under wr pres¬ 
sure in accumulator tanks in sufficient 



quantity for two complete valve opera¬ 
tions without recourse to the oil pumps» 
Pressure surges in the pipe lines, which 
occur when the pumps are suddenly 
stopped due to power failtfre, are held 
within permissible values by the opera¬ 
tion of the discharge valves under the 
control of a device similar to a hydraulic 
turbine governor. Upon failure of the 
power supply the discharge valves close 
rapidly to the point of definite throttling 
of the flow. During this interval the 
moving water column in the discharge 
pipe comes to rest due to the action of 
gravity and return flow from the pump is 
allowed to commence. The latter part 
of the closing stroke is made very slowly 
and the reverse flow brought to zero with 
definite limitation as to increase in pres¬ 
sure. The device is susceptible of ad¬ 
justment to insure complete closure 
without excessive pressure rise and before 
dangerous speed reversal occurs. 

Power Supply 

The Metropolitan Water District was 
one of the three principal underwriters 
of Boulder Dam. The Boulder Canyon 
Act authorized the Secretary of the In¬ 
terior to begin construction of the Hqtti 
only after he had obtained power con¬ 
tracts guaranteeing the return of the 
Government’s investment within a term 
of fifty years. Contracts with The 
Metropolitan Water District, the City of 
Los Angeles (Bureau of Power and 
Light), and the Southern California 


Edison Company, meeting the above 
requirements were consummated in the 
spring of 1930. Under its contract the 
District was allotted and agreed to 
pay for 1,526,000,000 kilowatt-hours 
per year (subject to a small annual 
dinunution and the three-year load¬ 
building allowance), which is 36 per 
cent of the firm energy to be developed 
at the dam. It was also given the first 
right to use secondary energy which is 
expected to be available in considerable 
quantities from time to time. The Dis¬ 
trict also has the right to use the firm 
energy allotted to the States of Arizona 
and Nevada, but not used by them. 
To deliver the full capacity of the aque¬ 
duct will require 2,250,000,000 kilowatt- 
hours annually, or 724,000,000 kilowatt- 
hours per year in excess of its firm power 
allotment at Boulder Dam. The aque¬ 
duct is designed to provide water for a 
long period of development of the ter¬ 
ritory supplied and the growth of the 
demand will undoubtedly extend over 
many years. The District’s present 
^ energy supply will undoubtedly be 
in excess of its requirements for a number 
of years, but when this firm supply is 
exceeded the defidencjr can be made up 
by taking over some of the States’ firm 
power, if unused, or by a combination of 
secondary and standby power to be pur¬ 
chased from other allottees of Boulder 
Dam power. In addition to these power 
resources’the District owns one-half of a 
100,000-kw power site at Parker Dam. 


Transmission Line 

The District’s power ^stem was de¬ 
signed as an independent unit to effi¬ 
ciently meet the particular requirements 
of the situation* Sturdy mechanical and 
electrical construction, high effiiciency, 
and low maintenance were given primary 
consideration. Of secondary importance 
were regulation of speed and voltage and 
the elimination of momentary interrup¬ 
tions. The aqueduct, as a whole, was 
designed with water storage and carrying 
capacity sufficient to allow for service 
outages of seven per cent of the time. 
This condition practically elimiTiflt^g any 
serious objection to momentary inter¬ 
ruptions of electrical power service. For 
this reason no attempt was made to de¬ 
sign what could be considered an inter¬ 
ruption-proof transmission line. Over¬ 
head ground wires and counterpoise were 
omitted. 

The transmission voltage of 230,000 
was selected as the result of extensive 
studies to determine the type and voltage 
of the system which would give lowest 
cost during a 50-year period considering 
maintenance, depreciation, interest, and 
cost of lost power. A similar study of the 
transmission problem between Intake, 
G^e, and Parker power plant resulted 
in the adoption of 69 kv for this part of 
the system. 

The initial and final development of the 
system are shown in figure 2. The first in¬ 
stallation is a single circuit throughout 
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A second circuit from Boulder to Camino 
‘will be necessary when the load reaches 
about two-thirds of its maximum and, 
tuiless energy costs are lower than at 
present, it will be economically advisable 
to build a second circuit on the west 
branch of the system when full develop¬ 
ment is attained. 

The lowest elevation of the line is 750 
feet above sea level near Gene, and the 
highest is 3,650 feet between Camino and 
Boulder. The towers were strengthened 
for a distance of about ten miles where 
the elevation is above 3,200 feet. A 
reduced conductor tension was also used 
for about five miles in this section. The 
design for the transmission line towers was 
selected from a large number of studies, 
designs, and estimates, including wooden 
“H” frames, flexible-steel frames with 
anchor towers at each tenth span, guyed- 
steel frames, and rigid-steel towers. 
There was but little difference in the 
^timated first cost between the various 
designs. The rigid steel tower was 
chosen because of its lower cost of main¬ 
tenance and rugged design. Concrete 
footings, figure 5, were used throughout 
the line, except in a few places where 
towers were set on native rock and ex¬ 
cepting the Danby Dry Lake crossing 
where creosoted pile foundations, figure 
‘6, were found to be necessary to protect 
the metal and concrete from the corrosive 
action of the concentrated alkali of the 
soil. Five different towers are used and 
the designs provide for legs shorter or 
longer than standard to meet side-hill 
•conditions. One tower of each type was 
tested at 50 per cent overload and one 
standard suspension tower was tested to 
•destruction. In the latter test, failure 
occurred in the overhanging arm of the 
1>ridge at 90 per cent overload. 

Two complete lines were located and 
‘designed, one for copper and one for steel- 
reinforced almninum conductor and al¬ 
ternative bids for all work and materials 
-were taken at the same time. Alterna¬ 
tive bids also were permitted.on towers 
“to be designed by the bidder to determine 
the savings, if any, due to the rotated 
“base and waisted designs. The alumi¬ 
num line proved to be approximately ten 
per cent cheaper than the copper line 
.and the District design of conventional 
tower, figure 3, was materially lower in 
price than any of the others. The line 
includes 227 miles of steel-reinforced alu¬ 
minum circuit and ten miles using hollow 
•copper conductor of the twisted I-beam 
type. 

^ Simple, strong fittings of standard de¬ 
sign are used. Suspension clamps were ’ 
^selected after, tests at the factory to de¬ 
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Figure 6. Pile footing 


termine^the seat ctuvature best adapted 
to mini m ize vibration stresses. Strain 
damps are of the compression type. 
The aluminum conductor and its steel 
core are gripped separately, but the 
damps for copper compress the entire 
cable. Vibration dampers of the Stock- 
bridge type are used on both aluminum 
and copper. Armor rods are also used oh 
the aluminum conductors as an ad¬ 
ditional safeguard against vibration dam¬ 
age and to protect the conductor against 
arcs, .^dng horns are not used on in¬ 
sulator assemblies but suffident dear- 
ance has been allowed to permit their 
installation at a later date if desired. It 
is a well-established fact that vibration 
troubles increase with conductor tension 
and in the interest of long life and low- 
maintenance cost a conservative value 
was adopted, namdy, a tension of 30 per 
cent of the ultimate strength at 25 degrees 
Fahrenhdt with a wind load of dght 
pounds per square foot. The normal 
levd span was fixed at 1,370 feet, or less 
than the economic span, in the belief 
that the resulting lower tower hdght 
would reduce the lightning hazard. 

In establishing dearances between the 
transmi^ion-line conductors and steel, 
the dimensions were adjusted to main¬ 
tain full flashover value of the insulators 
with the conductor subjected to a wind 
vdodty of about 32 miles per hour. A 
higher wind vdodty will reduce the dear¬ 
ances, but even with an actual wind ve- 
lodty of 56 miles per hoqr the clearances 


For special suspension tower, type 5AH 


will be sufficient to prevent flashovers 
due to switching surges ordinarily to be 
expected. The transmission-line pro¬ 
file, of course, is not levd and, in order to 
allow for all possible conditions, clear¬ 
ances were determined for a three-degree 
angle in the line. The conductor-to-steel 
dearances are 60 inches with a three- 
degree angle and a wind presstxre of eight 
pounds per square foot and 74 inches with 
a 3-degree angle and a wind pressure of 
2 V 2 pounds per square foot. Figure 4 is 
the dearance diagram for the standard 
suspension tower. 

The towers cany two ground wires for 
approximatdy one mile from each station. 
Mid-span dearance between conductors 
and ground wires is 30 feet with alumi¬ 
num conductors and 20 feet with copper 
conductors. 

Motors 

The completed installation will include 
45 6.9-kv synchronous motors rang¬ 
ing in size from 4,300 to 12,500 
horsepower. Each motor is equipped 
with direct-connected main and pilot 
exdters, and is designed for full-voltage 
across-the-line starting. All motors are 
totally endosed for recirculation of air, 
are water cooled, and provided with 
carbon-dioxide fire protection. In the 
preliminary studies of system design it 
was apparent that normal character- 
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istics of generators and motors would not 
give the required stability of operation 
and a radical reduction in system reac¬ 
tance was necessary. Within practical 
limits the reactance values of the genera¬ 
tors could be reduced at less cost than 
could the corresponding values of the 
motors. There was, however, an eco¬ 
nomic limit to such reduction and, having 
reached this limit, the improvement of 
motor characteristics offered the next 
best possibility. Normal value of syn¬ 
chronous reactance in motors of this 
size is about 110 per cent, but it was 
necessary to reduce this value to about 
60 per cent to obtain the desired results. 
In making this determination the prob¬ 
lem was set up on an a-c calculating board 



Figure 7. Transverse section through pump, 
capacity 200 cubic feet a second against 310- 
foot head, 400 rpm 


Extra heavy shaft to resist unbalanced radial 
forces when starting 

Main bearing Is self-aligning, casing heavily 
reinforced with cast steel ribs 

and solution obtained for the steady- 
state operating limit. The effect of satu¬ 
ration of the iron in the motors was taken 
into consideration and their reactance 
was expressed in terms of equivalent re¬ 
actance which corresponds to that under 
actual operating conditions. After the 
motor characteristics for steady-state 
operation had been determined, further 
study was made on a calculating board 
of the transient conditions occurring 
when each motor is started. As a result 
of these studies an equivalent reactance 
value of 34 per cent at 105 per cent rated 
output and 95 per cent voltage was speci¬ 
fied. Calculations indicated that this 
figure will give a power margin of about 
25 per cent for the present transmission 
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system with four motors operating at 
each plant. 

Across-the-line starting of motors will 
produce heavy momentary drops in volt¬ 
age but, since this system supplies no 
power customers and practically no 
lighting load, voltage drops are not ob¬ 
jectionable. This method of starting 
peatly simplifies station design. The 
initial rush of current at starting, must 
be limited to a value that will not allow 
the terminal voltage to drop below the 
minimum required for starting the first 
motor or below the value required for 
stable operation when more than one 
motor is in service. It was found that a 
single amortisseur winding gave a suf¬ 
ficiently low inrush as well as adequate 
starting torque and this type of winding 
was adopted because of its substantial 
construction. The specifications require 
the motors to produce sufficient “break 
away“ torque to overcome starting 
friction and the most difficult condition 
is that which occurs when the initial motor 
is started in the pumping plant farthest 
from the generators. As each additional 
motor is placed in operation, those al¬ 
ready in service, with the assistance of 
their voltage regulators, help to maintain 
normal voltage giving greatly improved 
starting conditions. Starting the last 
motor, however, is the most critical op¬ 
eration as the system is then closer to its 
power limit. When the 20th motor is 
started on the single-line system, there 
will be a margin of stability of about 
26 per cent if all regulators are out of 
service and 35 per cent with the regula¬ 
tors in service. Each motor is required 
to develop at least 14 per cent of rated 
torque in starting with normal voltage 
maintained at Camino. Each motor 
must bring the pump to synchronous 
speed with water in the casing, discharge 
valve closed, and the voltage back of the 
transient reactance held normal at the 
generators. At the speed for field 
application the torque must be sufficient 
to drive the piimp under the above hy¬ 
draulic conditions with the field short- 
circuited through a starting resistor or 
with the field short-circuited upon itself 
and also with field applied at the most 
unfavorable angle for S3nachronizing. 
These requirements insure that the motors 
may be easily synchronized regardless pf 
the angle at which the field is applied. 

Receiving Stations 

The main transmission line extends to 
all of the pumping plants except Intake 
which is supplied with power at 69 kv 
from Gene. At each plant one bank of 
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transformers has been installed and this 
constitutes one-half of the ultimate in¬ 
stallation. Transformers are wye-con- 
nected on the high side with neutrals 
solidly grounded and delta-connected on 
the low tension sides. All transformers 
are water cooled and provided with ni¬ 
trogen-seal equipment. The 230-kv re¬ 
ceiving stations are provided with a main 
bus and a transfer bus as indicated in 
figure 15. Because of lack of ground 
space a high steel structure is used and 
in the case of the disconnecting switches 
between the incoming circuits and the oil 
circuit breaker, the blades of the discon¬ 
necting switches are placed in a vertical 
position. All other high-voltage dis¬ 
connects are of the horizontal-break type 
supported on tripods made up of stand¬ 
ard high-strength line insulators. The 
disconnecting switches are motor-oper¬ 
ated and controlled from the main bench- 



Figure 8. Typical cavitation characteristic 

H ® Static Inlet head on center line of Impel¬ 
ler. Average head » average total pumping 
head 

Note the abrupt drop In efficiency as the Inlet 
head Is reduced 



Figure 9. Complete pump characteristic 

Laboratory test of contractor’s model for Gene 
pumping plant. Model ratio 1 to 5,53, tested 
at 2,133.5 rpm 

Note efficiency of over 90 percent throughout 
operating range 
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Figure 10. Intake pumping plant 

Schematic profile 

Pump data: Averase head 294 feet—ca¬ 
pacity 200 cubic feet a second each—speed 
400 rpm—motors 9,000 horsepower each 

Number of pumps: 3—Initial Installation 
9—ultimate Installation 
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Rgure 11. Gene pumping plant 


Schematic profile 

Pump data: Average head 310 feet—ca¬ 
pacity 200 cubic feet a second each—speed 
400 rpm—motors 9,000 horsepower each 

Number of pumps: 3—initial Installation 
9—ultimate installation 


board. The high-voltage oil circuit 
breakers, having a rupturing capacity of 
2 V 2 million kva, are of the oil-blast 
explosion-chamber t 3 rpe and solenoid 
operated. Figures 16 to 19, inclusive, 
show the general arrangement of the sta¬ 
tions and the design of the switch racks. 

The 6i900-volt wiring includes a main 
and a transfer bus with disconnecting 
switdies and circuit breakers located in a 
separate building a short distance from 
the main pump house. When two trans¬ 
former banks are in service the main 
6,900-volt bus will be operated as two 
sections. Discoimecting switches permit 
^ctionalizing at any one of six places 
between positions 3 and 7, allowing ap- 
proximatdy equal loading of each part 
of the bus and each bank of transform¬ 
ers. A bus-tie position is provided 
which by means of disconnecting switches 
may be connected between either half 
of the main bus and the transfer bus. 
Thus the bus-tie oil circuit breaker may 
be substituted for any motor oil circuit 
breaker or that for the station light and 
power position. All disconnecting 
switches are group-operated and are 
provided with mechanical interlocking 
devices and keys to prevent opening or 
closing of discoxmecting switches should 
the associated breaker be closed, or open¬ 
ing of a circuit breaker cell door unl e ss 
the circuit breaker disconnecting switches 
are open, or, connecting more than one 
circuit to the transfer bus at any one 
time. The 6,900-volt buses are con¬ 
structed from one-quarter-inch by four- 
inch copper bars except at Eagle and 
Hayfield plants where 6-inch copper 
c h ann e ls aie used. Special heavy-duty 
expansion-t 3 q)e bus clamps are provided. 
All buses are bolted together with Vs- 



Schematlc profile 


Pump data: Average head, 146 feet—ca¬ 
pacity 200 cubic feet a second each—speed 
300 rpm—motors 4,300 horsepower each 


Number of pumps: 3—initial Installation 
9—ultimate InstaHatlon 



Figure 13. Eagle Mountain pumping plant 

Schematic profile 

Pump data: Average head 440 feet—ca¬ 
pacity 200 cubic feet a second each—speed 
450 rpm—motors 12,500 horsepower each 

Number of pumps: 3—Initial Installation 
9—ultimate Installation 


inch Everdur bolts and all contacts are 
silver plated. The 6.9-kv oil circuit 
breakere have an interrupting capacity 
of 600,000 kva and are rated at 600 and 
1,200 amperes. These breakers are of 
the oil-blast type and are solenoid op- 
emted. The oil circuit breaker isolating 
switches are six-pole, group-operated, and 
mechanically interlocked with the cir¬ 
cuit breakers. All others are three-pole, 
group-operated switches. All discon¬ 
necting switches are enclosed in steel 
compartments and a set of key interlocks 
is provided to prevent improper opera¬ 
tion. 

Statiou Control 

The control rooms are so arranged that 
the operator at the control desk can see 
all important control panels. The bench¬ 
board carries all indicating instruments 
and the equipment for controlling the 
motors, 230-kv oil circuit breakers, 230- 
kv disconnecting switches, and voltage 
regulators. Station metering equipment 
and the 230-kv line and transformer re¬ 
lays are mounted on the rear of the bench¬ 
board panels. Individual panels or cubi¬ 
cles are provided for each motor. On the 
front panel of each cubicle are located the 
annunciator, auxiliary control relays, oil- 
flow and water-flow pilot lamps, auto¬ 
matic-manual selector switch, pilot ex¬ 
citer rheostat, and control switches for in¬ 
let valve, discharge valve, and motor 
field switdh. These controls are in ser¬ 
vice only when the units are under man¬ 
ual control and are inoperative during 
automatic operation. The rear panel of 
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Figure 14, HayAeld pumping plant 

Schematic profile 

Pump data: Average head 444 feet—ca¬ 
pacity 200 cubic feet a second each—speed 
450 rpm—motors 12,500 horsepower each 

Number of pumps; 3—initial Installation 
9—ultimate Installation 
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Fl 3 ure 15. Single-line 




Outdoor hoist for transformer repair 

Spare single-phase transformer can be connected In either of two banb 
without moving 


the cubicle carries the overload and dif¬ 
ferential rdays, voltage regulator with its 
cut-out switch, and the watthour meter. 
Other panels caiiying d-c controls, temp¬ 
erature and water-line indicators, and 
telephone equipment are located in 
frames set flush with the walls of the con¬ 
trol room. Access to the rear of these 
panels is obtained from adjacent rooms. 
Incoming control cables terminate on 
racks in the control room basement whidi 
are provided with terminal blocks for 
cable conductors and panel wiring. 

Under automatic control, before a 
pumping unit can be started, it is required 
that the water for cooling and oil for lu¬ 
brication be fimctioning properly, that the 
inlet valve be open, and the discharge 
valve closed. The pump is then started 
with the motor field short-circuited 
through a resistance. As the motor ap¬ 
proaches S3nichronous speed, a synchro¬ 
nizing relay, described later, causes the 
field switch to dose, bringing the motor 
into synchronism. The vdtage regulator 
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is then automatically brought into serv¬ 
ice and the pump discharge valve 
opened, establishing flow in the discharge 
pipe and fully loading the motor. In 
the normal stopping of a pump the dis¬ 
charge valve is first dosed and then the 
motor oil circuit breaker opened. In 
case of an emergency shut-down, the 
motor oil circuit breaker opens immedi- 
atdy and the discharge valve doses 
under control of the hydraulic surge sup¬ 
pressor previously described. 

In the motor-starting scheme, pro¬ 
vision is made for automatically applying 
the motor fidd when the Add flux linkages 
are a maximum. This occurs twice every 
slip (grde and the rotor is then in a favor¬ 
able position for being brought into syn- 
dxronism. At the instant of tnaviniiiTn 
fidd flux linkages the induced fidd cur¬ 
rent is zero and the armature current is a 
m i n i mum . Near syndironous speed the 
armature current pulsates at a rate pro¬ 
portional to the sHp. The fidd-appHca- 
tion rday which is of the wattmeter type 
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doses its contacts at a miniTnum instan¬ 
taneous value of the pulsating current. 
As the pulsations become less frequent, 
the relay contacts remain dosed for a 
longer period. When the dosing period 
attains a predetermined dmration, a 
series of timing rdays operate to dose the 
fidd breaker at multiples of a half shp 
cyde later corresponcfing to a time for 
maximum field flux linkages. The motor 
speed at which the fidd-application rday 
operates is independent of the voltage. 
This is accomplished by equipping ^e 
S3mchronous relay with a restraining coil 
having a torque proportional to the 
square of the voltage and an operating 
coil proportional to the motor power in¬ 
put which is proportional to the square of 
the voltage. Mter S3mchronizing the 
motor the circuit of the potential coil of 
the wattmeter-type relay is altered so 
that it becomes a power-factor relay 
which trips the motor breaker on low 
power factors resulting from out-of-step 
conditions. 
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Sinsls'phdse transformers with short bar connections 

to buses 

Interlocked sang operated disconnectins switches 
with sheet-metal barriers between circuits 

SinsIe-tank oil circuit breakers In cells that open to 
out-of-doors 

Motor oil circuit breakers at switch house with 
cables In tunnel direct to motor terminals 

Fi 0 ure 20 . Iron Mountain pumping 
plant—section through pump house 

Mechanically connected butterfly valves 
in suction permit water to be taken from 
either the aqueduct or reservoir 

Arrangement of pump, motor, cranes, and 
» pump house very similar to that In hydro- 

je^KV electric generating plants 



Figure 17. Section through 6.9-kv switch houses Protective Relays 


Relays for a power system such as this 
are principally for the protection of lines 
and apparatus rather lian the sectional- 
izing of the equipment for continuity of 
service. The simpler types of relays 
are used and each line and each piece of 
major apparatus is provided with relays 
in order to facilitate the location of faults. 
Phase protection of the 230-kv system is 
accomplished by directional-type relays 
at the pumping plants and impedance- 
type relays at Boulder. The latter are 
used because of the small difference be¬ 
tween currents at Boulder resulting from 
a short circuit at the extremities of the 
line and those that flow during the start- 
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Figure 21. The Intake pumping plant at the 
Colorado River 


ing of a motor when the system is near 
full load. 

Relays for line-to-ground faults on the 
230-kv line are of the overcurrent induc¬ 
tion type and operate from current trans¬ 
formers in the transformer neutrals. At 
Gene pumping plant, because of the three- 
winding transformer bank with both 230- 


kv and 69-kv neutrals grounded, a direc¬ 
tional overcurrent relay is used to pre¬ 
vent the 230-kv breaker tripping for a 
fault in the 69-kv system. The relay has 
two current elements, one of which meas¬ 
ures the sum of the currents in both the 
230- and 69-kv neutrals and the other the 
current in only the 230-kv neutral. When 
the currents in the two coils are in the 
same direction, the contacts close. For 
ground faults on the 230-kv system the 
only current in tlie relay is from the 230- 


kv fault and the relay contacts are set to- 
close under this condition. For faults on 
the 69-kv system the current in the 69-kv 
neutral is greater than that in the 230-kv 
neutral and opposite in direction. Thus 
the relative direction of current in the 
coils is reversed and the relay contacts 
are held open. 

For phase protection of the 69-kv lines 
duo-directional induction-type relays with 
instantaneous overcurrent relays and 
cross-connected current transformers are 
placed at both Gene and Intake pumping 
plants. For protection of each single 69- 
kv line and to back up the duo-direc¬ 
tional relays, overcurrent induction-type 
relays are placed at Gene and directional- 
overcurrent induction-type relays at In¬ 
take. The relays at Gene for line-to- 
ground protection are the overcurrent 
induction t 3 rpe and at Intake the direc¬ 
tional overcurrent type with residual 
voltage obtained from capacitors on the 
breakers for the directional element. 

Differential protection with induction- 
type differential relays is used on each 
motor and each transformer. The mo¬ 
tors also have overload relays with a 
long-time setting to prevent tripping dur¬ 
ing starting. , 


Appendix. Equipment Characteristics 

Boulder Power Plant 

Generators 


Kamber installed initially. 2 

Number to be installed ultimately.. 4 

Kilovolt-amperes each at unity power factor. 82,500 

. 16^500 

Number of poles. 40 

“Speed, revolutions per minute. 180 

'Short-circuit ratio. 2.74 

Direct-axis transient reactance, per cent. 17.6 

Moment of inertia (PTJJ*) each—not less than. 106,000,000 

"Total weight, pounds, approximate. 2,000,000 

Outside diameter, feet. 40 

‘T3rpe of insulation..... Class B 

Excitation—nominal 250 volts, main and pilot exciter 

direct connected.. 

Exciter response.*.] [ 0.60 


Power Transformers 


Number initially installed. 4 

Number to be installed ultimately. 7 

....Water cooled outdoor 

Rating of each, kilovolt-amperes, single-phase. 55,000 

Voltage.280,000 Y/16.600 delta 

Etequency, cycles per second. 80 

Impedance, per cent. 10.8 

Exciting current at normal voltage, per cent. • 2 !4 

Full-load efficiency, per cent. 99.51 

Half-load efficiency, per cent. 99! 62 

Total weight per unit with oil, pounds.... 243,000 

Floor space and height, feet.lOi/t by 12 V* by 30 

^Quantity of oil per unit, gallons. 9,300 


*OiL Circuit Breakbrs—High Voltage 

Type. 

Voltage class, kilovolts... 

Interrupting capacity, kilovolt-amperes. 

'Normal current rating, amperes. 

'Speed of opening, cycles. 

Weight with oil, pounds. 

'Gallons of oil, per breaker... 


Outdoor 3 tank 
230 

2,600.000 
1,200 
Less than 8 
204.000 
15.500 


Pumping Plants 


High-Voltage Oil Circuit Breakers 


Gene. Iron Moun- 
Intake taint Bagle, and Hay- 
and Gene field 


Type...Outdoor 3 tank 

Voltage class, kilovolts. 69 

Interrupting capacity, kilovolt-amperes.. 500,000 

Nmmal current rating, amperes. 600 

Speed of opening, cycles. Less than 5 

Weight with oil, pounds. 13,200 

Floor space and height, feet. 11 by 6 by 11 

Gallons of oil. 600 


Outdoor 3 tank 
230 
2,500,000 
1,200 
Less than 5 
183,600 
12 by 46V» by 21*/* 
13,000 


Low-Voltage Oil Circuit Breakers 


Intake* Gene* 
Eagle Mountain, 
and Hayfleld 


Type. Indoor cell 

Voltage class. 6,900 

Interrupting capacity, kilovolt-amperes.. 500,000 

Normal current rating; amperes. 1,200 

Speed of opening, cycles. Less than 5 

Weight with oil, pounds. 3,378 

Gallons of oil. 82 


Iron Mountain Plus 
Auxiliary Seryice. 
All Plants 
Indoor cell 
6,900 
500,000 
600 

Less than 5 
3,374 
82 


Motors 


Number initially installed. 

Number to be installed ultimately.. 

Type each. 

Voltage. 

Excitation. 

Kxdter response. 


3 at each plant—total 15 
9 at each plant—total 46 
Totally enclosed synchronous 
6,000 

125 volts, main and pilot exciter direct con¬ 
nected 
1.0 


Horsepower rating, each. 

Speed, revolutions per minute. 

Number of poles.... 

Short circuit ratio.;... 

Direct axis transient reactance, per cent.... 
Starting inrush of normal current, per cent. 
Moment of inertia each, pound feets, 

Type of insulation. 

Total weight, pounds each. 


Intake 

Iron 

Eagle 

Moun¬ 

and 

Moun¬ 

tain and 

Gene 

tain 

Hayfleld 

9,000 

4,300 

12,500 

400 

300 

450 

18 

24 

16 

2.16 

2.19 

2.26 

25.4 

21.5 

26 

686 

646 

517 

397,600 

296,000 

430,000 

Class B 

Class B 

Class B 

160,000 

97,500 

180,000 
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Outdoor, water cooled 
60 


Conducior Tensions 


ACSR 


Transforhbrs 

T]rpe, each dn^le phase. 

Prequettcy, cycles per second. 


Number used initially. 

Number used ultimately. 

Number spare units. 

Rating: Idlovolt-amperes each at 230 

kv. 

Ditto, each at 69 kv. 

Ditto, each at 6,900 volts.. 

High voltage.... 

Intermediate voltage. 

Low voltage. 

Impedance— 

230 to 6.9 kv (per cent). 

280 to 69 kv (per cent). 

69 to 6.9 kv (per cent). 

Bxdting current at normal voltage, 

per cent. 

Full-load efficiency, per cent. 

Half-load efficiency, per cent. 

Total weight per unit, pounds. 

Floor space and height, feet. 


Intake 

Gene 

Iron 

Moun¬ 

tain 

Eagle 
Moun¬ 
tain and 
Bay- 
field 

12 

3 

3 

3 each 

24 

6 

6 

6 each 

.. 

1 

1 

1 for both 


22,000 

5,600 

plants 

16,000 

2,066 

11,000 


2,000 

11.000 

6,600 

15,066 

69,000 230,OOOY 230,OOOY 

230,000Y 

Delta 

69,000Y 


6,966 

6,900 

6,966 

6,966 

Delta 

Delta 

Delta 

Delta 


9.29 

9.77 

10.00 


11.28 



9.1 

20.63 

. • 


1.26 

2.76 

3.39 

3.50 

99.00 

99.39 

99.13 

99.36 

99.06 

99.80 

99.06 

99.27 

40,800 

211,000 

109,000 

166,000 

8by8 

10byl7 1 

3Vsbyl2 91/4 by 161/* 

by 16 

by 27 

by 241/4 

by 25 


Pumps 

Characteristics and Principal Dimensions 


1. Total pumping head indu 

losses in feet—Average.. 

2. Ditto—^Maximum. 

3. Ditto—Minimum. 


6 . Ditto—Maximum. 

6 . Ditto—Minimum. 

7. Speed .. 

8 . Spedfic speed, gallons-per-minuf 

units. 

Impeller dimensions, inches. 

9. Outside diameter. 

10. Inlet diameter... 

11. Width at discharge. 

12. Inside diameter discharge flange.. 

18. Number of vanes. 

14. Shaft diameter, inches.. 

The dischargee capacity of each pump at 
per second. 


In- 


Iron 

Eagle 



Monn- 

Moun- 

Hay- 

take 

Gene 

tain 

tain 

field 

294 

310 

146 

440 

444 

303 

324 

166 

462 

476 

272 

286 

133 

427 

432 

14 

17 

16 

20 

37 

9 

6 

6 

10 

5 

19 

23 

16 

22 

37 

400 

400 

300 

460 

450 

1,690 

1,624 

2,140 

1,403 

1,395 

76 

78 

741 /. 81‘Vt. 

81»»/i6 

40 

40 

40V« 

84 

34 

9.708 

8.883 


7.0 

7.0 

42 

42 

48 

40»/« 

40»A 

8 

8 

6 

9 

9 

22 

22 

20 

24 

24 

average 

1 or rated head is 

200 cubic feet 


230-Ev Transmission Line 

Conductors 

Steel Reinforced Aluminum (ACSR) 


Copper 

Maximum design tension at elevations over 

8.200 feet at 0® F., Vi inch of ice and a wind 

pr^ure of 6 pounds per square foot, pounds .. 14 600 

Maximum design tension at elevations under ' 

3.200 feet at 26® P. and a wind pressure of 8 

pounds per square foot, pounds.6,700 9 860 

Maximum design tension adjacent Gene and ' 

Boulder at 25® P. and a wind pressure of 8 

pounds per square foot, pounds. 5,600 adjacent to Boulder 

' 8,100 adjacent to Oene 


Ground-Wire Tensions 


Over Over 
Copper ACSR 

Maximum design tendon in »/* inch steel ground wire.3,000 6,100 

Towers 

Type SASt Standard Suspension, Aluminum Conductor 

Designed for light loading (8 pound wind at 26® F.): 

1. Normal level span of 1,370 feet, with an angle in the line of 1® 80'. 

2. Maximum span of 1,710 feet with no angle. 

3. One broken conductor or one broken ground wire. 

Weight of constant portion of tower, with standard legs, pounds.10,216 

Weight of steel in concrete footings, per tower, pounds. *788 

Quantity of concrete in footings, per tower, cubic yards. 2.92 

Number of towers. . yo- 


Type 5AA, Suspension Tower, Aluminum Conductor 

Dedgned for light loading (8 pound wind at 26® F.): 

1. Normal level span of 1,370 feet, with an angle in the line of 9®. 

2. Maximum span of 1,800 feet with an angle in the line of 9®. 

3. Maximum span of 2,600 feet with an angle in the line of 6®10'. 

4. One broken conductmr or one broken ground wire. 

Weight of constant portion of tower with standard legs, pounds...11 841 

Weight of steel in concrete footings, per tower, pounds... 1*008 

Quantity of concrete in footings, per tower, cubic srards. 3* 80 

Number of towers..... . ©7 


Type 5AR, Suspension Type for Aluminum Conductors—for use at 
railroad crossings 

Designed for heavy loading (6 pound wind on wires covered with Vt inch of ice) • 

1. Normal level span of 1,376 feet. 

2» Two broken conductors or one broken ground wire. 

Weight of constant portion of tower .with standard legs, pounds.18 626 

Weight of steel In concrete footings, per tower, pounds. 1*628 

Quantity of concrete in footings, per tower, cubic yard... 4 92 

Number of towers.. ’ * * * lo 


Type SAD, Anchor Tower 

Dedgned for light loading (8 pound wind at 26® F.): 

1. Span of 1,600 feet, 39® angle in line and no wires broken. 

2. Span of 1,700 feet, 39® angle in line, one conductor and one ground wire 

broken on one dde of tower. 

3. Span of 1,600 feet for wind and 6,700 feet for vertical loading, 17® angle in 

line and all wires broken on one dde of tower. 

4. Span of 1,600 feet for wind and 6,700 feet for vertical loading, 17® angle in 

line, and on one dde of tower all wires broken, on other dde of tower one 
outdde conductor and one ground wire broken. 

Weight of constant portion of tower with standard legs, pounds.14,836 

Weight of stedi in concrete footings, per tower, pounds. 2,112 

Quantity of concrete in footings, per tower, cubic yards. 8.62 

Number of towers. ’07 


Circular mils of alununum. 

Strands of duminum. 

Diameter of aluminum strands, inches. 

Strands of sted. 

Diameter of sted strands, inches. 

Diameter of conductor, inches........ 

Weight per foot, pounds. 

Ultimate strength, pounds. 


796,000 

26 

.1749 

7 

.1360 

1.108 

1.093 

31,200 


Copper 


Circular mils total. 

I-beam section core, circular . 

Intermediate layer, 22 wires, diameter, inches’ 

Outer layer, 28 wires, diameter, inches.... 

Diameter of conductor, inches. 

Weight per foot, pounds..i.!!!!! 

Ultimate strength, pounds... ^ 


510,900 

44,300 

.0966 

.0966 

1.004 

1.61 

22,500 


Overhead Ground Wire 


Number per tower. 

Double-galvanized high-strength strand, i/i in<i with 7 w^es. 

Diameter of each wire, inches... 

Weight per foot, pounds.!!!!.*!!]!!. 

Bre^ng strength, pounds...... 


2 

.166 

.617 

21,000 


Type oAH, Suspension Tower, Extra Insulation 

Designed for light loading (8 pound wind at 26® F.): 

1. Normal levd span of 1,370 feet with an angle in the line of 2® 40'. 


2 . Maximum span of 1,940 feet with no angle in the line. 

3. One broken conductor or one broken ground wire. 

Weight of constant portion of tower with standard legs, pounds.10,682 

Wdght of steel in concrete footings, per tower, pounds. 816 

Quantity of concrete in footings, per tower, cubic yards..! 3 28 

Number of towers... * gg 

Number of towers with pile footinis. oa 

Alt 4 . _j_•__... . . . - .*.. at* 


AU towers designed to withstand a wind pressure of 13 pounds per square foot 
on IVi times the projected area of each tower face. 


69-Slv Transmission Line 

Towers 


Weight of constant portion of tower with standard legs, 

pounds. 

Weight of steel in concrete footings, pounds. 

Quantity of concrete in footings, cubic yards. 

Number of towers.... 


Suspen¬ 

Dead 

sion 

End 

11,060 

16,260 

788 

2,112 

2.92 

8.62 

7 

6 
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Discussion 

R. W. Sorensen (California Institute of 
Technology and Board of Consulting Engi¬ 
neers for The Metropolitan Water District 
of Southern California): Mr. Gaylord’s 
paper, so ably presented by Mr. Peabody, 
sums up a most unique and gargantuan proj¬ 
ect; namely, that of lifting a river of no 
mean size over 1,600 feet in an upward direc¬ 
tion in order that the water of this river 
might flow steadily from the Colorado River 
along a 300-mile course to Southern Cali- 
fomia. 

At first glance, one may say why are elec¬ 
trical engineers so much interested in a 
pumping system? But after all, such a 
system is made possible only by the avail¬ 
ability of a perfectly enormous amount of 
electric power, over 300,000 kilowatts or 
one-third the firm power developed at 
Boulder Dam. Because Mr. Peabody has 
had a large part in the development of the 
pumps, and because the unique improve¬ 
ments made therein by research work are 
so striking and important, he has perhaps 
left in your minds the idea that the electrical 
features of this great project may have been 
somewhat secondary. Such, however, is 
not the case. Many factors of importance, 
such as the almost unparalleled management 
of the general manager and chief engineer, 
Dr. Frank E. Weymouth, and the work of 
the many engineers who have carried on the 
details, as well as the wholly voluntary and 
extraordinary services of the Board of 
Directors—have all contributed to an ac¬ 
complishment, almost complete, of hereto¬ 
fore unprecedented dimensions. For ex¬ 
ample, this enormous project, costing $220,- 
000,000 is being completed inside the origi¬ 
nal bond issue. This feature is due to care¬ 
ful analysis of problems of which we may 
take the transmission line as an example. 

A study of the materials used in that line, 
as given in the paper, shows that high- 
quality work has been done throughout, but 
that no overconstruction has been used. 
For example, the line is built to have a few 
outages per year; because such outages do 
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no particular harm, they simply result in 
stopping the flow of water for a short time, 
which for many years will be immaterial. 
Thus we find the cost of line necessary to be 
only about $9,500 a mile, which is indeed a 
low price for a 230-kv line. Speaking of 
transmission lines, may I say that in plan¬ 
ning these lines some exceedingly interesting 
problems were encountered. 

Before any construction could be started 
a desert had to be made habitable. In 
order to do this electric power for construc¬ 
tion purposes was provided throughout 
the length of the aqueduct by running a 
69,000-volt line from Colton to the Colorado 
River, a distance of about 250 miles. Those 
of you who are interested in transmission 
lines can readily appreciate the problems 
pertaining to stability and other features 
involved in such a line. Like problems are, 
of course, encountered in the 230-kv line 
installed permanently for pumping, because 
it is quite evident that one cannot design 
a line by simple rule-of-thumb methods and 
expect that line to perform satisfactorily 
when the huge motors used are started unless 
special consideration is given to motors, gen¬ 
erators, and line so all factors will work to¬ 
gether for such extreme conditions. 

I have enjoyed greatly my contact with 
Mr. Gaylord and the rest of the staff of The 
Metropolitan Water District of Southern 
California, because it has been a pleasure to 
help them analyze with great care each order 
for machinery, transmission-line conductor, 
insulators, etc., in a way which would assure 
for every part of the job the best possible 
solution at the lowest cost consistent with 
the kind of construction needed. Nearly 
all of the equipment described is now in¬ 
stalled. In a few months operation will 
start and, after a reasonable time has 
elapsed, I expect Mr. Gaylord or some of his 
staff will be able to present a most interest¬ 
ing paper on the electrical operation of the 
system. 

In the meantime I think the report made 
in the paper concerning this particular type 
of application of electric energy is a record 
worthy of attention as an example of how 
dependent we are upon electrical power 
transmission for, without that possibility, 
the Colorado River Aqueduct of the Metro¬ 
politan Water District would have been 
much more difficult to construct and oper¬ 
ate—if not wholly impossible. 
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Narrow-Band Transmission System for 
Animated Line Images 

By A. M. SKELLEH 

NONMEMBER AIEE 


Synopsis: A method of transmission and 
reproduction of line images is described 
which utilizes a cathode-ray tube for re¬ 
production, the spot of which is made to 
trace out the line image 20 or more times 
a second. In an experimental test, a 
drawing of a woman’s head was repro¬ 
duced with an equivalent total band width 
of approximately 2,600 cycles. This was 
made up of two bands, each 1,300 cycles 
wide' for the potentials to the two sets of 
cathode-ray deflector plates. Analysis of 
a more complex image, such as that of an 
animated cartoon shows that such material 
could be transmitted and reproduced by 
this method within a total band width of 
10,000 cycles. 

Means are described for transcribing 
from drawing or animated cartoon film 
into recordings (similar to sound record¬ 
ing) from which the potentials for trans¬ 
mission and subsequent operation of the 
cathode-ray tube may be obtained. 


I T IS inherent in the systems of tele¬ 
vision on which work is being most ac¬ 
tively pursued, that high definition must 
at all times be realized, no matter how 
simple the transmitted image may be. 
Yet many useful images do not contain a 
great amount of detail and in sending 
them large blank areas on the available 
field will be wastefuUy transmitted. A 
line drawing or an animated cartoon is an 
example of such a simple image. If it 
were possible to transmit the figure and 
line background, without the blank areas, 
a great simplification would occur. The 
system proposed herein was designed to 
take advantage of this fact. 

By the application of proper potentials 
the bright spot of a cathode-ray tube may 
be made to traverse any path desired. 
Furthermore, if the spot is made to follow 
a certam path, such as that shown in 
figure 1, over and over, 20 or more times a 
second, this trace will produce on the end 
of the tube a stationary image as in figure 
2 , 


, ^ Two potentials,, each varying with 
time, are needed properly to actuate the 
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spot. They are applied, the one across 
the horizontal and the other across the 
vertical set of plates of the cathode-ray 
tube. They are directly proportional, 
respectively, to the x and y co-ordinates 
of the points of the figure (for example, 
points 1, 2, 3, etc., of figure 1) taken along 
the path of the spot in the direction in 



trsnsmission: 2,000 cycles 


which it moves. These potentials for the 
image of figure 1 are shown in graph form 
in figure 3. 

Experimental Apparatus 

The reproduction of figure 1 shown in 
figure 2 was obtained as follows: The x 
and y co-ordinates were plotted in polar 
co-ordinate form [r = (a -|- x) or (b + y), 
^ in concentric tracks one inch wide 
on a cardboard disk 12 inches in diameter. 
The area imder each curve, that is, be¬ 
tween the X curve and r = a and between 
the y curve and r = b, was then black¬ 
ened, and a negative photostat made of it. 
See figure 4. This chsk was mounted on 
the shaft of a variable-speed motor so 
that it could be rotated 20 times a second 
or more and brightly, illtuninated. 

A lens and a radially oriented slit were 
arranged in such a maimer that a portion 
of the image of the x track fell across the 
slit. Behind it a photoelectric cell re¬ 
ceived the illumination passing through 
the slit Thus the output of the photo¬ 
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cell was directly proportional to the x co¬ 
ordinate at each instant of time. A 
similar setup, mounted alongside, gave 
potentials proportional to the y co¬ 
ordinates. 

These two potentials were amplified 
through separate identical amplifiers and 
sent over two pairs of wires to the cath¬ 
ode-ray tube. 

The method just described of recording 
the X and Y potential tracks on a disk is 
suitable for a single drawing but not for 
animated drawings. For these a record 
on a long ribbon or film is more practi¬ 
cable. 

A device which transcribes from draw¬ 
ings into X and Y potential tracks is 
called a '‘transcriber” and the apparatus 
for obtaining these potentials from the 
recorded tracks is called the “converter.” 
In figure 5 the complete process from 
image to image is shown in schematic 
form, the recordings in this case being on 
film. 

' Band Width 

For the simplest type of image in which 
the drawing may be resolved into a single 
unbroken line, for example, figure 1, the 
total frequency spectrum or band width 



Fisure 2. Photograph of an image reproduced 
by the first experimental setup. The chief 
differences between this image and that of 
figure 1 (from which the recorded tracks were 
obtained) were traced to eirors in the re¬ 
cording 


needed will consist of the sum of the band 
widths needed to tninsmit accurately the 
X and Y potentials. These may be as¬ 
sumed to be equal. The band width may 
then be determined by the analysis of the 
X (or Y) potential variations of a single 
trace by means of harmonic analysis. 

The magnitude of this potential E may 
be expressed as a function of time by a 
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Fourier equation with a sufl&cient number 
of terms. 


■ fi I Edi y An sin (6 + <^) (1) 


h J*E dt 


Here /i is the fundamental or trace fre¬ 
quency (about 20 per second) and and 
<l>n are the amplitude and phase angle of 
the n\h harmonic. 

For any drawing the problem becomes 
that of determining the highest value of 
n needed for satisfactory reproduction. 
The band width will be that included 
between fi and the frequency of this nih 
component. The band-width will vary 
with/i for equal fidelity of reproduction. 
For instance if fi is increased to 30, then 
exactly the same image will be obtained 
with a band width from 30 to 3,000 cycles 
as would be realized with one from 20 to 
2,000 cycles. 

In general the two kinds of detail which 
will suffer most apparently by the elimi¬ 
nation of higher order terms are straight 
portions and sharp bends. The over-all 
shape and form of the image and the 
larger details are dependent on the lower 
frequencies in the bands. These fre¬ 
quencies are therefore the most important 




Fisure 3. Potential variations needed to 
reproduce fisure 1 on cathode-ray tube 



Fisure 4. X and V potential tracks used in 
reproducins hgure 3 



Figure 5. Schematic diagram of complete 
apparatus 


ones. If the bands include enough 
harmonics to reproduce small details, 
even in approximate form, the larger 
details and general form will be repro¬ 
duced with good fidelity. Thus the band 
width is largely determined by the fidelity 
of small detail desired. 

Suppose we pick out the smallest de¬ 
tail, in the form of a sharp bend or kink 
in the curve of a potential function and 
attempt to determine the minimum fre¬ 
quency needed to reproduce it in ap¬ 
proximate form. A little experience in 
harmonic analysis of typical forms will 
enable one to determine this frequency 
by inspection. Generally speaking it will 
be that frequency the sine wave of which 
can be made to fit most closely the general 
shape of the detail. For instance, for a 
sharp comer, the shape of the wave will 
determine the curvature that the comer 
will have when it is reproduced. If the 
band width extends up to and includes 
this frequency the detail in the image 
which gave rise to that in the potential 
curve will, in general, be reproduced in 
approximate form. The band width 
determined in this manner may, there¬ 
fore, be taken as that necessary for satis¬ 
factory reproduction. 

A rough check was obtained on the 
adequacy of this approximate method of 
analysis by equivalently narrowing the 
band width of the apparatus used in the 
reproduction, of figure 2. The total band 
width determined as above for this figure 
was 2,000 cycles (1,000 cycles for each 
band). The bands passed by the ampli¬ 
fiers were equivalently reduced to 1,300 
cycles each by speeding up the converter 
and no marked change in the image oc¬ 
curred* 

Dark Paths 

For all but the simplest of figures it 
will be necessary for the spot to traverse 
paths in the fidd along which the spot 
must not be visible. There are two 
methods of accomplishing this: (1) the 
beam can simply be cut off by a negative 
potential applied on the modulating 
cylinder as the spot passes over sudi dark 
paths or (2) it may be made to traverse 



RAY 

TUBE 



Figure 6. Typical wave forms generated in 
turning the spot oh or off 


them so quickly that the visibility of the 
trace is negligible. 

For the first method an additional 
signal chamiel is needed and if its band 
width is made equal to that of the X or 
Y potential channels, the spot may be 
turned on or off in an amount of time 
somewhat less than that required to 
trace out the finest detail. The wave 
form would have the general form shown 
in figure 6a and the highest frequency /„ 
would be given by 


For the second method, that is, that of 
speeding up the spot over dark paths, 
the wave form required will be in the 
simplest case similar to that shown be¬ 
tween m and n in figure 6&. The sharp¬ 
ness of the comers at m and n is deter¬ 
mined by the upper frequency limit of 
the system. 

Actually this method requires that 
either or both the X and Y potentials 
suddenly change in value so that the 
spot will abmptly jump across the dark 
path at such a speed that it is not visible. 
In figure 2, the velocity of the spot was 
deliberately increased by a factor of 5 in 
tracing the line across the neck. A 
velocity at least twice as great as this is 
required to make the trace effectively 
invisible. 

Thus it appears that this latter method 
is to be preferred in general since it re¬ 
quires no increase in band width and no 
extra channel with its extra facilities. 

A cartoon of Walt Disney's popular 
figure was chosen for determining the 
frequency band required to reproduce a 
sketch of considerable complexity. This 
was resolved into one continuous line 
such as would be followed by the cathode- 
ray spot for reproduction. This repro- 
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duction would look like figure 7. Parts 
of the line are over dark paths which are 
not shown. Assuming that the second 
method of taking care of these dark 
paths were used and appl 3 ring the method 
of analysis described in the preceding, 
the total band width necessary for satis¬ 
factory reproduction of this image was 
judged to be 10,000 cycles. This total 
is made up of 5,000 cycles each for the X 
and Y potentials. 

In the transmission of writing or script, 
a total band of 10,000 cycles is judged 
adequate for about seven words of 
average length. The total band for 
script is proportional to the total number 
of letters and spaces or to the number of 
words of average length. 

The Centering CoefiGicient 

The first term of the series of equation 
1 is of importance in centering the image 
in the field. It is 

1 

/j Edt 

This is simply the total area of the curve 
over one cycle of period 1/fi divided by 
the base line l//i. It thus represents the 
mean distance of the curve from the zero 



Fi 9 ure 7. Total band needed for transmission 
of this imase is 10,000 cycles wide. The 
spot will move one-half as fast over the figure 
as it does over the background 


axis. If eliminated, the shape of the 
curve and hence also of the image would 
not be altered, but the centering of the 
image would vary as the figures moved 
around m the field. As an example of the 
effect of this, suppose that the image 
conristed of a central figure of some com¬ 
plexity and a very simple background. 
Then if the figure started to walk from 
the center to the side of the field, the 
absence of the transmission of this com¬ 
ponent would hold the figure near the 


Figure 8. One form of transcriber 
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center and the background would slide. 
away in the opposite direction. 

Ordinarily this component would be 
eliminated by the apparatus since it 
gives rise mainly to a direct current. It 
presents a similar problem in television 
where it determines the general bright¬ 
ness of the background. Several schemes 
have been devised to reintroduce or to 
compensate for it in television and some 
of these might be used here also. If the 
image frequencies are used to modulate 
a carrier, the band may be made to ex¬ 
tend to zero on the low-frequency end 
and this component will then be included 
in the transmission. The particular 
method used will depend on tibe trans¬ 
mission system. 

The Transcription Process 


X AND Y 

potential 

TRACKS 


The principle of the converter which 
transfers the variations of the film track 
into varying potentials to be impressed 
upon the cathode-ray tube is essentially 
that of the sound-pickup apparatus used 
in motion-picture work. Two gitnUgr 
pickup equipments are needed, one for 
the X and one for the Y potential trade. 
If there is a sound track to accompany 
the cartoon, a third equipment will be 
needed for it. The standard speed of 
90 feet per minute for the film is adequate 
since with the usual types of pickup this 
allows a band width of about 6,000 
cydes. 

Applications 

In urban districts the 10,000 cydes 
needed to transmit a figure of the com¬ 
plexity of figure 7 could be handled over 
a single spedal telephone line. Some 
equalization would probably be required 
for the longer circuits which could either 
be applied to the line facilities or in¬ 
corporated in the reproducing equipment. 
For long-distance transmission two dr- 


In order to get the X and Y potential 
recordings, some means of transcribing 
the original drawings or images into 
these potential recordings is needed. 
The simplest method at present seems 
to be one in which a stylus is manually 
made to follow the lines of the drawing. 
This stylus would be coupled up mechani¬ 
cally or dectrically with suitable ap¬ 
paratus whose function would be to 
record simultaneously on film or other 
media, two tracks, the amplitudes of 
which would be proportional, respec¬ 
tively, to the X and Y co-ordinates of 
the various positions of the stylus. Such 
a machine is shown in simplified form in 
figure 8. It is arranged to transcribe 
directly from the film of an animate d 
cartoon. The projector throws onto the 
ground glass one frame of the film at a 
time, and the stylus is moved by the 
operator over the lines of the image. 


cults of at least program-transmission 
grade, which are now equalized to 5,000 
cycles, would be required, one for the X 
and one for the Y potentials. Depending 
upon the degree of definition desired in 
the reproduced image, circuits of this 
type might require some supplemental 
delay equalization. 

The following are exemplary of the 
types of image transmission which are 
capable of transmission by this method: 

1. ^ Drawings, diagrams, and maps either 
with or without animation, animated car¬ 
toons, etc., of purely commercial value. 
Th^e might include miimated drawings 
depicting the working of new equipment, 
fashion sketches, etc. 

2. Script, including signatures and foreign- 
language characters, which could not readily 
be handled by ordinary existing communi¬ 
cation facilities. 

3. Sketches, primarily of news value. 
These would include drawings of famous 
people, places, ceremonies, fai^ons, and 


126 Transactions 


SkeJlett—Image Transmission System 


Electrical Enginbbrino 




Similitude of Critical Conditions in 
Ferroresonant Circuits 


Since the reactive component of the 
reactor voltage is proportional to the 
maximum flux density, which in turn is 
a function of the ampere-turns per inch. 


By WILLIAM T. THOMSON 

ASSOCIATE AIEE 


R ecently a number of articles 
dealing with the critical conditions 
in ferroresonant circuits has appeared. 
However, no simple generalization is pos¬ 
sible from these previous methods. The 
generalization presented in this paper of¬ 
fers certain information pertaining to 
similitudes of circuits in a surprisingly 
simple manner. Knowing the critical 
stable conditions for one reactor, the prin¬ 
ciple of similitude enables the predeter¬ 
mination of the critical stable conditions 
for any other reactor using the same grade 
of iron. 


dE/di « 0. Since dE/d 
zero for these points. 



also equals 



For the unstable condition the above 
rdation is satisfied by two values of cur¬ 
rent or ampere-tums per inch, while for 


Equation for Critical Conditions 

The circuit referred to in this investi¬ 
gation is one containing a resistance, a 
condenser, and a saturable-core reactor 
as shown in figure 1. Assuming that the 
applied voltage can be resolved into the 
in-phase and quadrature components, 
the following vector relation holds: 


Xl 

Rl 


Figure 1. Ferroresonant series circuit 


E*\i 


Xc 


Ro 

-VWW\r 


E^^Ex^+En^ ( 1 ) 

where 

E « applied voltage 
Ex — (JSlx — Ec) = reactive voltage 
E^r ^ \Elr + Ero) « in-phase voltage 
Elx = reactive component of the reactor 
voltage 

Elr “ in-phase component of the reactor 
voltage 

The critical conditions are defined as 
points on the volt-ampere curve where 
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the critical stable condirion the two values 
of ampere-tums per inch approach a single 
value. 


The Generalized Equations 


It now becomes necessary to express 
Ex and Er in general terms. For sim¬ 
plicity the following assumptions will be 
made: 



where 


W = iron losses of the reactor with sine 
wave of impressed voltage 
ix root-mean-square value of the funda¬ 
mental current. 


sketches made by an artist at the location 
of a news event such as a trial, football 
game, etc. This last would require a tran¬ 
scriber somewhat different from those 
described above in that it would have to 


convert the motion of the artist’s stylus 
immediately into the proper pulsating 
potentials for sending the image simul¬ 
taneously with the drawing of it. There 
are several possible means of doing this. 


Elx = AiyfnABfnax X 10-» 

= nA^ (5) 

where 

jS = 4:yfBmaz X 10“* - a function of 

n — number of turns on the reactor 
A — cross section area of the core 
7 = form factor 

The in-phase component of the reactor 
voltage is generalized as follows. 




« «A« (fi) 

where 

p « density of iron used 

= watts per pound * a function of 
Bmax therefore a function of 

4i 

K s=* T ** ratio of the fundamental to 
* effective current 

Since and a are single curves for any 
given iron when plotted against the am¬ 
pere-tums per inch, the two component 
voltages of the reactor are completdy 
generalized. The values of and a may 
be obtained experimentally by dividing 
Eix and Ei,r as found from (3) and (4) 
by nA of lie reactor; however, these 
curves are not necessary for the solution 
of the critical stable condition. 

It is now possible to express Ex and 
Ejt as follows: 






where Ro «= series resistance of the cir- 


Makch 1939, Vou 68 


Thomson—Ferroresonant Circuits 


Transactions 127 



cuit. Substituting into equation (2) 



Dividing through by (nA)^ 




( 10 ) 


The Principle of 
SimOitude of Circuits 

From equations (9) and (10) it is pos¬ 
sible to draw certain condusions. The 
following apply to the critical stable con¬ 
dition: 

1. Two different circuits with equal values of 
^will have ^al values of i2o 

128 Transactions 


and the ampere-turns per inch for the critical 
Stable condition will be equal. 

2. For the case above the values of E/nA 
for the two circuits will be equal. 

3. Since the values of n, A, and I are gen¬ 
erally known for any reactor, it is possible 
to predetermine the critical stable values of 

Rot it and E for any reactor by a very 
simple process. 

4. The critical values of E/nA, 

and y when plotted against Xo /— are 

. / i 

a function only of the type of iron used. 
(See figure 4.) 

5. From the four generalized terms above 
it is seen that the vector voltage triangles 
for two similar circuits will be similar; 
therefore with equal ampere-turns per inch 
as found under similar conditions the wave 
shapes of the voltage across the reactors as 
well as that of the current will be equal. It 
is then possible to state that under similar 
conditions in two reactors with the same 
grade of iron, each unit volume of iron goes 
through the same cycle wave shape and all. 


Illustrative Example 


(9) 


Equation (9) is the generalized equation 
for the critical conditions of the circuit. 

m this /3, «, dfi/d and dc/d 

have a definite value for any given value 

of (f) , regardless of the reactor used; 

therefore the solution of equation (9) 

will depend onlyonthevaluesofJfo /— 

By substituting (7) and (8) in equation 
(1), the generalized expression for the 
voltage becomes 


The following example will illustrate 
the simplicity of this method: 

Problem 1 

Reactor 1 has the following dimensions: 

n^A 
I 

2.62 square inches nA « 1,360 
n 
I 


* 620 


15«6 inches 


46,700 


33.6 


When operated in a series circuit with Xc 
=« 272 ohms, it gave the following values for 
the critical stable condition (see figure 2); 

Ro “ 146 ohms 
E « 224 
i * 0.62 

What will be the corresponding critical 
stable values for reactor 2 with the following 
dimensions? 



101 ohms 


( 5 ), - (£ 


224 

1,360 


A 

606 


(t). - (t). 


/. E, 

Exp. value 


99.6 volts 
100 volts 


145 


46.700 17,400 


Roi 

Exp. Value 


=55.1 ohms 
= 63 ohms 


33.6 X 0.52 = 28.7 X h 

/. ^ = 0.607 ampere 
Exp. value = 0.61 ampere 

This procedime is repeated for other 
values of Xg. The dotted curves of figure 
3 shows the critical stable values for re¬ 
actor 2 predetermined from the experi¬ 
mental values of reactor 1. The dis¬ 
crepancies are due mainly to differences 
in the flux leakages of the two reactors. 

The Generalized Curves 

The critical stable condition for any 
series circuit can be generalized in terms 

Figure 4 calculated from four different 
reactors indicates good agreement with 
the theory. The tabulated values for 
the curves are given in table I. 

From such a curve it is possible to de¬ 
termine the critical stable values for any 


E/nA, and —• 
I 



reactor almost immediately. To illustrate 
its use a typical problem will be tahen. 

Problem 2 

^ It is desired to design a voltage-sensitive 
circuit with a critical stable voltage of 200 
volts and a critical stable current of 0.6 
ampere. 

^ This may be accomplished in a number of 
d^er^t ways. However, from the practical 
viewpoint the problem is fairly well limited. 

Starting with a certain value of the 

reactor dimensions and the condenser size 
can be determined. If these values are un- 
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A 

nA 

ni 

1 


0.135 


12 


^Xc 

/n^A 
/ 1 

> 0.010 



Al 

nA 

200 

* 1,470 

nU 




“ ^36 


1 

= 44.2 

X 1,070 

n 


= 20. 

x<, 

- 0.004 

X 47,300 

1 

“ 0.6 

C 

» 14 microfarads 


Volume = Al 


1470 

20 


73.6 cubic indies 


This would result in a bulky reactor; there¬ 
fore, start with a smaller value of Xc 
For 


££ 

I 


0.004 


1»070 ^ 

Tr;r * 24,2 
44.2 

cubic inches 
47,300 

190 ohms 


B.Q = 0.0023 X 47,300 = 109 ohms 

If . 

Z = 12 inches 
A “ 2.02 square inches 
n — 630 turns 

These values are within the practical 
range. If a still smaller reactor is de- 

In^A 

sired, a smaller value of Xq /-should 

/ ^ 


Table I. Generalization of the Critical Stable Values 


Experimental Values 
Xo Eq E i 


n^A 

1 


Rq E 

n»A nA 

1 


1 


coils. 

Equivalent Series Circuits 

The generalized treatment so far has 
dealt only with the series circuit. How¬ 
ever, the same prindple can be used for 
other drcuits by reducing them to the 
equivalent series circuit. 

One practical application of such a 
scheme is found in the design of the reso¬ 
nant relay drcuits. By shunting a high- 
impedance relay across the condenser of 
the ferroresonant circuit, relays which 
normally rdease at half the closing volt¬ 
age can be made to open and dose at the 
same voltage when the drcuit is tuned for 
the critical stable condition. 

In order to make use of the generalized 
chart it is now necessary to use the equiva¬ 
lent series reactance and resistance of 
the drcuit. For a relay across the con¬ 
denser the equivalent series values re¬ 
duce to a capadty reactance of 


Reactor 1 
n 520 
A « 2.62 
/ - 16.5 


Reactor 2 
» • 362 
A - 1.72 
/ » 12.25 


Reactor 3 
» « 704 

A - 1.72 
I - 12.25 


Reactor 4 
n « 500 
A « 2.26 
I - 12.25 


43.. 30..323..2.4 . 

93.. 60..284..1.3 . 

188.. 114..248..0.72. 

272.. 146..224..0.62. 

366.. 170..205..0.43. 

460.. 195..186..0.36. 

26.. 10..142..2 4 . 

43.. 26..182..1.3 . 

93.. 50..104..0.68. 

187.. 68.. 78..0.40. 

272.. 75.. 66.,0.26. 


93.. 63..290..1.3 . 

187.. 120..252..0.68. 

272.. 164..230 ...0.50. 

355.. 182..209..0.40. 


. .0.00094..0.000656..0.237..80,5 
..0.00204..0.00131 ..0.209..43.5 
..0.00412..0.00250 ..0.182..24.1 
. .0.00695..0.00317 ..0.165..17.4 
.0.00778..0.00372 . .0.151. .14.4 
.0 0101 ,.0,00426 ..0.137..12.1' 

. .0.00144, .0.000576, .0.234, .69.0 
.0.00247..0.00149 . .0.218, .87,3 
.0.00636..0.00287 ..0.172,.19.6 
.0.0107 ..0.00390 ..0.129..11,5 
.0.0156 ..0.00430 ..0.109.. 7.2 


, .0.00134. .0.000905. .0,240. .74.6 
..0.00268..0.00173 ..0.208..39.0 
.,0.0039 ..0.00236 .,0.190..28.7 
..0.0061 ,.0,00261 .,0.173..23.0 


-y- » 46,700 

nA « 1,360 
n 
I 


' 33.5 


n'^A 
I 

nA » 605 
n 
I 


^ ^ ir*-\-XB{Xn-Xo)\ 

and a resistance of 

_ J_) 


17,400 


» 28.7 


\r^ + {Xn-Xc)^\ 


(U) 


( 12 ) 


69,700 


n^A 
I 

nA m 1,210 
j - 67,4 


where 

Xo - 

r 

Xn 


reactance of the condenser used 
resistance of the relay 
average reactance of the relay 


A 


93.. 56..252,.1.13... .0,00202..0.00122 ..6.223..46 1 

187.. 107. ,212.,0.62 - 0.00406.. 0.00232 . .0.188. .26 3 

272.. 139..1S8..0.48...,0.00590..0.00302 . .0.167..19.6 

339.. 158..172..0.40... .0.00738..0,00344 . ,0.153. .16.3 


n*A 


m 46,000 


nA - 1,126 
r -40,8 


March 1939, Vol. 68 


Thomson—Ferroresonant Circuits 


Conclusion 

The principle of similitude offers the 
simplest and the most practical solution 
for the critical conditions of the ferro- 
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resonant circuit. Some of the advantages 
over previous methods are: 

1. It is not necessary to know the volt- 
ampere curve of the reactor. 

2. The generalized curves giving the 
complete solution for the critical stable 
condition are easily determined from any 
test reactor using the same grade of iron. 

3. The principle of similitude presents a 
clear picture of the ejffect of varying the 
circuit parameters. 

Although the discussion in this paper 
dealt mainly with the critical stable con¬ 
dition, equations (9) and (10) also apply 
to the critical unstable condition. For 
this latter case there will be two values 

, and they will be completely 
specified by the values of Xq 

Vt- 
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Discussion 

W. B. Coultiiard (Department of Me- 
chanical and Electrical Engineering, The 
University of British Columbia, Vancouver, 
Canada): Mr. Thomson makes a further 
interesting contribution on the ferroresonant 
circuit in predetermining the limits of stable 
conditions. However, in applying the prin¬ 
ciple of simiHtude to this circuit, care must 
be exercised. 

My criticisms of this method are as 
follows: 

1. The dimensions of the coils and cores must 
ensure proportionality between the leakage and 
uon flux. 

2. The impedance of the source of supply must be 
considered. It is well known that different points 
of instability are obtained when the voltage is 
varied by controlling the excitation of the alternator 
and when it is varied by induction regulator control 
So to apply the principle of similitude, identical 
supply circuits must be specified. 

3. When reactance preponderates in the supply 

circifit, due to the phase shift the point of in¬ 
stability does not occur at the peak and dip of the 
El characteristic but at some points beyond. In¬ 
stability is now no longer defined by — « o but 
, dE dl 

oy ^ - a negative quantity. Under critical stable 

conditions it appears that the El characteristic is 
no longer parallel to the current axis, but there 
is a slight bend between what are defined as thelow- 
Md high-drcuit regions. In these circumstances 

^ = 0 does not hold. 


W. T, Tbomson: (1) In order to apply the 
principle of similitude to any physical 
problem, it is obvious that the two systems 
to be compared must be proportional in 
every way. The accuracy of predetermina¬ 
tion will therefore depend on the degree to 
which this requirement is satisfied. 

In ferroresonant circuits it would be im¬ 
practicable to attempt perfect propor¬ 


tionality in design. However, one should 
insure similarity within a reasonable degree. 
For instance, if it is desired to use the El 
type of core in the reactor, the test reactor 
from which the data must be taken, should 
have the same type of core. 

The core of the four reactors used to ob¬ 
tain the generalized curves of figure 4 are 
of the El t 3 rpe, the a-c coils being placed on 
the outer legs. Figure 4 indicates that the 
accuracy obtained is sufficient for all prac¬ 
tical purples, and the data should be ap¬ 
plicable with reasonable accuracy to other 
reactors of the El type. 

2. The critical points of the circuit vary 
with different wave forms of the applied 
voltage to a certain extent, and for accurate 
predetermination, the impedance of the 
source should be such that the wave forms 
are similar. For this investigation a 
“Variac” was used to insure a minimum of 
wave distortion. 

3. The critical stable condition was de¬ 
fined as the limiting condition of the tana,- 

dE dE 

^ equal to a negative 

quantity does not come under the case of 
critical stable operation. 

For the unstable condition ff * 0 will 
. dl 

still be points of major interest regardless of 
whether they represent points of instability 

or not. With a supply of good regulation^ 

. dl 

0, will represent limiting points of in¬ 
stability. 

In general by using reasonable care in 
insuring proportionality, the accuracy ob¬ 
tained will be sufficient for all practical 
purposes. It should also be pointed out 
that up to the present there has been no 
publication of any other method by which it 
is ^possible to predetermine accurately the 
critical points of ferroresonant circuits in a 
g^eralized manner. In articles dealing 
with ferroresonance, the problem has been 
turned Mound backwards, e.g., to calculate 
the Mitical points for a given circuit, while 
the information most desired is of the re¬ 
verse order; i.e., to be able to start from 
some specified critical point and design the 
circuit to give this performance. The infor¬ 
mation enabling this predeterm in at ion must 
necessarily be of the generalized order such 
as the one discussed in this article. 
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Symposium on Operation of the Boulder 
Dam Transmission Line—General 
Operation of Transmission Line 


By WM, S. PETERSON 

MEMBER AIEE 


inch-diameter hollow copper conductor of 
the segmental type; special suspension 
clamps; high level of insulation provided 
by suspension insulator strings consisting 
of 24 ten-inch-diameter by five-inch- 
pitch porcelain units; two overhead 
ground wires, 30 to 40 feet above the 
conductors; two continuous buried 
ground wires or counterpoise wires per 
tower line, with interconnections be¬ 
tween tower lines where single-circuit 
construction is used. Two intermediate 


Synopsis: The successful operating ex¬ 
perience had during the first 1V 2 years with 
the Boulder Dam-Los Angles tmnsmis- 
sion lines of the Department of Water and 
Power is reviewed in a symposium of five 
papers. Two unusually severe winter sea¬ 
sons and two lightning seasons, one of which 
was largely during the construction period, 
have served to test the line, so that an ac¬ 
curate judgment of its future performance 
can be made. An historical summary of 
the use of the line during permEtnent in¬ 
stallation and adjustment of auxiliary equip¬ 
ment and through the period of normal 
operation to the preset time is presented. 
The manner in which the electrical and 
mechanical performance has proved the 
design is developed and the unforeseen 
problems requiring solution are described. 
In addition to this general discussion, the 
excellent performance of the conductor 
from the standpoint of corona, the out¬ 
standing freedom from lightning flashover, 
are ^own in two separate papers. Two 
additional papers describe the carrier- 
current supervisory and communication 
systems and the relay protection system as 
well as fully discussing the experience had in 
placing this equipment in adjustment and 
having successful operation. 

T he Boulder Dam transmission line 
of the Department of Water and 
Power of the City of Los Angeles, has 
been in service since October 1936. By 
virtue of the vagaries of climate, the line 
has been called upon to withstand light- 
ning, wind, ice, and floods of unusual 
severity, subjecting the line to many of 
the eactreme conditions for whidh it was 
designed, without having to wait the 

Paper namber 88-109, recommended by the AIBB 
committee on power transmission and distribution, 
and presented at the AIBB Pacific Coast conven¬ 
tion, Portland, Ore., August 9-12, 1938. Manu¬ 
script submitted May 14,1938; made available for 
preprinting July 8, 1938. 

Wm. S. Pbtbrson is transmission system, engineer. 
Bureau of Power and Light, Department of Water 
and Power, City of Los Angeles, Calif. 

1. For all numbered references, see list at end of 
paper. 


usual long term of years for such condi¬ 
tions to occur. 

This circumstance makes it particu¬ 
larly appropriate to review the perform¬ 
ance of the line under such operating 
conditioas, for a satisfactory judgment 
on its long-time performance can thus be 
made. To present this material together 
with any special or new problems that 
have required solution is the purpose of 
this symposium. It has been found ad¬ 
visable to present this material under 
several appropriate headings dealing 
with the mechanical and electrical char¬ 
acteristics of the line, corona, insulation 
and lightning protection, carrier-current 
equipment, and relay protection. Where 
the original description of certain features 
has not been given heretofore, as for 
carrier equipment and relays, they are in¬ 
cluded in these papers. 

This line, operating at 287.5 kv, con¬ 
sists of two circuits, each 266.5 miles long, 
carried on two single-drcuit steel-tower 
lines, except fpr 40.6 miles carried on 
double-circuit towers near Los Angeles. 
It includes such unusual features as 1.4- 


sccuonauzmg switcnmg stations are lo¬ 
cated at one-third points known as Silver 
Lake and Victorville stations. Operating 
as part of the receiving end line sections 
are two banks of autotransformers re¬ 
ducing the voltage from 275 to 132 kv at 
Century receiving station (station B). 

The complete general description of 
the line and discussion of its various 
engineering features have been given in a 
paper entitled ‘‘Engineering Features of 
the Boulder Dam Transmission Line” 
by E. F. Scattergood,^ in which paper, as 
well as in a companion paper,* there 
was indicated the unusual and urgent 
necessity for this Une to be built so as to 
achieve the utmost reliability. With 
this object in view, liberal safety factors 
were employed, in its mechanical and 
electrical design, and a new step in high 
voltage was taken, together with the use 
of the two intermediate sectionaHzing 
stations so that it could carry its normal 
rated load of 240,000 kw delivered, with 
unimpaired stability when subjected to 
two phase to ground faults, removed by 
dropping a section of circuit. This op¬ 
erating capacity was taken as 80 per cent 
of the theoretical limit, which was cal- 




I '■) 


Fisure 1. Remafiit 
of doubfe - diciiit 
tower after flood 
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culated without including all of the sys¬ 
tem of the Department and is therefore 
also conservative. Factors in obtaining 
this performance were generators of 
liberal characteristics, and exceedingly 
rapid relays and drcuit breakers, which 
would clear faults in approximately 0.1 
second or less. The line has an emer¬ 
gency capacity of 300,000 kw deHvered, 
a limit imposed by generator capacity. 

The reliability that was built into the 
system was of outstanding importance 
when the system went into service. The 
necessity of making a frequency change 
cut-over from 50 to 60 cycles at the same 
time as the line was inaugurated, made 
the demand for its use so great that 
essentially the only test the new Boulder 
system received was the test of service. 
The very instant that the first Boulder 
power house generator was available, the 
transmission system went into service 
and has continued to give the type of per¬ 
formance anticipated, despite the extreme 
mechanical loading imposed by a winter 
remarkable for the worst cold, snow, sleet, 
and wind recorded during the histoiy of 
the local weather bureau; followed, a year 
later, by the thorough test on line location 
and structural strength, given by a winter 
having the most severe floods within over 
50 years. 

Preliminary ITse of Line 

The first application of normal voltage 
to a section of the line occurred on Sep¬ 
tember 20, 1936, when a 90-mile section 
of one circuit from Los Angeles Century 
receiving station to Victorville switching 
station, was excited from the receiving 
end. This use of the line was made in 
connection with testing out and develop¬ 
ing a neon-tube tower light obtaining its 
power from capacitive coupling with the 
line conductors. 

The characteristics of the available 
equipment and transmission lines In¬ 
cluded in the circuit, and the resultant 
char^g-current effects, made it im¬ 
possible to build up voltage slowly on the 
new Hne, so that on closing the circuit 
breaker, the voltage immediately 
up to normal. The diarging kilovolt¬ 
amperes was 28,600 as predicted from 
the calculation of line and transformer 
constan^. No difficulty was experienced 
with the line or the various circuit break¬ 
ers and disconnects which were tested at 
the same time. 

Frequenor-Change Considerations 

A consideration of consumer’s interests 
had indicated the desirabilify of rhany^ g 
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the frequency on the Bureau of Power 
and Light system from 50 cycles to the 
60-cycle standard used throughout the 
countiy. The bringing in of a relatively 
large new source of power made it de¬ 
sirable and economical to make the 
change-over when such power was avail¬ 
able. Early estimates of generator avail¬ 
ability had indicated that the frequency 
change could start in April 1936, and an 
organization was built up on that basis. 
Delays from that date were costly but 
necessary. 

As the first Boulder generator unit did 
not finally become reliably available until 
October 22 and the second generator not 
until November 14, it becomes evident 
that the transmission system had to go 
into effective operation immediately as 
the generators became available. 

Operation for Inauguration 

In accordance with anticipated avail¬ 
ability of generator units, appropriate 
ceremonies pertaining to the arrival of 
Boulder Dam power in Los Angeles were 
set for October 9, 1936. Broadcasting 
and other program arrangements re¬ 
quired adherence to this date. From 
the engineering standpoint this inau¬ 
gural use of the line was important be¬ 
cause it was the original tryout. Due to 
the co-operation of the government and 
the manufacturer, a generator was made 
available for that event, although it was 
not in condition to be released for regular 
service until nearly two weeks later. 

Temporary arrangements of relay 
equipment and carrier telephone equip¬ 
ment were installed. Both power cir- 
cmts were available but only one was used 
in order to avoid self-excitation of the 
generator. 

The program included the use of a large 
arc to announce the arrival of Boulder 
power. Line and system arrangements 
were such that power from Boulder Dam 
would come over the south circuit, and 
thence through various system con¬ 
nections and series reactance to a 2,300- 
volt feeder to a downtown location, 
where arrangements were provided at the 
top of 70-foot poles for producing an arc 
between three-inch-diameter electrodes, 
arranged vertically, and separated ap¬ 
proximately three feet. At the arc the 
voltage was approximately 1,000 volts, 
the current was 500 amperes, and the 
power consumed was 500 kw. 

At 2:08V2 p.m. October 9, the Hne was 
energized to the receiving station at low 
voltage and reduced frequency. No 
S3nichronous condensers were in use. 
Within three-quarters of an hour, the 
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speed had been brought up to normal and 
the voltage on the generators was 75 per 
cent of normal in order to produce nor¬ 
mal voltage at the receiving end. The 
charging kilovolt-amperes was approxi¬ 
mately 75,000 which was quite dose to 
the calculated value for lines and trans¬ 
formers. 

This was the first full-speed opemtion 
of the unit, and a generator bearing began 
to run hot, so it was necessary to run at 
reduced speed and voltage from 3 p.m. 
until required to bring conditions back 
to normal in advance of striking the 
large arc at 7:41 p.m. 

Other than the difficulty with the 
generator bearing, no other trouble was 
experienced in this first test and use of 
the complete line. 

Further Installation 
and Test Work 

During the following two weeks the 
relay and carrier telephone installation 
work was completed and initial adjust¬ 
ments made. Changes in the generator 
bearing to increase the flow of oil, over¬ 
speed tests, and installation and initial 
adjustments of the generator and .trans¬ 
former differential relay system and 
other auxiHaries were made. The in¬ 
stallation of carrier-current supervisory- 
control system was under way, but was 
not completed until a later date. 

During the relay installation, the line 
was charged on several instances for ad¬ 
justment of potential devices used in con¬ 
nection with the relay system. No diffi¬ 
culties were encountered. It was antici¬ 
pated that further test and observation 
and adjustment of the relay system would 
have to be made during operation. Final 
adjustments of the telephone system 
could best be made with the line in op¬ 
eration, so that suitable adjustments of 
input with respect to tlie noise level could 
be made. 

Commercial Operation 

Actual use of the line for regular power 
service began at 7:05 a.m., October 22, 
1936, using the south circuit and one 
generator. Low head in the reservoir 
limited the generator output to approxi¬ 
mately 50,000 kw at full gate. With 
loads as low as this, it was possible to 
take the line out of service between mid¬ 
night and morning whenever desired for 
adjustment or installation of auxiliary 
equipment. At the switching stations 
such work involved permanent installa¬ 
tion and adjustment of relay equipment 
and carrier-current telephone equipment. 
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Adjustment of pallet switches and other 
small elements of control were made. 
The installation work pertained princi¬ 
pally to the supervisory control equip¬ 
ment. The line patrolmen took advantage 
of such opportunities to take out line sec¬ 
tions to replace some insulator units 
slightly damaged by bullets or in course 
of construction work, and make any other 
corrections to hardware revealed as neces¬ 
sary by the careful inspection which 
was being made. 

The second generator, unit NA, be¬ 
came available December 28. Both units 
were put into service immediately at full 
output with the available head. The 
bringing in of these units at this time 
was particularly important in avoiding 
delay in the program of frequency chang¬ 
ing imder way. The Boulder Dam sys¬ 
tem was depended on, and used as a fully 
dependable system during this exacting 
time, when keeping adequate reserve for 
two frequencies was a major problem. 

It may be said that these early months 
of operation constituted the test period 
for all of this relay, supervisory control, 
and communication equipment. Obser¬ 
vations and tests have been continued to 
serve as a guide in the proper adjustment 
of the carrier current equipment and 
point the way to minor changes of de¬ 
sign that may be necessary in any of the 
elements of the equipment, to meet the 
requirements, set by the Department, to 
operate under certain defined unusual 
circumstances. 

By the end of the year 1936 the fre- 
quency-chauge work had been essentially 
completed, and the system was proceeding 
on a normal basis. The fourth generator 
became available March 18, 1937. In 
general the plant has been loaded up to 
the limitations imposed by low head until 
after the runoff of 1937. Since then, the 
.maximum load has been essentially lim¬ 
ited by the defined rated operating ca¬ 
pacity of the transmission system. Since 
the Department acquired the system of 
the -Los Angeles Gas and Electric Cor¬ 
poration on February 1, 1937, it became 
desirable from the standpoint of econ¬ 
omy to load the Boulder system as much 
as possible and use the acquired steam 
plants for standby. The rapid growth 
of load on the Boulder system is indi¬ 
cated in table I, showing the kilowatt- 
hours per month supplied to the low-volt- 
age side of the step-up transformers, the 
monthly peak output of the main gen¬ 
erators in kilowatts, and load factor. 
In addition the average monthly effi¬ 
ciency of transmission is given. This 
figure includes losses in the step-up trans¬ 
formers, line, autotransformers, and syn¬ 


chronous condensers. One other trans¬ 
formation from 132 kv to the 33-kv load 
bus is not included. 

During this period of operation, the 
peiBonnel have had to acquaint them¬ 
selves; with new types of intricate con¬ 
trol equipment, a large and complicated 
generating plant, a new line arrangement 
at switching stations, and a line of un¬ 
usual characteristics and length, and 
continue operation while extensive in¬ 
stallation and test work was going on 
vrith such equipment. Under the con¬ 
ditions it is remarkable and the operating 
group are to be commended on the fact, 
that a large number of interruptions did 
not occur from the human element. The 
operation of the line has been exceedingly 
reliable and satisfactory. There was a 
period of ten months operation absolutely 
free from interruption due to any cause. 

Of the five interruptions that have 
occurred, four have involved the human 
element as well as the control equipment, 
so that it cannot be stated beyond all 
doubt wherein the failtue occurred. Such 
interruptions occurred during operating 
procedure. The other interruption was 
caused by a flood imdermining a tower 
and causing relay action which took 
place correctly. A brief description of 
each of these cases will be given. 

Interruptions 

The first interruption was of very min nr 
importance and occurred at 6:21 a.m., 
December 16, 1936, during the process 
of putting the north line back in service 
after being out on a clearance. The 
north line was energized for the complete 
length and had been placed in parallel 


at Silver Lake and at Boulder. While 
closing the parallel at Victorville, some 
faulty action of undetermined origin 
caused the south line to relay open and 
interrapt service. The line was carrying 
60,000 kw. 

The second interruption occurred at 
9:11 p.m., January 6, 1937, when the 
line was delivering 130,000 kw. Sleet 
had been reported as forming on the con¬ 
ductors at Mountain Pass between 
Boulder and the Silver Lake switching 
station. The patrol road was becoming 
impassable, so it was decided to alternate 
the load on the north and south line sec¬ 
tions between these stations. As will be 
indicated in the paper on relaying, tran¬ 
sients during switching operations had 
been such as sometimes cause relay 
action to occur on the incoming line. 
The north line section had been energized 
from Boulder and in the process of placing 
it in parallel with the south line it relayed. 
Then either the supervisory control in¬ 
dication did not come in correctly, or the 
Boulder operator did not notice, or else 
did not wait long enough for the super¬ 
visory signal to come in before tripping 
the south line and interrupting service. 
Due to the line being charged from tlie 
receiving end high voltage existed for 
one or two seconds until the operator 
opened the lines so Boulder could get the 
transmission line ready for res 3 mchro- 
nizing. 

The third case of interruption did not 
occur for nearly a year and happened at 
10:25 a.m., November 8, 1937, while 
the rday maintenance crew were making 
their routine tests on the performance of 
the relay equipment. In clearing the 
balanced Kne, to put them back in serv- 
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Year 

Month 

Energy to 
Step-up 
Transformers 
(Millions ot 
Eilouratt-Hours) 

Generator 

Peak 

Kilowatts 

Load 
Factor 
(Per Cent) 

' Efficiency 
of 

Transmission 
(Per Cent) 

1936 

October* ... 


... 65,000. 

...48.0... 

.86.9 


November ,. 


...108,000. 

...60.1... 

.90.4 


December... 


...162,000. 

...56.8... 

.91.3 

1937 

Januaiy .... 


...156,000. 

...69.4... 



February .,. 


...162,000. 

...70.1... 



March. 


...163,000. 

...65.3... 



April]. 


...171,000. 

...62.1... 



May. 


...167,000. 

...61.7.. . 

.94.7 


June. 


...182,000. 

...60.6... 



July. 


...166,000. 

...66.1... 



August. 


.. .216,000. 

. ..53.3... 

- Qit 1 


September .. 


...260,000. 

...66.0... 



October 


...276,000. 

...68.0... 



November ., 

.117.70. 

...277,000. 

...69.0... 

.93.8 


December 


. ..277,000. 

...59.9... 

92 7 

1938 

January ... 

.120.40. 

...281,000. 

...57.7... 



February ... 


...273,000. 

..,63.6... 



March. 


. ..267,000. 

...66.4... 

92 ^ 


April . 






* 23S hotirs. 
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ice, some jumpers were inadvertently 
left so as to involve a complication of 
several circuits on a relay test panel, in 
such a way as to have the effect of con¬ 
necting the secondary of the potential 
transformer through the residual cur¬ 
rent coil of the carrier pilot relays. Also 
due to the short circuit on the potential 
transformer, voltage on the directional 
element was such as to cause the rdays 
to indicate a fault on both lines. When 
the relay test switch was turned to put 
the relays in operation both lines were 
tripped. 

At the time of this interruption Boulder 
power plant was carrying 217,000 kw. 
It is estimated that the marimutn re¬ 
ceiving-end voltage of the lines was 
approximately 385 kv at 4.5 seconds 
after the interruption and that the maxi¬ 
mum frequency was 65 cycles per second 



Figure 2. First tower east of washed-out 
tower 


5 seconds after the lines opened. Such 
values axe not considered excessive for 
dropping this much load. These con¬ 
ditions caused no flashovers of line in¬ 
sulation nor difSculty in the autotrans¬ 
formers connected to the lines. 

The fourth interruption occurred at 
6:56 p.m., March 2, 1938, as a result of 
the undermining of a double-circuit tower 
by the worst flood of 50 years record in the 
Los Angdes area. The actual failure 
began several minutes earlier. At 6:50 
p.m., the north drcuit rdayed out, by 
balanced line rdays, due to a single-phase- 
to-ground fault on the A phase (top con¬ 
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ductor). Since the overhead ground wire 
broke free from the tower on this side, 
it is believed that this first rday action 
was caused by the ground wire sagging 
down on the conductor bdow. The com¬ 
plete relay and circuit-breaker action 
required only 3.5 cydes or 0.06 seconds, 
This is as designed and the circuit-breaker 
action was without distress. Boulder 
was carr 3 dng 170,000 kw at the time of 
fault. System voltage drop was scarcdy 
noticeable, and very small power swing 
took place, the maximum at Boulder 
bdng 177,000 kw. Since the operator 
knew what was taking place, load was 
then reduced on the Boulder circuit. 

Six minutes later the tower completed 
its process of falling and the bottom 
conductor of the south line (also A 
phase) contacted ground and was rdayed 
by carrier pilot rdays, in 5 V 2 cycles at 
the recdving end and IOV 2 cydes at the 
Victorville end. The load being carried 
was 130,000 kw. 

This second fault was less severe than 
the previous one, as very considerable 
less ground current flowed indicating 
considerable resistance at the point of 
fault. The relay time was compatible 
with the ground currents involved. 

The generators speeded up to about 63 
cydes 4.6 seconds after the fault. The 
sending-end voltage did not rise appre¬ 
ciably. 

The last interruption occurred at 
10:16 am., March 29, 1938 It was an 
illustration of what can happen due to 
complexity of circuits in a modem power 
house, where doing some simple but un¬ 
usual operation brings into action other 
equipment, possibly out of mind at the 
time. In this case, while gathering name¬ 
plate data for inventory purposes, the 
circuit breakers for supptying d-c con¬ 
trol power over two feeders, were being 
alternately taken out of service. In this 
process, the second breaker was opened 
before the first was dosed, removing the 
control power. Then all normally ener¬ 
gized control relays dropped out, es¬ 
tablishing a condition which energized 
the governor shut-down solenoids when 
the bus was re-energized. This caused 
all turbine gates to move to the full 
dosed position, where all but one unit 
latched shut. On this one unit the gates 
came back to the full open position, but 
as all of its output was used up in driving 
the other units, and churning water, no 
power reached Los Angeles, and the Boul¬ 
der dtcuits were opened by hand to per¬ 
mit Boulder to clear up its trouble and 
get the line ready for S3mchronizing. 
The load on the machines at Boulder at 
the time was 230,000 kw. 

PctCTSOfl—GeHCTdl OpBfdtioft 


The Boulder speed dropped to 45 
cydes about 30 seconds after separation. 
The regulators were set to maintain 17,000 
volts at the generator. The units were 
then put on hand control, and gates 
opened to bring the speed up. Due to 
no load, they came up more rapidly in 
speed than the regulator could adjust 
voltage, considering the heavy field cur¬ 
rent and the effects of line-charging cur¬ 
rent with increasing speeds. The leading 
current also acted on the cross compen¬ 
sation of the voltage regulators, causing 
them to regulate seven per cent higher 
than their setting. The maximum volt¬ 
age at Boulder was approximately 385 
kv. The receiving-end voltage was not 
appredably different because of the very 
large lagging exdting current taken by the 
autotransformers at the receiving end, 
with high voltage. 

Electrical Loading 
and Performance 

Due to the continuous use that has been 
made of this line there has never been 
opportunity to conduct any program of 
accurate testing to determine the line 
characteristics. However, with open-dr- 
cuit conditions and normal voltage at the 
receiving end, switchboard readings were 
taken of current and voltage on the high- 
voltage side at Boulder. A comparison 
of these results with values determined 
by transmission system constants cal¬ 
culated with slide rule, for the same com¬ 
plete circuit, revealed that tlie calculated 
sending-end voltage was 238,000 while 
the test average was 239,000 and the 
calculated current was 200 amperes 
while the test average was 194. Sucli 
constants were determined on the simple 
isolated circuit basis, without refinements 
including ground wire effects, or height 
above the ground, etc. This is sufficient, 
check to give assurance that tlie circuit 
is operating about as anticipated. The 
general performance under load is also 
as expected from calculation of perform¬ 
ance. 

In the design work, the assumption 
was made that the generator terminal 
voltage would in general be held constant 
at the normal value, with a fixed setting 
of the voltage regulator. In actual 
operation a slightly different policy has 
been followed to date. The regulator 
setting is changed with the load^ ranging 
from 90 per cent voltage at very light 
loads up to 105 per cent at the higher 
loads. This gives operation in accord¬ 
ance with the criterion for minimum line 
loss, and also permits the synchronous 
condensers to operate at lower outputs. 
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The high efficiency of the line is indicated 
in table L 

Operation of the line has as yet de¬ 
veloped no conditions which provide a 
full check on the stability limit. How¬ 
ever, some verification of design can 
be obtained from the clearing of the first 
circuit. During the trouble of March 2, 
1938, when a tower was taken out by 
flood at a time when the load was 170,000 
kw, the relay and circuit-breaker action 
was so prompt that only a single-phase-to- 
ground fault resulted. However had 
slower circuit breakers been used the 
fault would presumably have had time 
to develop into a two-phase-to-ground 
or three-phase fault. This proved to be 
the case when a very similar tower 
failure took place on the Department’s 
110 -kv double-circuit line, where an .4- 
phase-to-ground fault developed into a 
two-phase-to-ground fault within 3 cy¬ 
cles and in 13 additional cycles became a 
three-phase fault. For a three-phase 
fault at this load the more permissible 
duration of fault to avoid instability is 
of the order of one-third second. If the 
customary speeds of fault removal, such 
as 20 to 30 cycles had been used, this 
fault would probably have produced in¬ 
stability. As it happened, there was 
hardly an observable flicker of voltage 
and hardly any power swinging. Opera¬ 
tion was perfect until six minutes later 
when the tower had fallen so as to in¬ 
volve the second circuit. 

Mechanical Characteristics 
and Loading 

Conductor 

All of the line carried on single-circuit 
towers is designed to carry one-half 
inch of radial ice loading with a wind 
loading of eight pounds per square foot 
of projected area, with a safety factor of 
2 V 2 on the ultimate strength. The 
nearest approach the line will probably 
have to these loadings occurred during 
the winter of 1936-37. 

The first evidence of sleet formation 
on the line occurred during December 
1936 when a few spans at the top of Cajon 
Pass were observed to have one-half to 
three-fourths inch of ice measured 
radially in the vertical plane, but having 
very little thickness on the sides. At 
this time the wind had a velocity of ap¬ 
proximately 30 miles per hour. Similar 
conditions existed at another mountain 
pass between Boulder and Silver Lake 
stations. The conductor completely re¬ 
covered to its original normal sag after 
the loading was removed. 

The sleet formation in Cajon Pass was 



watched with considerable interest as 
an effort was made in locating the line 
to choose proper elevations, and the ap¬ 
propriate dope of the mountains, so that 
sleet difficulties would be minimized. 
The experience of some other lines in this 
area had been that sleet and snow has 
formed up to diameters in excess of eight 
or ten inches and broken down conduc¬ 
tors and structures. In the storm under 
discussion some lines had such difficul¬ 
ties. It is now believed that the route 
selected is probably a good choice. 

During the period of construction and 
operation, several periods of relatively 
high wind velocity, probably up to ap¬ 
proximately 50 miles per hour, have been 
experienced without giving any trouble. 
This is considerably below velocities that 
would give mechanical trouble. The 
design of clearances is based on a wind 
velocity of 70 miles per hour without ice 
so there was no real danger of flashover at 
lower velocities. 

During the year beginning September 
1935, while construction work was in 
progress a survey of line vibration was 
carried on, in which 71 locations likely 
to be favorable to producing conductor 
vibration were investigated, by using a 
recorder employing an inertia arm. If 
any appreciable vibration was indicated 
by this instrument, a smoked-chart re¬ 
corder was put in place to measure am¬ 
plitude. Such were installed in 44 of the 
above locations. 

Approximately 18 miles in scattered 
locations or seven per cent of the total 
line, gave evidence of vibration in excess 
of one-half inch double amplitude at a 
point six feet out from the clamp, and in 
excess of one per cent of the time during 
wliich wind was favorable for vibration. 
In only one case was this amplitude 
maintained for as long as five per cent of 
the time that the wind was favorable for 
vibration. At this same location the 
amplitude reached the maximum of any 
place on the line, which was only iVs 
inches, double amplitude. This highest 

Peterson—General Operation 


Figure 3. Towers west of washed-out tower 

amplitude only prevailed for 0.01 per 
cent of tlie time that wind was favorable 
for vibration. 

Based on the recorded data, none of the 
locations had vibration of sufficient ex¬ 
tent to lead to fatigue failure within a 
50-year period. This Icnowledge is based 
on fatigue studies on the conductor used. 
However, in order to be conservative and 
make allowances for differences that 
might exist due to the relatively short 
time of survey at each location, it was de¬ 
cided to equip the 18 miles mentioned 
above with dampers. 

The studies by the Department have 
served to indicate that theconductor being 
used has a high degree of self-damping, 
and is entirely satisfactory in its per¬ 
formance in resisting fatigue failure. 

Hardware 

The free-center-type of suspension 
damp used on this line has operated 
very successfully. Although the cable 
lies in pivoted saddles without clamping, 
there has been no creep. The knife-edge 
pivots used have shown no wear where 
examined, and no wear was indicated 
for a clamp carrying normal load in a 
vibration fatigue test on the cable. Dur¬ 
ing the recent tower failure due to the 
flood, the center wedge grip engaged the 
body of the clamp and held dead end 
strains on the cable as antidpated. 

The wedge-grip strain clamps and 
conductor connectors have proved en¬ 
tirely satisfactory. One refinement how¬ 
ever was necessary and became evident 
at the start of the stringing operations. 
Conductor stringing was started with one 
crew in the Kingston Valley section of the 
line on March 15, 1935, and this was fol¬ 
lowed by a crew in the Silver Lake sec¬ 
tion on March 21, 1935. The first span 
of cable erected at Silver Lake pulled out 
of the dead-end fittings during the erec¬ 
tion process, and this was followed by a 
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similar occurrence at Kingston a few days 
later. We had previously broken, in 
laboratory tension tests, several hundred 
pieces of this cable when dead-ended in 
these same fittings and in every case the 
dead-end fittings functioned perfectly. 
However, the cause of the trouble was 
found to be in the design of the inner 
wedge or chuck of the dead-end fittings. 
The chuck was not flexible enough to ac¬ 
commodate certain combinationsof manu¬ 
facturing dimensional tolerances of cable 
and dead-end fittings. All chucks were 
additionally slotted to make them more 
flexible and no additional trouble was 
experienced. 

In connection with the discussion of 
hardware it is of interest to call attention 
to a special unforeseen condition that ex¬ 
ists along about seven miles of line. At 
this point the line is proceeding in a 
westerly direction after going through 
Cajon Pass. Here the line is running 
in the foothills parallel to the axis of the 
mountains, but there are frequent small 
canyons at right angles to the direction 
of the line. The prevailing winds, which 
are frequent and of moderately high 
velocity, are from the north and flow down 
these little canyons with varying velocity 
in adjacent canyons. The result is that 
adjacent spans of the line have unequal 
and continually shifting wind loading, 
which produces considerable longitudinal 
motion as well as the normally antici¬ 
pated transverse swing of the insulator 
strings. 

Due to this action, the commonly used 
bent-rod type of hanger bracket, which 
has a hooked end carried by holes in 
clip angles attached to the cross arms, 
is causing some wear at the points of 
support. An improved type of hanger, 
devised so as to give rolling action 
rather than sliding action, is being de¬ 
signed for use at this location. For the 
remainder of the line this hanger has given 
no such difficulty. 

It was also observed with this type of 
hanger, that in comparison with struc¬ 
tural-steel or plate type of hangers, that 
there was more tendency for the clevis 
pins to move endways and eventually 
bring the cotter key against the clevis 
where it could wear. The exact cause of 
the action is not known, but may be due 
to the large eye and the curved surface 
on which the pin rests, coupled with the 
larger motion with the wind that comes 
^th the use of the hollow conductor of 
light weight. To eliminate any worry 
of failure due to this cause the pins were 
replaced with bolts and slotted nuts with 
cotter key to lock the nut. 

The seven-mile section here referred to 
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had the same type of longitudinal motion 
take place on the overhead ground wire, 
causing the clamp to swing 45 degrees. 
The result was excess wear on the trun¬ 
nion pivots of the suspension clamps at 
such locations. At the present time, 
designs are being made for special clamps, 



Figure 4. Tower after two footings were 
lowered five feet by washout 


to withstand this kind of action. This 
type of wear is not found elsewhere on the 
line. 

The special ground-wire strain clamp 
designed for this line has been satis¬ 
factory throughout the Hne. 

Towers and Footings 

The satisfactory design of the towers 
and footings can best be indicated by a 
discussion of how these structures with¬ 
stood the flood conditions that prevailed 
on March 2, 1938. Although one tower 
was lost, as has been indicated, there 
were many more at other locations that 
were in jeopardy and which with less 
Hberal design, especially of footings, 
would have failed. 

Floods in this area involve many short 
streams, normally carrying little or no 
water, which originate in the mountains, 
come down steep canyons, and in the 
case of the larger streams carry prob¬ 
ably 50,000 cubic feet per second. The 
velocities even through the coastal plain 
are exceedingly high and very destruc¬ 
tive. This flood was the worst in over 
50 years. It was exceedingly widespread 
in its damage, affecting disastrously a 
large number of power lines, communi¬ 
cation lines, railroads, highways, pipe 
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lines, bridges, and many other important 
structures. 

The tower that was undermined was 
in the wash area, but to one side of the 
established channel. The destructive 
power of the water can be judged from 
figure 1 showing a picture of the one re¬ 
maining footing, with the tower visible 
approximately 200 feet downstream where 
it was carried by the force of the water. 
Obviously a failure of this kind put tre¬ 
mendous strains on the conductors and 
the adjacent suspension towers. In this 
failure the north ground-wire damp 
broke free from the tower and tlie bottom 
conductor on the north side broke free 
at the bottom insulator. The other con¬ 
ductors were broken, by the pulls imposed 
by the falling tower. 

The tower shown in figure 2, is im¬ 
mediately to the east of the tower that 
went out and shows that all amis and 
insulators remained intact. The insu¬ 
lators have a strength just under tlie 
broken wire pull that the cross anns can 
withstand. This tower received some 
help from a dead-end tower just beyond. 
On the west end, however, all the towers 
were suspension towers. The resulting 
strains on the conductor were such as to 
break insulator strings from one to three 
towers back depending on the conditions 
of pull. This is shown in figure 3. The 
towers were not damaged although they 
had to meet a duty approaching that on a 
strain tower. They are designed to 
withstand one broken conductor and one 
broken ground wire under maximum ice 
and wind conditions. 

At another point in a rather indistinct 
water channel, a tower had all four foot¬ 
ings completely exposed, and remained 
standing, due to the dead weight of the 
concrete footings. In another case, an 
angle tower, which was a considerable 
distance back from a water channel, had 
two of its footings undennined by the 
progressive cutting back of the bank. 
This tower is shown in figure 4. The 
footings were lowered about five feet 
but the weight of the footings prevented 
the tower from being pulled over by the 
transverse pull due to the angle. 

These cases are representative of sev¬ 
eral others, where the sturdiness of the 
towers and the weight of the footings 
served to limit our outage to one location 
on the Boulder lines. 

However, although this flood with its 
previously referred to widespread dam- 
age, did create a few points of danger 
and the actual loss of one tower, never¬ 
theless to a very large degree the correct¬ 
ness of the location of the line and the 
placing of the stmctures is verified by the 
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Symposium on Operation of the Boulder 
Dam Transmission Line—^Corona 
Experience on Transmission Line 

By BRADLEY COZZENS WM. S. PETERSON 
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T he original basis for the selection of 
1.4 inches as the diameter of the con¬ 
ductor for the Boulder Dam transmission 
line was provided principally by test data 
taken at the Ryan High Voltage Labora¬ 
tory, at Stanford University, by the 
Department of Water and Power in co¬ 
operation with Doctor Joseph S. Carroll, 
on conductors ranging from 1.126 inches 
to 2 inches in diameter.^ Also reference 
was made to other previous corona work 
at the same place.An analysis and 
use of the data,®»® taking into account 
temperature and altitude effect and 
making some allowance for unknown 
factors affecting corona laws that had 
appeared in many of the tests, led to the 
final recommendation of 1.4 inches as the 
diameter for the conductor for 287.5 kv. 

Cost curves for the line in terms of con¬ 
ductor diameter indicated that in the 
vicinity of minimum cost the curves were 
exceedingly flat, with about one per cent 
change from the minimum cost represent¬ 
ing a diameter difference of 0.1 inch. 

Paper number 88-110, recommended by the AIBE 
committee on power transmission and distribution, 
and presented at the AIEE Paddc Coast conven¬ 
tion, Portland, Ore., August 9-12, 1938. Manu¬ 
script submitted May 18, 1938; made available for 
preprinting June 27, 1938. 

Sradlby Cozzbms is high-voltage research engi¬ 
neer, and Wm. S. Pbtbrson is transmission system 
engineer, Bureau of Power and Light, Department 
of Water and Power, City of Los Angeles, Calif. 

1. For all numbered references, see list at end of 
paper. 


tremendous percentage of the line that 
escaped without damage. 

Conclusion 

The performance of other elements of 
the system will be discussed in appro¬ 
priate papers associated in this S 3 mi- 
posium. 

In conclusion it can be stated that the 
performance of the transmission line and 
its associated equipment has been satis¬ 
factory. The few difficulties ‘ that have 
been ^scussed are not to be regarded as 
materially detracting from the success 
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Due to the peculiar shape of the corona 
loss curve, such economic choices would 
occur at the knee of the curve. How¬ 
ever, the test work at Stanford had re¬ 
vealed that there were variations in 
corona loss that could not be accounted 
for by known temperature or barometric 
variations or other partially known fac¬ 
tors such as humidity or surface condi¬ 
tions. The general indication was that 
after stable surface conditions had de¬ 
veloped such factors would not cause a 
shift in the loss curve of more than ten 
per cent in voltage for the same loss. 
Realizing that if a conductor was operat¬ 
ing near the knee of the curve and that 
this much shift in the loss curve of the 
conductor might run the losses tremen¬ 
dously and uneconomically high, it was 
decided to be somewhat liberal in select¬ 
ing the conductor diameter. The excess 
diameter over that apparently required 
was taken as approximately 0.1 inch. 

Tests on 1.65-mch-diameter hollow 
copper conductor of the segmental type, 
referred to as type HH, had indicated 
somewhat lower losses for that form of 
cable as compared with what would be 
expected from conductors with a stranded 
surface. It was believed, however, that 
a stranded cable of the diameter selected 
would be satisfactory for use on the line. 
Due to the small knowledge at the time 
on this subject of surface contour, no 


of the line as a whole, but are mentioned 
so that the electrical industry might 
profit from a knowledge of tlieir existence. 
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distinction was made for the difference in 
corona loss for these cables, in preparing 
specifications. 

Later tests on various 1.4-inch-diameter 
cables, which were submitted by manu¬ 
facturers in response to specifications, 
demonstrated the lower losses to be ob¬ 
tained with the smooth surface segmental 
type,^ which was the conductor used on 
the line. This conductor also had eco¬ 
nomic advantage in that it could be made 
with the exact amount of copper necessary 
to carry the mechanical and electrical 
loading involved. 

From the corona standpoint, the tests 
on 1.4-inch-diameter conductors indi¬ 
cated that any of them should be satis¬ 
factory, and that the 1.4-inch-diameter 
segmental-type conductor would be lib¬ 
eral as the losses were quite small, pro¬ 
viding the surface conditions existing in 
the laboratory tests would be main¬ 
tained in the field, by care in erection. 

In addition to selecting a conductor 
size that would give low corona losses, 
a special effort was also made to design 
line hardware so as practically to elimi¬ 
nate tmshielded comers or small radii 
that would be conducive to the formation 
of corona. The suspension damp is es¬ 
sentially a box-shaped shell of smooth 
exterior with very liberal radii of curva¬ 
ture for all edges and comers. The 
strain clamps and connectors are de¬ 
signed so as to have rounded edges and 
dimensions that will make them corona 
free. In addition the use of iVa-inch 
pipe for ardng horn structures at the 
high voltage end of insulator strings gives 
adequate diidding to hardware parts and 
the lower insulators to avoid corona forma¬ 
tion at such points, as well as eliminating 
corona from the horn itself. In addition 
the long insulator strings used further 
reduced the duty on insulators to a point 
where corona formation at the insulators 
is practically eliminated unless disturbed 
by dirt and fog or other contamination. 

Noise Observations 

Dry Weather Corona 

After a line is in operation, a great deal 
of the judgment, concerning the per¬ 
formance of conductors with respect to 
corona, must be based on noise observa¬ 
tion. This comes from the fact that, in 
a long line with low corona losses, it is 
very difficult to make any test arrange¬ 
ment whereby corona losses can be ac¬ 
curately determined. Such work in¬ 
volves not only the problems of accurate 
measurement of power at low power factor 
and high voltage, but involves subtrac¬ 
tion of copper losses, affected by tem- 
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Figure 1 • The test line and high-voltage 
wattmeter arrangements for Victorville corona 
tests 

The steel towers in the background are part 
of the main transmission lines 


perature at various points and the 
variation in the charging current along 
the line. In order to maintain proper 
voltages at each end of the line, in ac¬ 
cordance with those existing during 
normal operation, S3ntichronous condenser 
operation is necessary and determination 
of such losses must also be made. The 
interpretation of the results is also dif¬ 
ficult due to the variation in elevation 
and temperature along the line. 

When 90 miles of the line was first 
energized from the Los Angeles end, 
observations taken near the receiving 
station indicated a corona noise of moder¬ 
ate intensity that could be heard for a 
distance of approximately 400 feet. 
This statement means that such noise is 
at the threshold of hearing at that dis¬ 
tance when observed by a person ac¬ 
customed to listening to corona noise and 
who is concentrating his attention on its 
observation. Newly energized circuits 
generally have a higher noise level than 
found on the same circuit after weather¬ 
ing. After this conductor had weathered 
for the month or so tmtil normal operation 
was in effect, and then further weathered 
for about two months with voltage ap¬ 
plied, the noise as observed for dry 
weather was very much reduced and be¬ 
came essentially inaudible when observed 
from the ground when standing directly 
under the line midspan. In general, in 
the vicinity of Los Angeles, it is only 
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under exceptional conditions that the 
diy weather corona noise becomes audible 
when so observed. Under such condi¬ 
tions noise can develop very suddenly 
and apparently with no observable 
change in temperature or humidity or 
known factors affecting corona loss. It 
would be of an intensity that becomes 
inaudible at about 200 feet, and is not of 
long duration and is less noisy than tire 
noise from an automobile traveling on 
smooth pavement. 

In the foothill region east of Los 
Angeles where the line is at elevations of 
approximately 2,000 feet, the dry-weather 
noise is not much different from that 
which has been discussed. It can prob¬ 
ably best be described by sa 3 dng that an 
occasional corona brush manifests itself 
with an intermittent buzzing sound. 

When observations are made in the 
mountains and desert, inconsistencies 
begin to appear. The highest noise 
levels are not found at the high elevations 
as would naturally be expected from the 
variation of the air density factor. Ob¬ 
servations at elevations in excess of 4,500 
feet are usually inaudible if the location 
is such that the observer caimot be close 
to the midspan because of a gulley or 
canyon. The audibility at the tower due 
to approximately 100 feet elevation of the 
conductor is quite low. At other points 
of high elevation where the contour of 
the ground permits observation at closer 
distances, a mild corona noise is heard. 

One of the few sections producing the 
most noise is in the vicinity of mile 176 
from Boulder at an elevation of 3,200 
feet. ^ Wh^ at its highest level the noise 
at this point has the crackling sound as¬ 
sociated with a small grass fire and also a 
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low humming sound similar in quality to 
transformer hum, is sometimes heard. 
When the noise is at its maximum, at this 
location, it becomes inaudible at a dis¬ 
tance of 1,200 to 1,500 feet. This noisy 
location exists for a distance of about 
three miles on both circuits. There is 
considerable variation in the noise from 
day to day, over and above that due to 
temperature changes, A high degree of 
noise has been observed on cool evenings 
and veiy quiet operation has been ob¬ 
served during warmer daytime periods, 
which is contrary to normal expectations. 
Sometimes in the course of a few minutes 
a conductor will exhibit alternations of 
noise and quietness. 

At night, no unifoim envelope of corona 
is visible, as the discharge is in the form 
of scattered and intermittent brushes 
from two to eight feet apart, which are 
visible at midspan where the conductor 
is about 30 feet above the ground. 

There has been occasion to notice about 
four other similar areas where such corona 
conditions exist but probably to a lesser 
degree. 

During wind storms, in the desert, 
other lower voltage lines had been ob¬ 
served to have a glow similar to corona, 
probably due to charging or discharging 
dust particles or other atmospheric 
charge phenomena. On the assumption 
that atmospheric charges might have 
some influence on corona loss and noise, 
an observation station was set up in the 
vicinity of mile' 175. At two locations, 
about 800 feet and IV 2 miles from the 
line, antennas about 50 feet long were 
carried on m^ts 30 to 40 feet above the 
ground on hilltop locations. An electro¬ 
scope was used to measure the potential 
of the antennas to ground. Arrange¬ 
ments were also made adjacent to the 
line to measure radio interference noise, 
and to record audible corona. By taking 
observations simultaneously at both 
places, it was thought it might be possible 
to obtain some correlation between 
atmospheric charges and corona noise. 
Voltages up to approximately 2,000 volts 
were measured by means of the electro¬ 
scope, which is not uncommon for an¬ 
tennas in the desert. Very little if any 
correlation was observed between the 
accumulation of charges on the antennas 
and noise on the transmission line. 

For the great part of the line length, 
corona noise is at a comparatively low 
level. At elevations of the order of 
2,300 to 2,700 feet, which is about the 
average elevation of the line, and on a 
normal dry day with the temperature a 
little above average, the noise is at the 
threshold of audibility at a point midway 
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between the two single circuits, which 
have a separation of 266 feet. This 
general low level of corona noise is very 
satisfactory and indicates that the con¬ 
ductor design has been adequate. 

Wet Weather Corona 

As soon as rain begins to fall on the 
conductor, corona noise becomes evident 
at any location. The noise is so directly 
coincident with the beginning of the fall¬ 
ing of the drops, that the cause of the 
loss and noise is either the exchange of 
charges between drops and the con¬ 
ductor or the mechanical pattern and 
shape of conducting water caused by the 
rain drops striking the conductor. The 
motion of the drops in the alternating 
electrostatic held may also contribute to 
the hu mmin g sound quite evident during 
rain. The resulting noise is moderate. 

At an elevation of 1,000 feet, where 
adequate darkness prevails, it is just 
barely possible to see rather intermit¬ 
tently the bluish corona glow during rain. 


At elevations in excess of 2,000 or 2,600 
feet, and similar darkness, the faint blue 
glow of corona is visible for about two 
spans. The glow frequently has an 
intermittency that gives the effect of 
longitudinal motion along the conductor. 
It is believed that this effect may be due 
to rain drops hanging along the bottom 
of the conductor, when it is vibrating 
slightly. Then the drops are either 
shaken loose or elongated by the motion, 
which develops glow either by (hanging 
the gradient, or by carrying small charg¬ 
ing currents to the falling drops. 

Desert Loss Measurements 

For the past several months considera¬ 
tion has been giv^ to the design of a 
third 287.6-kv Boulder circuit. Due to 
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the fact that no high-voltage source was 
easily available for testing in the actual 
line location heretofore, the work had all 
been done at the Ryan laboratory. On 
the basis of such tests, 1.4-in<h-diameter 
stranded conductor was considered to be 
satisfactory for 287.5-kv operation and 
1.4-inch-diameter hollow copper con¬ 
ductor of the segmental type showed ap¬ 
preciable liberality. These facts to¬ 
gether with a general excellence of per¬ 
formance of the 1.4-inch conductor being 
used, brought about the suggestion that 
the possibility of using a smaller diameter 
of conductor be investigated. However, 
observations of noise at some special 
locations on the desert, as previously 
mentioned, indicated some departmre 
from the laboratory conditions and made 
it desirable to have some loss tests made 
actually under desert operating condi¬ 
tions. 

Since high voltage was now available 
from the Boulder circuit, a test set up 
could be made at the Victorville switching 


Figure S. High-voltage wattmeter equip¬ 
ment for the Victorville corona tests 

The steel structure in the background is the 
Victorville switching station 

station. By isolating the portion of one 
circuit from Boulder to Victorville and 
supplying it from one generator, voltage 
could be controlled from any desired low 
value up to about 360,000 volts at 
Victorville. High-voltage wattmeter 
equipment similar to that used for some 
of the tests at the Ryan laboratory,® and 
a suitable test line, were erected. Gen¬ 
eral views of these test arrangements and 
their location with respect to the switch¬ 
ing station are given in figure 1 and fig¬ 
ure 2. 

At this location, tests are in progress on 
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1.25-inch-diameter and 1.4-inch-diameter 
hollow copper type HE conductor and 
also on some 1.4-inch stranded aluminum 
conductor steel reinforced that had been 
tested previously at the Ryan laboratory. 
At the conclusion of this work, the details 
will be reported. 

One important result of these tests 
was that, after due allowances had been 
made for barometric pressure and tem¬ 
perature, it was found that the losses at 
Victorville were appreciably higher than 
those obtained at the Ryan laboratory. 
This is true for all conductors tested to 
date, including stranded as well as those 
of the segmental type. The aluminum 
cable is the identical sample tested at 
Stanford and its surface was carefully 
protected so as not to be roughened or 
damaged in shipment or erection. The 
1.4-inch type HH cable was a fair sample 
of that cable, not noticeably different to 
any that had been heretofore tested or 
used on the line. The 1.25-inch diameter 
type HE cable was a new size manu¬ 
factured for the test, but the equivalent 
of its losses at Stanford can be judged 
from interpolations made from tests on 
1 .1-inch and 1.4-inch-diameter cable. 

The increased corona losses measured 
at the Victorville test location are suf¬ 
ficiently higher than those obtained at 
the Ryan laboratory, so that the differ¬ 
ence cannot be explained on the basis of 
any reasonable altitude and temperature 
corrections. The losses are also suf¬ 
ficiently high so as to make unattractive 
the use of 1.26-in<di-diameter hoUow cop¬ 
per conductor of the segmental type or 
even 1.4-inch-diameter conductors with 
a stranded cable surface. As far as can 
be judged by measurements to date, 
whitih are not fully completed, 1.4-inch- 
diameter hollow conductor of the seg¬ 
mental type as used on the line will have 
losses sufficiently low as to confirm the 
design and size of this conductor as being 
satisfactory for 287.6-kv lines. 

Such higher losses have been found on 
clear days and under such conditions 
that wind, humidity, temperature, and 
barometric pressure do not offer sufficient 
explanation for the results. The con¬ 
ductors have been tested as soon after 
washing as was possible, without dem¬ 
onstrating that the accumulated con¬ 
tamination of the conductors was in¬ 
creasing the losses. Among the intan¬ 
gible items that have been mentioned as- 
possible causes are such things as atmos¬ 
pheric charges, sun-spot phenomena, in¬ 
visible charge<i dust particles, the pres¬ 
ence of radioactive materials in the 
vicinity or as dust on the conductor, or 
the presence on the conductor of any 
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Symposium on Operation of the Boulder 
Dam Transmission Line—Insulation 
and Lightning Protection 

By BRADLEY COZZENS 

MEMBER AIEE 


Synopsis: This paper covers a r4sumd of 
the fundamental principles of insulation and 
lightning design for the Boulder Dam trans¬ 
mission line, including the fog problems en- 
coimtered in the coastal regions and the 
lightning problems of the desert section. 
The operation in both areas is covered, 
with particular reference to the lightning 
encountered during two years d construc¬ 
tion and one year of operation. A descrip¬ 
tion of the lightning recording equipment 
with current values and frequency of 
strokes is reported. From these values the 
adequacy of the design is definitely indi¬ 
cated. 


T he Boulder Dam-Los Angeles trans¬ 
mission system of the Bureau of 
Power and Light traverses country pre¬ 
senting a wide variation in geological and 
dimatological conditions. Starting from 
practically sea-level conditions at the 
Los Angeles terminus, the line passes 
through low-l 5 ring alluvial valleys, with 
their accompanying fogs, through the 
foothill sections and across the gravelly 


and rocky talus slopes at the base of the 
San Gabriel Mountains. Passing over 
Cajon Pass at an elevation of 4,415 feet, 
the line drops gradually into the Mojave 
Desert area for the remainder of the 
190 miles to the Boulder power plant. 
For those unfamiliar with this territory, 
it is a mingling of mountain ranges, large 
sloping valle 3 rs of a generally rocky char¬ 
acter with occasional sinks or dry lakes 
that are flooded at two- to four-year in¬ 
tervals by desert storms. In this section 
the line varies in elevation from 800 to 
4,862 feet with the general trend being 
between 2,000. and 3,000 feet. The 


Paper number $8*111, recommended by the AIEE 
committee on power transmission and distribution, 
and presented at the AIEE Pacific Coast conven> 
tion, Portland, Ore., August 9-12, 1938. Manu¬ 
script submitted June 3, 1938; made available for 
preprinting July 16, 1938. 

Bradlby Cozzbns is high-voltage research engineer, 
Bureau of Power and Light, Department of Water 
and Power, City of Los Angeles, Calif. 

1. For all numbered references, see list at end of 
paper. 


chemicals that may increase the emission 
of electrons. A new field of corona in¬ 
vestigation is thus opened up. 

As a final check on corona loss on the 
Boulder transmission line, reference 
^ould be made to the over-all monthly 
effidendes that are given in table I, of 
the companion paper on general operation 
of the transmission lines. These losses 
agree so dosdy with calculated resistance 
and equipment losses, that the corona 
loss is negligible. 

Conclusion 

The experience obtained to date in the 
operation of the line indicates a general 
low level of audible corona noise and con¬ 
servative corona losses thus substantiat¬ 
ing the original design. 
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For discussion see page 156. 


average rainfall in this territory is i>e- 
tween one and six inches per year 
usually comes in one or two storms of 
doudburst proportions. 

In the area between the Cajon Bass 
and the coast the line is subject to long 

dry periods during the summer months, a,-t 

whidi time the insulators collect con¬ 
siderable dust aggravated by field cul¬ 
tivation. This period is followed by tHe 
heavy fogs, in the fall of the year, whiolx 
fogs come without much warning and 
seriously impair the effectiveness of any 
insulation. Although in the desert area, 
there is appredable dust, there is almost: 
complete freedom from fogs and its at;- 
tendant problems. The rains come 
heavy downpours that serve primarily 
to wash insulation rather than produdng* 
any insulation problem from this stand¬ 
point. 

The familiar isokeraunic charts pre¬ 
sented by the United States Weatheir 
Bureau^ show Los Angeles having less 
than 5 lightning storm days per year; 
the mountainous section between Los 
Angeles and the desert, approximately T ; 
with the frequency gradually increasing^ 
to approximately 30 in the vidnity of 
Boulder Dam. Prior to the design of 
the Hne, these values were partially sub¬ 
stantiated by a survey of the territory 
and of the operating records of the few 
transmission and tdephone lines that: 
traverse it 

Thus two definite insulation problems 
were presented; namely, insulation for 
the lightning voltages of the desert and 
insulation to be free from flashover duct 
to dust and the fogs of the coastal region. 
Since the system was to be a major source 
of supply for the City of Los Angeles, 
justifying the high degree of reliability 
specified by the management, the de¬ 
sign contemplated practical immunity' 
from flashover from dther lightning 
or insulator contamination and fog. 


Insulation that will withstand con¬ 
tamination and wetting of fog has been 
a baifiing problem on the Pacific Coast 
for many years. Studies made in con¬ 
nection with the design of the Boulder 
Dam line and other lines of the Depart¬ 
ment gave a good understanding of the 
action of insulators under these condi¬ 
tions and also led to the redesign of 
lightning arresters* to operate under 
such conditions. Under fog conditions 
the leakage current over in^ators is 20 
to 200 times the normal capacitance cur¬ 
rent. The voltage distribution is thus 
determined by surface resistance alone. 
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Figure 1. Gaps used to Fasten counterpoise 
to tower leg and to break the electrolytic 
circuit between copper counterpoise wire and 
zinc-steel tower legs 

/^—Section through gap, stud cut off 
5—Gap flashed by natural lightning 
C—Gap flashed in laboratory, 75,CX)0 amperes 
O—Gapjashed by natural lightning 

its use in populated areas. However, 
this unit has approximately 20 per cent 
lower impulse flashover than the conven¬ 
tional-type insulators which eliminated 
its use in other locations. Little, if any, 
improvement was found for any of the 
so-called fog-type insulators available for 
these tests. To facilitate deaning and 
yet obtain the greatest leakage in a given 
string length, the ten-inch-diameter 
five-inch-spaced standard suspension disk 
was selected for this type of service. 
In accordance with tests and the suc¬ 
cessful operation of 20 such units on 
.220 kv in northern California it was felt 
that the use of 24 units at the higher 
voltage but somewhat less severe fog 
condition on the Boulder Dam lines 
would predude the possibility of flash- 
over for a number of years. To prevent 
disturbance in the residential section 
through which the line passes a program of 
washing the insulators once or twice a year 


creases its resistance and consequently 
the voltage duty and power dissipated in 
the dry areas, these drier sections will 
continue to heat and dry canying more 
voltage duty while the other areas be¬ 
come wetter and take less and less voltage 
duty. The caps of these drier units may 
operate in excess of 35 degrees^ Fahrenheit 
above the ambient air temperature, while 
the high-resistance area adjacent to the 
pin may be much hotter. 

The results of the fog tests on prac¬ 
tically all commercial and many special 
insulator shapes showed the old-type 12- 
inch flat disk to have the lowest leakage 
current and ability to insulate in fog. 
Though the smooth surface and poor 
electrostatic stress distribution of this 
type unit inhibits dust deposition, the 
same conditions exaggerate the sparking 
and arcing of the wet units eliTninating 


Figure 2. Gaps used to Fasten counterpoise 
to tower leg 

A —Gap from same tower as gap of figure 1 D. 
Note multiplicity of burns 
Gap fused across by natural lightning 
C and D—^These gaps resemble power-fre¬ 
quency burns and appear to be the result of 
many strokes. Gaps burned before line was 
energized 
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in determining the current in the light¬ 
ning discharge. The flashover voltages 
for the longer distances were extrapolated 
from existing curves with the slope 
slightly decreased in the upper regions. 
The theoretical corona sheath diameter 
was used for the capacitance element in 
computing coupling factors and surge 
impedance while the metallic conductor 
diameter was used for the inductive com¬ 
ponent. In the case of towers, due to the 
already large dimensions, physical dimen¬ 
sions only were used for both the induct¬ 
ance and capacitance elements. There 
is appreciable reduction in theoretical 
surge impedance for the case of wires 
leaving a junction in opposite directions. 
Though this effect decreases rapidly with 


Figure 3. Parts 1 and 2, graphical presenta¬ 
tion of lightning strokes per mile and number 
of towers affected per mile as indicated by 
flashed counterpoise gaps with accompanying 
profile of tower footing elevations 

with high-pressure jets is being used. 
A section of the line approximatdy five 
miles long has. been washed twice to 
date in this maimer. 

At Victorville switching station, less 
than a mile from a large cement plant, 
the station insulation, switch supports, 
and housings are washed frequently to 
prevent setting of the cement dust. Jet 
pressures up to 800 pounds per square 
inch are used. The line for a distance of 
about ten miles through this territory 
is washed once a year. It is contemplated 
that cleaning the insulators on the re¬ 
mainder of the line will be unnecessary. 

During the 20 months of operation of 
the Soulder Dam circuits involving 
practically two complete fog seasons, 
there has been no danger of flashover in 
the fog areas, and with the washing pro¬ 
gram being followed, the noise created 
by the insulators under fog conditions 
is actually less than that existing on the 
lower-voltage lines. 

Lightning Design 

At the time the lightning design of the 
Boulder Dam line was started, Hghtning 
thebiy had not been developed nearly so 
far as at present. Direct hit theory’-^ 
had a few proponents and had had its 
first substantiation by reasonable meth¬ 
ods of calculation.-*.* Count^oise had 
been used successfully in one location* 
and b^ore the erection of the line had 
been installed on other transmission 
systems.^.* Many of the factors used 
were not contemplated in the mathe- 
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matical theory of lightning phenomena 
at that time; such as, change in stroke 
^ge iinpedance with voltage, change 
in coupling factor due to excess voltage 
and corona, reduction in kilovolts per 
foot values for long distance fiashovers, 
the goncentration of charge on the ground 
surface rather than at the equivalent 
ground plane depth, the effect of current 
leaving the towers in opposite directions 
in reducing the surge impedance, and 
many other factors. 

In general, classical wave theory as ap¬ 
plied to transmission lines^M was used 
as the main basis of design. The volt¬ 
ages encountered were based on 16 to 
20 milHon volts in the streamer at the 
tower top. The streamer surge imped¬ 
ance used was the conventional 200-ohm 

sheath and height above ground. This ^ in- 

variation in streamer impedance as well 
as the impedance of the feeder streamers 
or coUecting paths within the cloud are 
considered extremely important factors 


distance, it is believed that tliis effect 
combined with the fact that the charges 
are located on or near the ground sur¬ 
face accounts fpr the improved perform¬ 
ance of the counterpoise ground over 
the vertical ground well, even though the 
latter may have the lower measured re- 
sistance. 

As contemplated, ground resistance 
measured on stakes driven to approxi¬ 
mate counterpoise depth showed resist¬ 
ance values as high as 3,000 ohms, though 
the large concrete tower footings at their 
greater depth showed values from as low 
as one ohm up to 150 ohms, with the 
majority of the footings measured diow- 
iag less than 10 ohms. It was realized 
that to attempt to terminate counter¬ 
poise wires in this high-resjstance top soil 
layer would produce severe voltage re¬ 
flections and render frie counterpoise in¬ 
effective. In addition, with the equip- 
mrat developed for laying the counter¬ 
poise, it was more economical in most 
cases to use the additional length of wire 
m laying a continuous counterpoise than 
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it would hiave been to attempt to. cut and 
ground radial wires at the end of shorter 
runs. The continuous counterpoise was 
used, each wire leaving the tower radially 
until 135 feet apart, then turning to rtm 
parallel to the center line of the trans¬ 
mission circuit, thus gaining the advan¬ 
tage of low surge impedance of the radial 
counterpoise without the disadvantages 
of terminal reflections. In the desert sec¬ 
tion where the two single-circuit tower 
lines are used, there is a cross tie between 
the adjacent counterpoise systems of the 
individual circuits. This gave a theo¬ 
retically lower surge impedance than 
would have resulted from the addition 
of a single wire, but with approximately 
a one-microsecond time delay. Arrange¬ 
ment of the counterpoise was given in a 
previous paper, 

The evaluation of the counterpoise 
surge impedance is still a debatable mat¬ 
ter. In this design attempt was made 
to duplicate by calculation values that 
had been recorded in tests. “ It was 
necessary to use correction factors to get 
agreement between these data and com¬ 
puted values, though some writers later 
obtained agreement by the use of two- 
wave theory.12 The correction was pri¬ 
marily the use of a slight corona sheath 
or high-conductivity area in the ground 
and surrounding the counterpoise. That 
this condition exists can be indicated by 
surging a conductor in water of high 
conductivity and observing the corona 
formation on the conductor under the 
water. The other factor, primarily not 
a correction, was the use of a dielectric 
constant greater than unity for the ma¬ 
terial outside of this corona envelope. 
With these corrections, dose agreement 
between theory and measured values was 
obtained. 

Realizing the possible inaccuracy of the 
assumptions upon which lightning theory 
is based, a slight safety factor was con¬ 
sidered desirable. The curve of flash- 
over with ten-microsecond time lag lies 
approximatdy 12 per cent below the 
same curve for two-microsecond time 
lag. To introduce a safety factor, the 
curves for the ten-microsecond time 
lag were used for insulators and gaps, 
rather than the two-microsecond values 
as computed. Thus if the computed 
values were rigidly correct, the use of 
the ten-microsecond curves would give 
a 12-per cent overinsulation for the maxi¬ 
mum lightning voltages expected, which 
percentage is no more than the erratic¬ 
ness of flashover voltage. 

On the basis of these studies a 16- to 
20-million-volt lightning stroke to the 
tower would require approximately ten 


feet of insulation to prevent flashover. 
To balance this insulation for the case of 
a stroke to the ground wire at the center 
of a 1,000- to 1,200-foot span would re¬ 
quire a separation of 40 feet between 
ground wire and conductor at mid span. 
This balance of insulation between the 
supports at the tower and the separation 
between conductor and ground wire at 
mid span has been substantiated by re¬ 
cent literature.^® 

Insulators 

A lightning generator of the cage type 
was erected at the Harris J. Ryan High 
Voltage Laboratory, Stanford Univer¬ 
sity, and with the co-opd:ation of Doctor 
J. S. Carroll, studies of the effect on im¬ 
pulse and 60-cycle flashover of insulator 
separation, diameter, and shape were 
made on practically all commerci^ shapes 
available at the time. Assemblies up to 
ten feet in length were tested. Other 
data^^ published by eastern laboratories 
substantiated these measurements and 
furnished additional data upon which to 
base cost studies. This study included, 
in addition to the cost of insulators, the 
cost of added tower height and cross- 
arm length necessary to maintain the 
same flashover voltage. On this basis, 
the 10-inch-diameter 5-inch-spaced unit 
showed a decided economic advantage, 
while the 12-inch-diametfer conventionaiy 
shaped uiiit with a separation of 5*/4 
inches showed the second lowest cost 
based on insulator and steel prices at the 
time of the study. Because of these 
studies, the 10-inch-diameter 5-inch¬ 
spaced insulator was selected for the des¬ 
ert or lightning section as well as fog 
section of the Boulder Dam line. 

Grading Rings 

Initial studies were made on a relatively 
large oval grading ring for the lower end 
of the insulator strings with a circular 
ring for the top end of the assembly, and 
their proper dimensioning and location 
was verified by impulse tests in the labo¬ 
ratory of one of the eastern manufac¬ 
turers. These shields proved too costly 
for the improvement offered; so it was 
decided to use a relatively large arcing 
horn at the lower end of the string with 
a strap-type upper horn. The basis of 
design and positioning of these arcing 
horns was such that they should prevent 
cascading for all stringflashovers occurring 
in three microseconds or less, and be free 
from corona at a voltage 20 per cent 
above the operating voltage. This basis 
was followed as an .insulation standard 


for all of the equipment on the Boulder 
Dam lines. The insulator assembly has 
been pictured in a previous paper. 

Operation and Measurements 

One of the circuits was first energized 
for its entire length from Boulder power 
plant on October 9, 1936, and went into 
permanent operation on October 26, 
1936, as described in a companion paper. 
Thus the energized line was subjected to 
a few storms at the end of the 1936 
lightning season and all of the 1937 sea¬ 
son tuider normal operating voltage. 

The line erection was started in the 
latter part of 1934, and approximately 
27 per cent of the overhead ground wire 
and a somewhat larger percentage of the 
counterpoise had been installed by Au¬ 
gust of that year. During the 1935 light¬ 
ning season, 73 per cent of the ground 
wire and 79 per cent of the counterpoise 
were installed with conductor stringing 
progressing to about these same values. 
Thus in the collection of data, the 1934 
and 1935 season are considered as one 
year and called 100 per cent line length. 
The line was 100 per cent complete dur¬ 
ing practically all of the 1936 lightning 
season. 

The counterpoise leaving the base of 
the tower is attached with a gap con¬ 
nection for the purpose of preventing 
electrol 3 ^c corrosion between the cop¬ 
per counterpoise and the zinc and steel 
of the tower leg. External from the 
tower, however, the counterpoise is con¬ 
tinuous with the loop between the two 
wires of each circuit and between adjacent 
circuits closed at each tower to prevent 
building up excessive induced potentials 
in long isolated leads. A cross section 
of one of these gaps with the counterpoise 
wire in place is shown in A of figure 1. 
The gap is of cast bronze with molded 
bakelite insulation between the two ele¬ 
ments and bolts directly to the tower 
leg about seven inches above the footing. 
The gap between the concentric C 7 lin- 
diical elements is Vie inch, which offers 
no barrier to lightning voltages. 

In addition to providing the insulation 
necessary to break the zinc-copper cir¬ 
cuit, the counterpoise gaps serve to 
indicate the location of lightning strokes. 
The first indication of outstanding im¬ 
portance from these gaps was an ob¬ 
served direct hit which involved the gaps 
on seven towers of the two adjacent cir¬ 
cuits. From the nature of the bums a 
code was developed primarily involving 
biun size and location and the nature of 
the bum. The diameter or size of the 
bum was given as a number indicating 
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twentieths of an inch; thus, a half-inch 
burn is a number 10 bum. Early in 
1937 the gaps on the first 200 miles from 
Boulder were surveyed. This survey, 
covering the two years of erection with a 
few months of operation, revealed a wide 
variety of bums ranging from a small bead 
of copper about 0.02 inches in diameter to 
burned areas covering over one-half inch 
of the circumference of the gap. Other 
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Figure 4. Average number of lightning 
strokes per miie per year. Averages obtained 
for each ten mile section 

discharges fused the gap together in di¬ 
ameters in excess of Vs inch. The code 
that had been developed was inadequate 
and had to be revised, though the meas¬ 
urement of the bum diameter in twen¬ 
tieths of an inch was retained. 

At about this time published data in¬ 
dicated that bum size could be used as 
an indication of the magnitude of crest 
current.”'!® The sponsor of this idea 
checked this effect on the counterpoise 
gaps using an oscillatory wave and cur¬ 
rents from 25,000 to 100,000 amperes. 
The bum diameter was found to be pro¬ 
portional to current with approximately 
0.625 inches of bum per 100,000 amperes. 
Th^e bums had the character of molten 
metal that had been blown violently. 
The bum as produced by test with 75,000 
amperes is ^own in figure 1 C and is 
about Vao inch in diameter. The bums 
produced by actual lightning are equal 
or greater in diameter than those obtained 
in the laboratory. Figure 1 B shows a 
bum from natural lightning of the same 
character as the laboratory bum that is 
between “/so and inch in diameter. 
This would indicate a current in excess 
of 100,000 amperes. Figure i D shows 
another bum.of the same nature between 
Vso and Vm inch in diameter that was 
obtained from a tower leg on which the 
magnetic-link-type surge-crest ammeter 
had recorded 21,000 amperes with 18.5 
per cent escalation. The magnetic 
on the north leg of the same tower in¬ 
dicated a similar current value, but the 


gap showed three or more burned areas 
indicating the multiplicity of the strokes. 
The diameter of the individual bums was 
approximately Vso inch whde the labora¬ 
tory data would have indicated 21,000 
amperes should have burned an area be¬ 
tween Vso and Vso inch. 

Complete fusing of the gap occurred 
in only about five cases. Figure 2 B 
shows a t 3 rpical case in which the diameter 
of the fused section is nearly V 20 inch. 
This condition is considered to be the 
result of many low-current strokes of a 
multiple discharge, or the result of a low- 
current long-time discharge. Figures 2 
C and 2 D show two bums of a similar 
nature, yet much more extensive. These 
are assumed to be th^ result of multiple 
strokes or many strokes in the same lo¬ 
cation. These latter bums have the 
nature of power-frequency bums, but 
there have been no flashovers since the 
line was energized, so they are known to 
have been the result of lightning. 

Though there is dose agreement be¬ 
tween Ihe laboratory and field data in 
many cases, others show little similarity. 
Extreme care and considerable more 
data will be necessary before using the 
counterpoise gaps as an accurate current¬ 
measuring device, primarily because of 
the multiple nature of the lightning dis¬ 
charges with overlapping bums, the os¬ 
cillation between the streamer and the 
lightning-protection system or within the 
latter, and the great variation in the time 
of discharge, though at present duration 
of discharge is considered to have little 
effect on diameter. Further calibration 
data are being obtained and it is hoped 
that future reports will indude current 
values as indicated by the counterpoise 
gaps. 

The location of the counterpoise gaps 
flashed by lightning is given diagrammati- 
cally in figure 3. The line profile is in- 
duded in the charts. The data from the 
survey of May 1937 indude all of the 
gaps that were flashed during the 1935 
and 1936 seasons except those changed 
by constmetion crews and are indicated 
by the soKd ^eas. The data from the 
^ey of May 1938, coveting the 1937 
lightning season, are indicated by the 
open areas of the chart. 

The upper section of the chart shows a 
great many more gaps flashed in the 
first 130 miles from Boulder Dam th qn 
in the lower section of the chart which 
covers the remainder of the line. This 
substantiates the data given by the 
Weather Bureau^s isokeraunic. charts.! 
There was a total of 110 strokes indicated 
during the 1935 and 1936 seasons, or an 
average of 55 per year, and 63 during 


the 1937 season. In general, less towers 
were involved per stroke during the 1937 
season than during the previous seasons, 
due possibly to inaccurades of the earlier 
survey or overlapping of the two seasons. 
With but few exceptions, the lightning 
is relatively evenly distributed in the 
first 80 miles from Boulder Dam. The 
lack of hits at the high point of the line 
in mile 32 is due to the fact that the line 
runs through a pass and is protected by 
adjacent mountains. This is also true to 
a lesser degree of the ridge in mile 39 and 
40. For the next 30 miles, from mile 
40 to 70, the 1935 and 1936 seasons 
showed little decrease in intensity, but 
the hits during the 1937 season were very 
scattered, being limited to sections ad¬ 
jacent to the high points. It was this 
summit at mile 67 that showed the heavy 
power-frequency type bums of figures 
2 C and 2 D during the 1936 season. The 
section between mile 80 and 170 shows a 
decidedly lower lightning level with a 
still lower lightning level between mile 
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144 TRANBACriONS 


NO. OF TOWTO SHOWING FLASH£d'gaPS 

Figure 5. Variation in lightning stroke 
intensity as indicated by the number of 
strokes affecting various numbers of towers— 
indication obtained from flashed counterpoise 
gaps 

170 and the Los Angeles terminal of the 
line. 

The group of hits near mile 257 in¬ 
dicated as a 1936 hit occurred in Decem¬ 
ber 1936 after the line was energized. 
This was in the section of double-circuit 
consimetion where the lightning protec¬ 
tion is less effective than in the single- 
circuit area, due to less counterpoise and 
gx^ter separation between the ground 
wire and lower phase wires. There was 
no flashover, yet the counterpoise gap 
bums on two adjacent towers indicated 
in ^cess of 100,000 amperes per tower. 

Figure 4 gives a condensed indication 
of the Hghtning stroke intensity through¬ 
out the line. The values plotted are the 
average strokes per mile per year for the 





ten-mile section included. The lower 
section using two years data shows a 
general trend with the number of strokes 
decreasing between the dam and Los 
Angeles. The upper section for 1937 only 
is very erratic in nature. There are high 
sections between miles 90 and 120, 140 
and 170, 180 and 200, and again between 
miles 230 and 250. These blocks were 
not shown clearly by the larger plot of 
figure 3. 

In the lower section of figure 3 is shown 
the number of towers per mile that showed 
flashed counterpoise gaps, which follows 
the same trend as the number of hits per 
mile. The duplication of hits in mile 
24 produced an unusual quantity of 
flashed gaps yet the whole section of the 
line up to mile 80 showed a large number 
of flashed gaps. In addition to showing 
the lightning frequency decreasing west 
of mile 80, figure 3 also indicates that 
the intensity may be decreasing also 
due to the smaller number of flashed gaps 
for each hit. There are many more hits 
in this section where only one or two 
towers are affected. 

As an indication of the distribution of 
stroke intensity, figure 5 shows the num¬ 
ber of strokes that flashed counterpoise 
gaps on various numbers of towers from 

1 to 12. The plotted dots and solid-line 
curve give the approximate average per 
year for the 1935 and 1936 seasons com¬ 
bined, while the plotted circles and 
dash-line curve cover the 1937 season. 
The two average curves are surprisingly 
close together though the individual 
points are erratic. From the curves it is 
seen that between 12 and 20 lightning 
strokes per year will involve but 1 or 

2 towers; 4 per year, 4 towers; 2 per 
year, 6 and 7 towers; and a stroke every 
other year, or half a stroke per year, 
may involve 12 towers. There are, of 
course, those discharges that will not 
permanently mark the counterpoise gaps. 
Artificial lightning discharges of approxi¬ 
mately 4,000 amperes show only slight 
discoloration with no pitting of the 
metal. This type discharge soon oxidizes 
and any record from it is lost; so that 
many more gaps are flashed than are 
actually found in the gap survey. 

The number of strokes indicated may 
be in slight error due to some hits that 
were multiple in character, terminating 
successively on both towers yet recorded 
as one hit only. This increases the num¬ 
ber of gaps per stroke, for some of the gaps 
flashed on the second circuit were prob¬ 
ably due to cross currents from the pre¬ 
ceding stroke on the other circuit and 
vice versa. These are located in some 
cases by the displacement of the center of 

April 1939, Vol. 58 


distiurbance on the two lines, showing how 
easily both circuits may be involved in 
open country even though 265 feet apart. 

Magnetic-link-type surge-crest am¬ 
meters are installed on 23 miles of the 
Boulder north circuit including miles 1 to 
12 and 22 to 32. Recorders are 
also on all diverter towers at the Boulder 
switch rack and Silver Lake and Victor¬ 
ville switching stations. The normal 
location of the supporting bracket is 
seven feet above the top of the concrete 
footing which is three feet below the 
first panel point. Where unequal leg 
extensions or irregular tower construction 


Table I. Masnetic - Link • Surge - Crest - Am¬ 
meter Data for 1937 Lightning Season 


Tower 

Num¬ 

ber 

Stroke 
Num¬ 
ber Leg 

; Current 

Cloud 
Per Cent Polar- 
Oscillation ity 

26-N-3 

37-1 

N 

♦2,800+ 

over 60 -• 



E 

8,400 

60 - 



S 

4,400 

_ __ 



W 

2,000 





17,600 


25-iV-4 

37-1 

N 

21,160 

18 



B 

20,600 

18.6 - 



S 

23,300 

19.5 - 



W 

19,150 

21.6 - 




84,200 


25-iV-6 

37-1 

N 

*3,000 * 

over 50 — 



E 

Trace 

_ _ 



S 

5,000 

“* + 



w 

3,000+ 

over 50 — 




0,000 





5,000 

+ 

26-i\r.l 

37-1 

N 

Trace 




B 

Trace 

_ 



S 

*2,000* 

over 60 — 



W 

Trace 

- 

26-N-5 

37-2 

N 

8,200 

60 * — 



B 

9,800 

60* - 



S 

3,800 




W 

8,600 





25,400 


4-N-3 

37^-3 

N 

10,600 

60* - 



B 

9,000 

50* - 



S 

5,300 

60* - 



W 

10,400 

60* - 




35,300 


22.N-e 

37-4 

N 

*2,000 

— » 



B 

1,600 

— _ 



S 

2,000 

— ^ 



W 

2,400 

~ - 




8,000 


23-N-l 

37-4 

N 

13,400 

32 - 



E 

16,400 

37 



S 

16,800 

29 - 



W 

17,100 

28 - 




62,700 


24-N-5 

37-5 

N 

15,000 

36 - 



B 

14,000 

44.5 - 



8 

13,200 

42 - 



W 

13,200 

47 - 




55,400 


25-N-l 

87-6 

N 

*6,000 

over 60 — 



B 

4,000 

over 60 — 



S 

4,000 

over 60 — 



W 

2,000 

over 60 — 




15,000 



* Approximate. 


is involved, the supporting brackets are 
placed at a symmetrical point in the 
tower. In the normal installation there 
are two brace angles, 2 V 2 by 2 by Vis 
inches that terminate seven feet below 
the link brackets. The leg members are 
5 by 5 by Vs inches so it is anticipated 
that the major portion of the current is 
carried by these leg members. From the 
inspection of the counterpoise gaps prior 
to the installation of the magnetic links 
stroke currents of over 200,000 amperes 
per tower were indicated. Since with 
the insulation level on these lines low- 
current strokes could not cause flash- 
over, and to record more accurately the 
high current strokes, the magnetic links 
were located 6 and 18 inches from the 
center of gravity of the angle rather than 
the 3 and 9 inches as in the normal in¬ 
stallation. 

In addition to the above mentioned in¬ 
stallations, magnetic-link type and paper- 
film type surge-crest ammeters are in¬ 
stalled on the 12 lightning-arrester phase 
umts at the Boulder end and the six phase 
umts at the Los Angeles end of the cir¬ 
cuits. To date there have been no dis¬ 
charges recorded by the links on the ar¬ 
resters, though the paper film gaps on 
two of the arresters at Boulder showed 
very small pimctures, possibly due to 
overvoltages combined with switching 
surges. 

Five strokes have occurred of sufficient 
magnitude to record accurately on the 
magnetic links as located. One of these 
strokes showed indication on four towers 
while the remainder registered on only 
one or two towers. Many other towers 
showed traces of magnetism too small to 
be of value. Table I gives the tower 
number, leg location, crest current, de¬ 
gree of oscillation, and the polarity of the 
recorded currents. The largest stroke re¬ 
corded was in mile 25 and showed 84,000 
amperes on the tower hit with 17,000 am¬ 
peres in the tower adjacent to the east. 
On the tower to the west three of the 
links showed the same polarity current: 
namely negative, while the fourth link 
on the south leg showed a positive cur¬ 
rent. This is one of the locations where 
the adjacent circuit was struck by one 
of the discharges in the same stroke or by 
another stroke. The counterpoise cross¬ 
tie between the two circuits first con¬ 
tacts the south leg of the north circuit 
which could account for the reversed 
polarity on this leg and the resultant 
lower values of current than those found 
on the tower to the east of the one hit. 
The stroke current of this discharge was 
at least 100,000 amperes, and if the above 
analysis is correct was in excess of 120,000 
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amperes. The oscillation on the tower 
struck was 18 to 20 per cent while on 
the adjacent towers, 50 per cent oscil¬ 
lation was indicated, possibly due to the 
effect of strokes on the adjacent line or 
the difference in the speed of travel of the 
surge currents through the overhead 
ground wires and through the counter¬ 
poise system. 

The next stroke, in mile 26, was rela¬ 
tively light showing only 25,000 amperes 
with approximately 50 per cent oscilla¬ 
tion. The third stroke in mile four again 
showed oscillation of 50 per cent or greater 
with S5,000 amperes in the tower and 
only a trace on adjacent towers. The 
foiuth stroke centered on tower 2-i^r-l 
with 62,000 amperes in the tower and 
oscillation between 28 and 37 per cent. 
The tower to the east showed 8,000 am¬ 
peres with high oscillation. The stroke 
current was at least 70,000 amperes. 
The last stroke of any magnitude ter¬ 
minated on tower 24-i\r-6 with 55,400 
amperes in the tower and oscillation be¬ 
tween 35 and 47 per cent. The adjacent 
tower to the west showed 15,000 amperes 
with high oscillation. The total stroke 
current was again in excess of 70,000 
amperes. 

From the records obtained with the 
magnetic links it is evident that the low- 
resistance counterpoise system allows 
appreciable oscillation, particularly on 
the towers adjacent to the tower struck. 
This may be true oscillation, or may be 
reversal of current flow due to the dif- 
ference in speed of propagation of the 
waves over the different paths. The 
values of lightning stroke current re¬ 
corded, to date are between 35,000 and 
120,000 amperes, indicating that the 
lightning encountered in the western 
part of the United States is approaching 
the same intensity as that encountered 
in the East, and since observations of the 
counterpoise gaps indicate that values 
practically double* these may be encoun¬ 
tered at times, places the lightning cur¬ 
rents well within the range of those en¬ 
countered elsewhere. 

To further the study of lightning cur¬ 
rent phenomena, a lightning rod assem¬ 
bly is being erected on eighty transmission 


As a measure of the total current-time 
values of the lightning stroke, the fuse 
link assembly is added below the rods. 
Adjacent to the rod is moimted the 
bracket for supporting the magnetic- 
link-t 3 rpe surge-crest ammeter while the 
paper-film-gap type is mounted on the 
supporting steel member at the base. 
A device for counting the number of dis¬ 
charges in multiple strokes is in the 
process of development to fill the vacant 
space between the last fuse-link dip and 
the film-type crest ammeter. It is hoped 
that this equipment will add some further 
information as to the effect of burning of 
lightning strokes as well as some data 
on the multiple stroke currents. 

Conclusions 

The insulation design sdected for the 
fog section of the transmission line gives 
satisfactory performance, practically free 
from noise and perfectly free from outage 
if washed at occasional intervals as con¬ 
templated. 

To date there have been 173 strokes 
to the Boulder Dam transmission line, 
none of which is known to have flashed an 
insulator assembly. Approximatdy 70 
of these hits occurred since the line has 
been energized. 

The coimterpoise gaps used to break 
the electrolytic circuit between the tower 
steel and the coimterpoise give very de¬ 
sirable indications of the towers hit by 
lightning and serve to give an approxi¬ 
mate in^cation of the magnitude of the 
stroke. 

Magnetic-Iink-t 3 rpe surge-crest-amme- 
ter records have showed during one light¬ 
ning season, currents as high as 84,000 
amperes down a single tower and in ex¬ 
cess of 120,000 amperes in stroke current 
The adequacy of the lightning-protec¬ 
tion scheme has been largely substan¬ 
tiated by the past year’s experience, and 
future performance will determine the 
exact factor of safety that was built into 
the lines. 
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Symposium on Operation of the Boulder 
Dam Transmission Line—Carrier-Current 

Equipment 

By J. D. LAUGHLIN 

ASSOCIATE AIEE 


C ARRIER-CURRENT equipment is 
being employed for three distinct 
services on ^e Boulder Dam trans¬ 
mission line: first, for pilot channels for 
automatic protective line relays; second, 
for a transmission channel for supervisory 
control equipment which provides con¬ 
trol from Boulder power plant of the two 
switching stations between Boulder and 
Los Angeles; and third, for telephone 
communication between Los Angeles, 
Boulder, and the two intermediate sta¬ 
tions, and to transmit orders to line 
patrolmen who may be working at any 
point along the line. These three func¬ 
tions may be performed simultaneously 
without interference with each other, and 
are not affected by power conditions or 
normal switching conditions on the line. 

This paper deals with the^ supervisory 
control equipment, the telephone equip¬ 
ment, and certain equipment common to 
all services. The relay installation is 
discussed in a companion paper in this 
symposium entitled “Transmission Line 
Relay Protection.*’ 

Important savings in operating time 
and in investment have been achieved 
by the use of carrier-current equipment 
for these functions. As Boulder power 
plant is the major source of power for the 
City of Los Angeles, and in order to in¬ 
crease the stable power capability of the 
line, it is necessary that faults be cleared 

Paper number 88-112, recommended by the AI£B 
committee on power transmission and distribution, 
and presented at the AI££ Paciiic Coast conven¬ 
tion, Portland, Ore., August 9-12, 1938. Manu¬ 
script submitted May 0, 1988; made available for 
preprinting Jime 27,1938. 

J. D. Lauqhlin is junior electrical engineer, De¬ 
partment of Water and Power, City of Los Angeles, 
Calif. 
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with a minimum disturbance to the 
system, and that outages be reduced to a 
minimum. The use of carrier-current 
pilot relays provides the high-speed relay 
protection for individual line sections 
essential to maintain stability on the 
system during fault conditions. The 
carrier-current supervisory control pro¬ 
vides a fast means of performing switch¬ 
ing operations on the line and reduces 
dispatching time by providing con¬ 
tinuous indication at both the system 
load dispatcher’s office and Boulder 
power plant of the position of all switch¬ 
ing equipment on ^e line. Due to the 
high mechanical reliability of the line 
and its lightning protection, the carrier- 
current telephone provides a commimica- 
tion channel more reliable and safer than 
could be obtained over a telephone line 
built through the country traversed, and 
at a fraction of the cost. It also provides 
a quick means of issuing orders to line 
patrolmen and thus reduces the time re¬ 
quired to locate and repair any faults that 
may occur on the line. 

The term “carrier current” is used here 
to denote currents of high frequencies 
that are transmitted over the metallic 
circuits of the power lines to perform 
special functions. Since the frequencies 
used are of the order of those used in 
space transmission most of the equipment 
used is radio-type equipment which is 
directly connected to the transmission 
line through coupling capacitors. 

The carrier-current channels all operate 
over the 287,000-volt conductors be¬ 
tween Boulder switch yard and Century 
receiving station at Los Angeles. The 
relay channels stop at these stations. 


Wm. S. Peterson. AIEE Transactions, volume 
58, 1039 (April section), pages 131-0. 

16. Lightning Current in Field and Labora¬ 
tory, P. L. Bellaschi. AIEE Transactions, 
volume 54, 1935, pages 837-43. 


Discussion 

For discussion see page 166, 


However, from Boulder switch yard to 
the power plant the supervisory and tele¬ 
phone carrier channels operate through 
coaxial cables. From Century station to 
the load dispatcher’s office in Los Angeles 
the supervisory and telephone operate 
over direct-wire channels. 

The equipment required for carrier- 
current transmission consists first, of 
radio-type transmitters that generate the 
carrier frequencies and are controlled by 
signaling devices which may be relays, if 
it is desired to transmit codes, or micro¬ 
phones for voice transmission; second, 
tuned coupling devices for connecting 
the carrier sets to the transmission line; 
third, the transmission line and, fourth, 
radio-type receivers that rectify or de¬ 
modulate the messages received. There 
are also auxiliary devices for blocking the 
carrier out of stations and bypassing 
station equipment. 

All carrier-current equipment installed 
on the Boulder transmission line is de¬ 
signed to operate at any frequency in the 
wave band from 50 kilocycles to 150 
kilocycles, and is designed to operate at 
10 kilocycles separation between adjacent- 
channels without interference. This 
band permits the use of eleven channels 
at this spacing, of which there are now 
eight channels in use and more channels 
will be added later. The supervisory 
control equipment is operating at 60 
kilocycles, the telephone at 90 kilocycles, 
and the relay circuits at 110, 117, 130, 
135, 140, and 150 kilocycles. 

Each relay carrier channel operates 
over one line section only, and since trans¬ 
mission is required only when there is no 
fault condition on the line, one conductor 
and ground provide a satisfactory circuit. 
For the supervisory and telephone serv¬ 
ices it is necessary to maintain carrier 
transmission during abnormal conditions. 
For each of these services, one conductor 
in each line of a different phase is used 
with tlie midpoint between the line tuning 
units grounded so that if one conductor of 
these circuits becomes open, transmission 
is maintained through the other conductor 
and ground. Phase A of each line sec¬ 
tion is used exclusively for the pilot re¬ 
laying carrier channds. Phase B of each 
section of the north line and phase C of 
the south line are used exclusively for the 
supervisory control carrier channel. 
Phase C of the north line and phase B of 
the south line are used exclusively for the 
telephone carrier channel. 

The line coupling devices used to con¬ 
nect the carrier sets to the transmission 
line consist of a capacitor connected to the 
line conductor and to ground through a 
variable tuning inductance and one wind- 

Transactions 147 


LaughHn—Carrier-Current Equipment 




Figure 1. Line 
coupling equipment 

Wave traps 
B —Coupling ca¬ 

pacitor 
C—Potential device 
D—^Supervisory line 
tuning unit 
E —Relay carrier set 
F—Telephone line 
tuning unit 


ing of a repeating coil. There is a cou¬ 
pling device connected to each conductor 
entering the station, and a wave trap 
between each coupling device and the 
station (figures 1 and 2). 

Each coupling capacitor consists of 
four porcelain-housed units in series, 
each consisting of 40 series units, using 
alu m inum foil plates, insulated with 
kraft paper, giving a capacity of 0.00075 
microfarad for the complete unit The 
porcdain housings are evacuated, then 
filled with insulating oil to within several 
inches of the top of the metal cap. This 
top space is filled with an inert gas and 
hermetically sealed to provide a cushion 
to prevent excessive pressures due to 
expansion in hot weather. 

At the lower end of the capacitor the 
circuit divides, one branch being a 
carrier-frequenqr circuit and the other a 
power-frequency circuit. A O.OS-micro- 
farad condenser, in the carrier-frequency 
circuit, blocks the passage of power- 
frequency currents and a 0.24-heniy 
choke coil, in the power-frequency cir¬ 
cuit, blocks earner-frequency currents. 
From the small condenser the carrier- 
frequency circuit goes to the line tuning 
units. The tuning units for the three 
servic^ axe sHghtly different in con¬ 
struction, but each consists of a variable 
inductance by means of which the circuit 
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from line conductor through capacitor, 
timing unit, and repeating coil can be 
tuned to resonate at any frequency be¬ 
tween 60 kilocycles and 160 kilocycles. 
In order to bypass station equipment, the 
tuning units at the two ends of the sta¬ 
tion for the supervisoiy carrier are con¬ 
nected together with undergroimd coaxial 
cables; the telephone tuning unit*; are 
similarly connected. The carrier sets 
are connected in the circuit between the 
tuning units (figure 3). 

The 60-cycle circuit from the radio¬ 
frequency choke is completed to groimd 
thremgh the primary of a potential device 
having a capacity of 160 watts at 115 
volts to provide energy for rday potential 
coils. The secondary of this device is 
connected to an adjusting unit by mp ans 
of which phase angle and ratio adjust¬ 
ments are made. 

The wave traps in the line between the 
coupling capacitors and the station are 
adjustable to block any single frequency 
within the carrier band from entering the 
station equipment and becoming dis¬ 
sipated in losses in the equipment or in 
closed shorting and grounding switches. 
For the supervisory and telephone serv¬ 
ices they also force the carrier currents 
to go through station bypasses, and thus 
provide approximately the same circuit 
characteristics regardless of the position 
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of station equipment. The traps used 
for the three services are essentially the 
same; they consist of a large coil shunted 
by adjustable groups of small fixed con¬ 
densers of- various sizes in series with a 
variometer. The inductance coil in the 
traps used in the relay circuits consists 
of 31 turns of 760,000-circular-mil cable 
wound on a 15-inch-diameter porcelain 
shell. Those used in the traps for super¬ 
visory and telephone circuits consist of 
36 turns of ^/s-inch diameter solid hard 
drawn copper rod wound in two layers of 
15-inch and 19-inch diameters supported 
on a bakelite frame. A protective gap 
and lightning arrester are connected 
across the trap to protect the capacitors 
in case of high voltages due to surges on 
the line. 

All the carrier transmitters and re¬ 
ceivers used on the Boulder transmission 
line operate from 115-volt single-phase 
60-cycle power supplies. To insure the 
best reliability for their power supply, 
there axe, in each station, two d-c motor- 
driven alternators obtaining power from 
the station control batteries and con¬ 
nected through automatic transfer equip¬ 
ment to a carrier equipment bus. Either 
alternator can be connected to the bus 
but not both at the same time. In case 
the operating machine fails and the bus 
potential drops, the second motor is 
automatically started and its alteniator 
is connected to the bus. At the same 
time, the motor switch of the other set is 
opened. In case neither set starts, the 
bus is connected to the station lighting 
supply as an emergency standby. The 
station lighting supply is not used nor- 
i^y because its regulation is not con¬ 
sidered good enough for tliis service. 
Automatic voltage regulators on tlie 
alternators hold the carrier equipment 
bus voltage to within one volt. The 
frequracy varies slightly but this is not 
objectionable as all of the carrier equip¬ 
ment operates satisfactorily at any fre¬ 
quency between 50 and 60 cycles per 
second. 

Carrier-Current 
Supervisoiy Control 

Control Scheme 

The camer-ciurrent supervisory control 
eqtuipmeiit used on the Boulder trans- 
niission line provides a centralized con¬ 
trol at Boulder power plant of the 
287,000-volt switching equipment on the 
line, and also operates a system diagram 
board in the system load dispatcher's 
office at Los Angeles. 

The operator at Boulder can perform 
the following operations at both Silver 
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Lake and Victorville switching stations: 
Open and dose four oil circuit breakers, 
open and dose eight disconnect switches, 
open and close four ground switches. 
There is continuous visual indication by 
means of colored lamps on the control 
board at Boulder of the positions of all 
this equipment and potential indications 
for each line section. There are also 
indications for the following equipment 
connected to the Boulder line and located 
in Los Angeles over which the Boulder 
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Rgure 2. Carrier-current-coupling-equipment 
wiring 


is by carrier-current equipment. Nor¬ 
mally all switching in such a case would 
be done without telephone communica¬ 
tion except orders for speed adjustment 
for synchronizing, and this order is over 
carrier-current equipment. 

The specifications for the carrier-cur- 
rexit supervisory control equipment re¬ 
quire that the carrier-current equipment 
shall transmit and receive signals so as 
successfully to operate the supervisory 
control equipment: (a) under normal 
transmission line conditions, (b) without 
regard to the position or operation of any 
air-break switch, grounding switch, or 
circuit breaker at any of the stations, (c) 
with any one section of the transmission 
line solidly grounded at any point be¬ 
tween stations, (d) with one phase wire 
to which coupling is made broken in any 
one section and either or both ends of the 
phase wire either grounded or ungrounded 
at the point of failure. 

These requirements cover any operat¬ 
ing conditions that are expected to occur 
on the line. 


operator has no control: four oil circuit 
breakers, four discoimect switches, four 
ground switches, and potential on two 
busses. On the same benchboard with 
the supervisory control equipment is a 
panel for the control of the equipment in 
the Boulder switch yard. This equip¬ 
ment is controlled by direct wire using 
the same type of control switches and 
indicating lamps that are used on the 
supervisory panels. From this pand are 
controlled four oil circuit breakers, eight 
disconnect switches, and four ground 
switches. 

On the system diagram in the Los 
Angdes load dispatcher’s office con¬ 
tinuous lamp indication is provided by 
the supervisory equipment of the posi¬ 
tions of all oil drcuit breakers, disconnect 
switches, ground switches, and potential 
on lines and busses at Boulder switch 
yard. Silver Lake switching station, 
Victorville switching station, and the 
equipment at Century recdving station, 
Los Angdes, that is connected to the 
Boulder lines. 

The Boulder operators are responsible 
for keeping the lines energized to Los 
Angeles. In case of trouble on the Kne, 
whereby Boulder becomes separated 
from Los Angdes, the bus breakers at 
Los Angdes are opened dther auto¬ 
matically or by the local operator, de¬ 
pending on the nature of the trouble. 
The Boulder operator then energizes 
the line and it is synchronized with the 
system by the operator at Los Angdes. 
The control of all line circuit breakers at 
the two switching stations, in such a case. 


Supervisory Carrier Equipment 

The carrier-current equipment for 
supervisory control operates at a single 
unmodulated frequency of 60 kilocydes, 
transmitting codes similar to radio- 
tdegraph signals. The carrier equip¬ 
ment at the four stations are duplicates, 
using all industrial-type tubes. The 
transmitter circuit consists of a Colpitts 
osdllator, followed by one stage of dass-il 
amplification and one stage of push-pull 
dass-B amplification. Keying is done in 
the oscillator grid drcuit. The keying 
rday is of the type used in high-speed 
radio tdegraphy and operates from the 
48-volt supervisory-control battery and is 
controlled by the supervisory relays. By 
sdection of taps on the transmitter 
power transformer and by the use of 
either two or four tubes in the output 
amplifier, the sets are adjustable to 
operate at outputs ranging from 50 to 400 
watts. 

The best signal levels at all stations 
have been obtained with the transmitters 
at Boulder and Los Angdes operating at 
400 watts output, and those at Silver 
Lake and Victorville at 200 watts output. 

The receivers employ a spedal self- 
regulating heterod 3 me drcuit. The re¬ 
ceiver output operates a receiver relay 
which in turn controls the supervisory 
relays. 

Test tdephone sets are provided which 
can be plugged into the transmitter and 
recdver circuits for temporary communi¬ 
cation. 

The Boulder control board is a sted 


benchboard with four pands, one for 
Boulder switch yard, one for Silver Lake 
switching station, one for Victorville 
switching station, and one for Centuiy 
receiving station at Los Angeles. On the 
benchboard there is provided, in a mimic 
bus system, an individual control key 
and indicating-lamp escutcheon for each 
piece of apparatus remotdy controlled 
or supervised. Assodated with these 
lamps and keys, and controlled by the 
operations of the keys, are groups of 
small multicontact rdays mounted on 
rday panels. A similar installation of 
multicontact relays is made at each re¬ 
mote station. At the remote station, 
however, the rdays are controlled by the 
operation of those at Boulder by carrier 
impulses transmitted over the line and 
are connected through their contacts to 
interposing rdays which, in turn, cause 
the devices in the remote station to func¬ 
tion in response to the operations initiated 
by the Boulder operator. 

Separate independent codes are used 
for the sdection of each device. For com¬ 
mon functions such as dose, trip, super¬ 
visions, Los Angdes check and release, a 
group of codes common to all points is 
used. Guard circuits are incorporated in 
the equipment that prevent the com¬ 
pletion of a selection sequence if the sdec¬ 
tion code is not recdved correctly. 

When an individual sdection key is 
pulled on the benchboard, the Boulder 
transmitting relays set tip and place on 
the line the predetermined selection code 
for that point. This code is transmitted 
from Boulder to all other stations. The 
function of this code is to sdect for opera¬ 
tion the switch corresponding to the 
escutcheon on which the operator pulls 
out the sdection key, and to sdect the 
corresponding point on the Los Angdes 
dispatcher’s board. When the point 
sdection code is completed, check codes 
are transmitted from the sdected station 
and from Los Angdes, which cause the 
individual point sdection lamp to be 
lighted on the escutcheon on the Boulder 
board corresponding to the equipment 
sdected. 

To dose the breaker the operator now 
sets the individual twist type control key 
in the dose position and then depresses 
the master control key. This causes the 
Boulder transmitting rday to send out a 
dose code which is registered by the se¬ 
lected station’s receiving rdays and they, 
in turn, cause the “dose” interposing rday 
to be energized, thus causing the power 
circuits to dose the breaker. The dosing 
of the breaker changes the position of its 
auxiKaiy switch, which, in turn, changes 
the position of the indication rday. This 
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relay operates to send a code which 
changes the position of the lamp relays 
for the selected breaker, thus causing the 
indicating lamps to change from green to 
red at Boulder and Los Angeles and com¬ 
pleting the entire operation. The elapsed 
time from pressing the master control key 
until the lamps change is two seconds. 
Pressing the selection key resets the 
equipment to normal. 

The operation of tripping a breaker is 
the same except that a trip code is trans¬ 
mitted to energize the “trip'' interposing 
relay. 

In case of an operation of any switching 
equipment by other means than by super¬ 
visory control a similar sequence occurs 
except that the selection code is trans¬ 
mitted by the equipment in the station 
where the operation occurred. This code 
is received at Boulder and Los Angeles 
and causes the indicating lamps to 
change. 

Sequence of point selections is so ar¬ 
ranged that line indications are on the 
first points, oil drcuit breakers next, 
then disconnect switches and ground 
switches. If a line section relays due to a 
fault, five indications are transmitted, 
dead line and the opening of four oil 
circuit breakers, all in less than 25 sec¬ 
onds. If an automatic operation occurs 
during the sending of a code, the signal 
to indicate that operation is automatically 
withheld until the first signal is com¬ 
pleted, and is then immediately trans¬ 
mitted. If a code originating in an out- 
l 3 dng station is not correctly received at 
Boulder due to possible interference with 
the earner or other external causes, the 
code is repeated until it is correctly 
checked or is automatically stopped after 
several attempts. < ' 


Interlock circuits are incorporated in 
the equipment that prevent the closing of 
a ground switch at either end of a line 
section if a disconnect switch is closed at 
either end of the section and also prevent 
closing a disconnect switch if a ground 
switch is closed at either end of the sec¬ 
tion. Circuits also prevent the operation 
of a disconnect switch unless its as¬ 
sociated oil circuit breaker is open. 

The equipment is so designed that 
trouble in any one station will not inter¬ 
fere with the operation of the balance of 
the system. Circuits are provided to 
sound alarms in case of a failure of 
the supervisory equipment. Telegraph 
sounders are located at the Boulder 
office and Los Angeles, connected in the 
line circuit so the operators may readily 
know when the supervisory is in motion. 

In addition to the supervisory control 
all stations are provided with conven¬ 
tional-type remote-control switchboards 
and all switching equipment can also be 
operated manually. In case any equip¬ 
ment is operated from the local control 
boards or manually the operations are 
recorded by lamp changes on the super¬ 
visory boards at Boulder and Los Angeles. 

Operating Experience 

After the carrier-current supervisory- 
control equipment was put into service 
it was found that extraneous signals oc¬ 
curred on the line with sufficient 60- 
kilocycle components to operate the re¬ 
ceiver relays. These signals were gener¬ 
ated by lightning and other discharges 
during rain storms, arcs that occurred 
when disconnecting switches were opened 
or closed, and transients that occurred 
when line sections were energized or de¬ 
energized. Any of these signals occurring 
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during the transmission of a supervisory 
code would interfere with the super- 
visoiy relays registering the code properly 
and cause the equipment to lock out or 
fail to complete the operation intended. 
The intensity of the signals caused by 
rain and lightning is relatively low and 
could be tuned out by desensitizing the 
receivers; however, the signals generated 
by disconnect arcs and switching tran¬ 
sients are of higher levels than the code 
signals during some of the abnormal line 
conditions under which it is required that 
the equipment operate. These inter¬ 
ference signals contain other frequencies 
in the earner band in addition to the 60- 
kilocycle component. A circuit was de¬ 
signed and added to the receivers that 
will detect these multiple-frequency sig¬ 
nals and increase the bias on the 60-kilo¬ 
cycle detector tube in proportion to their 
intensity. This circuit reduces the recti¬ 
fied current due to interference signals in 
some cases from approximately 12 milli- 
amperes to 0.6 milliampere which is an 
unobjectionable value and permits weak 
60-kilocycle code signals of the order of 
6 milliamperes to be rectified with no 
decrease in value. This circuit has elimi¬ 
nated one of the major troubles that has 
been encountered in operating this 
equipment. 

With all sections of the line energized 
for normal operation the earner tratis- 
mission loss is 32 decibels. This loss is 
increased as sections are de-energized 
and grounded for maintenance work. 
At present there are some unusual line 
switching combinations that increase the 
carrier losses to an extent that failure of 
the supervisory equipment occurs but it 
is expected that these failures will be 
eliminated in the near future by increas¬ 
ing the transmission efficiency during 
abnormal line conditions. * 

Carrier-Current Telephone 

Communication System 

The earner-current telephone equip- 
ment provides complete intercommunica¬ 
tion between Boulder, Silver Lake, 
Victorville, and Los Angeles, on a single 
earner frequency of 90 kilocycles. This 
telephone channel is used for load dis¬ 
patching, general communication, and 
for giving orders and instructions to 
transmission-line patrolmen cruising in 
automobiles in the vicinity of the trans¬ 
mission line. 

The specification requirements for 
abnormal operating conditions are ftimilflr 
to those for the supervisory control. 
During normal operating conditions on 
the line this equipment provides excellent 
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telephone service from the standpoint of 
speech quality, and provides good quality 
and continuity of service during abnormal 
line conditions. On the occasion when a 
double-circuit tower fell during a flood, 
five of the six conductors were broken, 
the conductor that remained in the air 
was one to which the telephone channel 
was connected and communication was 
maintained through this condition until 
a repair crew grounded this conductor. 

This equipment uses the single-side¬ 
band carrier-suppressed principle of trans¬ 
mission, All the transmitted energy is 
concentrated into one side band which 
contains all the frequencies that are es¬ 
sential to reproduce the original speech. 
This equipment operates on a single¬ 
frequency channel for transmission in 
both directions and employs voice- 
actuated vacuum-tube circuits to start 
the transmitter and block the receiver 
when transmitting and reverses this 
operation when receiving. Normally the 
transmitter is hdd inoperative by the 
introduction of a high negative bias on 
the grids of the modulator tubes and the 
receiver is normally set to receive signals. 
Speech currents introduced into the 
transmitting circuits are at the same in¬ 
stant introduced into the duplex control 
circuit. The speech currents in the duplex 
control circuit act to unblock the modu¬ 
lator and to block the demodulator. This 
allows the transmitter to become opera¬ 
tive after the receiver is blocked, thus 
permitting the modulated speech to be 
introduced into the power amplifier and 
thence through the coupling equipment 
to the transmission line. The design of 
the duplex circuit is such that the un-* 
blocking of the transmitter and blocking 
of the receiver is almost instantaneous 
when talking is started. A certain 
amount of delay is provided in the re¬ 
lease of this circuit in order to prevent 
the transmitter from blocking and .the 
receiver from unblocking between syl¬ 
lables or between words at average talk¬ 
ing speeds. To prevent received speech 
from actuating the transmitter at the 
receiving terminal, the received speech 
operates on the duplex control circuits 
and prevents it from actuating the trans¬ 
mitter. 

This equipment operates similar to a 
party line with selective ringing. Any 
station can hear all conversations on the 
line. Selective ringing is provided be¬ 
tween all terminals. This is accomplished 
by employing an audio-frequency tone of 
1,616 cycles which is controlled by con¬ 
ventional telephone dials. The code of 
audio-frequency pulses is transmitted 
from the caUing terminal and received 
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W HEN the study of these lines for the 
application of protective relays was 
started the predetermination of fault cur¬ 
rents made it necessary to calculate all of 
the phase-sequence constants of tlie lines 
since none of these constants for conduc¬ 
tors of this size and spacing was available. 

The elements entering into the calcula¬ 
tion of the positive-phase-sequence char- 
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at all other terminals. These pulses 
actuate sequence switches of a type used 
in automatic telephone exchanges. At 
the recemng terminal corresponding to 
the code dialed, relays are operated which 
cause a signal bell to ring. Ring-back 
facility is provided so that when a bell at 
a station is being called a 1,615-cycle tone 
is transmitted back to the caHing station. 

A two-wire extension line is run from 
Century station to the main ofiice PBX 
board in Los Angeles where telephones 
in the main ofiice can be connected to the 
carrier system. The system load dis¬ 
patcher has the right of way over all 
other terminals and can break into any 
conversation and ask for the use of the 
line. 

Power required for the operation of this 
equipment is supplied from a 30-volt d-c 
source and from a 115-volt 60-cycle 
source. At one location a storage battery 
is'used to supply the direct current and 
at all others copper-oxide-type rectifiers 
supplied from tie 115-volt service. As 
the equipment must be ready for instant 
service it is always kept energized. Each 
equipment transmitter has a rated output 
of 126 watts. 

Patrol cars along the transmission line 
are equipped with radio receivers tuned 
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acteristics were easily determined and the 
proper method for their consideration has 
been fairly well fixed by previous prac¬ 
tice. This was not the case for the zero- 
phase-sequence characteristics since the 
equivalent depth of the ground-return 
circuit could not be easily determined and 
there was no previous experience with a 
continuous buried counterpoise such as 
was to be used with this Hne. In making 
these calculations the equivalent depth of 
the ground return circuit was taken as 
8,800 feet and the counterpoise was con¬ 
sidered as though it did not make contact 
with the earth, or in other words as 
though it was part of the overhead ground 
wire system. The depth of the ground- 
return circuit used which corresponded to 


to the telephone frequency. When it is 
desired to issue instructions to patrolmen, 
the dispatcher impresses a special tone 
on the carrier which is received by all 
cars. When the patrolmen hear this tone 
they turn up tlieir receivers and get what¬ 
ever message is on the line. These car 
receivers will pick up messages at any 
point along the line patrol road, and the 
performance has been very satisfactory. 
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Figure 1. Onc-line diasram of Boulder Dam 
transmission line 


dry earth was probably somewhat small 
for the territory over which this line was 
to be built and would consequently give 
values of impedance that were low; on 
the other hand, considering the counter¬ 
poise as not being in contact with the 
earth should give values of impedance 
which were high. Because of the manner 
in which these two factors entered into 
the calculation of the zero-phase-sequence 
impedance of the line it was believed that 
the final results would, if anything, be 
slightly high, and since they were to be 
used in determining the minimum cur¬ 
rent conditions for protective relays this 
was far more desirable than impedance 
values which might be low. 

The line constants were first calculated 
for 50 cycles and a complete study of the 
short-circuit currents and voltages for all 
types of faults at each bussing point on 
the line was made. From this study it 
was apparent that if the shunt capaci¬ 
tance of the line was neglected the errors 
in current and potential, while quite large 
at some locations, were small at the loca¬ 
tions under consideration in this study, 
and were entirely negligible at the loca¬ 
tions which would be most difi&cult to 
protect. 

When it was definitely decided that the 
system frequency would be changed from 
50 cycles to 60 cycles it was a compara¬ 
tively simple matter to recalculate the 
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line characteristics, since a great deal of 
the work done during the 50-cycle cal¬ 
culation was not changed, and in view of 
the negligible errors introduced by neglect¬ 
ing shunt capacitance during the 50-cycle 
short-circuit study, it was decided to 
neglect this capacity in tl^e 60-cycle study. 
The results of the 60-cycle study for 
three-phase and single-phase-to-ground 
faults have since been checked, using the 
distributed constants of the line and the 
above decision was entirely justified by 
these checks. 

The results of the short-circuit study 
indicated that, under minimum fault 
conditions, the current available for 
operation of the protective relays would 
be less than the maximum load current 
the line would be required to carry, that 
the most difficult fault to clear would be a 
phase-to-ground fault on the 132-kv side 
of the autotransformers at Century re¬ 
ceiving station and that with a phase- 
to-ground fault at this location when the 
parallel circuit was out of service the re¬ 
lays at Victorville could not be expected 
to function unless the delta connection of 
the autotransformer tertiary winding was 
opened'. 

Trials of Equipment 

Carrier-current pilot protection seemed 
most desirable for these lines; however, 
it was f elf that some operating experience 
with this type of protection should be 
had before a definite decision was made. 
Equipment of this type was purchased 
and installed on two parallel 132-kv 
transmission lines, together with a scheme 
of balanced current protection. 

Two different types of carrier pilot 
protection were used; one line was 
equipped with an intermittent carrier 
type in which carrier current is only trans¬ 
mitted when a blocking impulse is de¬ 
sired, because of external fault; the other 
line was equipped with a continuous 
carrier type in which carrier current is 
transmitted continuously, and only 
stopped at both ends when an internal 
fault occurs on the line. Both types per¬ 
formed quite satisfactorily during faults 
on the system, both internal and external, 
but the continuous carrier type had the 
disadvantages that it caused interference 
on nearby broadcast receivers, and that 
the tubes in this type were required to 
carry plate current continuously. 

The broadcast interference was due to 
the fact that it was impractical to operate 
the transmitters at the two ends of the 
line at exactly the same frequency and 
therefore an audible beat frequency equal 
to the difference between the two trans- 
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mitter frequencies was produced. This 
audible beat frequency was heard in 
nearby broadcast receivers whenever 
these receivers were tuned near some 
multiple of either of the transmitter fre¬ 
quencies. 

While no trouble of a serious nature was 
encountered with either of these equipn- 
ments, other than that described above, 
the experience gained proved very valu¬ 
able in preparing specifications for the 
Boulder line relays and in adjusting that 
equipment when it wasrinstalled. 

Specifications 

In addition to all of the ordinary fea¬ 
tures that would be required of any 
scheme of line protection the following 
special requirements were considered 
highly desirable in the Boulder line pro¬ 
tection: (1) all faults on these lines 
should be cleared in not to exceed 0.15 
second from the inception of the fault, 
until the last breaker was open, and (2) 
the protection should be immune to opera¬ 
tion on an out-of-step or surging condi¬ 
tion. The only types of protection that 
would possibly fulfill both of these special 
requirements are high-speed current bal¬ 
ance protection and carrier-current pilot 
protection. 

The maximum time required by the oil 
circuit breaker on these lines is three 
cycles or 0.05 second, and at the time the 
specifications were written it was uncer¬ 
tain if operating time shorter than 0.05 
second could be obtained with carrier- 
current relay^ This would mean that 
the settings of the carrief-current relays 
would have to be sufficiently sensitive to 
secure simultaneous operation of the re¬ 
lays at the two ends of a line section, or 
the total time would be extended beyond 
0.15 second. Such low settings were un¬ 
desirable and could be eliminated by the 
installation of high-speed current balance 
relays which would operate in 0.025 sec¬ 
ond or less so that even with full cascade 
operation of the relays and breakers at the 
two ends of a line section the total clear¬ 
ing time would not exceed 0.15 second. 

The specifications were prepared on the 
basis of using both carrier-current pilot 
protection and high-speed current balance 
protection and the following performance 
requirements written in: The current 
balance protection shall operate simul¬ 
taneously at both ends of a faulty circuit 
for any fault occurring within the center 
70 per cent of the electrical length of the 
circuit but may operate sequentially for 
faults occurring within 15 per cent of the 
electrical length of the line from either 
end. The time required by the relays in 
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either case shall not exceed 0.025 second. 
With one circuit of a section cditrying 
300,000 kva and the other circuit open, 
the circuit carrying the load shall not be 
tripped when the other circuit is closed 
at either end. 

The carrier-current pilot protection as 
a whole shall: 

1. With minimum system condition and 
both circuits of the section in service ener¬ 
gize the oil circuit breaker trip circuits at 
both ends of a faulty circuit in not to ex¬ 
ceed 0.05 second for all faults occurring 
within the center 70 per cent of the elec¬ 
trical length of the circuit. 

2. With minimum system condition and 
both circuits of the section in service ener¬ 
gize the oil circuit breaker trip circuits at 
the end of a faulty circuit adjacent to the 
fault in not to exceed 0.05 second for all 
faults occurring within 15 per cent of the 
electrical length of the line from that end, 
^d shall energize the oil circuit breaker trip 
circuits at the end remote from the fault in 
not to exceed 0.05 second after the circuit is 
opened at the end adjacent to the fault. 
The above time requirement may be ex¬ 
ceeded if all voltages are less than five per 
cent of normal and no secondary current is 
greater than ten amperes. 

3. Not cause tripping for instability or ex¬ 
ternal faults under any condition. 

4. Clear ground faults occurring while the 
system is unstable without any purposely 
introduced time delay. 

5. Clear phase-to-phase and three-phase 
faults occurring while the system is unstable 
with the minimum practical delay consistent 
with the requirement that instability shall 
not cause tripping. 

6. Remain inoperative with a load of 
300,000 kva on any one circuit and no fault 
on the system. 

7. Not delay tripping for internal faults 
that occur immediately after any external 
fault except a three-phase external fault. 

8. Be entirely self-contained and shall not 
depend upon the operation of any piece of 
apparatus not directly associated with the 
line protected. 

Other requirements of a special nature 
were an automatic complete carrier trans¬ 
mission and reception check in both di¬ 
rections once every hour, and a pair of 
portable telephones that could be plugged 
into the relay carrier sets at the two ends 
of a drctiit for temporary communication 
during adjustments. 

Description of Equipment 

Four high-speed current balance rela 5 rs 
are used for each end of a pair of circuits, 
three for phase faults and one for ground 
faults. Each relay has two balance beam 
units and each unit is equipped with four 
coils and circuit-closing contacts for 
tripping two breakers. The coils are a 
current operating coil, a current restraint 

April 1939, Vol, 58 



Figure 2. Diagram of'automatic carrier test 
relay showing internal and external connec¬ 
tions 


coil, a voltage restraint coil, and a d-c 
holding coil. The current operating coil 
of one unit is connected in series with the 
current restraint coil of the other unit, 
thus forming two separate current circuits 
for the relay which are connected one in 
the same phase-current-transformer sec¬ 
ondary circuit of each line. The units 
trip the two oil circuit breakers associated 
with the line supplying their operating 
current. 

The voltage restraint coils of the phase 
relays are supplied with phase-to-phase 
voltage, which leads the current used on 
the rday by 30 degrees at unity power 
factor. The voltage restraint coil on the 
ground rday is not ordinarily used. 

A carrier-current phot rday is used in 
which all of the necessary reky dements 
for the complete protection of a line 
terminal are incorporated in one case. 
This relay and the scheme of protection 
used is the same as described by Traver 
and Bancker,^ except that two ground- 
fault detector dements are used and the 
functions of the ground-fault detector 
in the relay described are divided between 
these two in the same manner as they are 
with the phase fault detectors. In 
addition a normally open contact on the 
A ground-fault detector shunts the con¬ 
tacts of the block cut-off and block con¬ 
tinuing units in the master osdllator grid 
circuit to prevent any dday in tripping 
ground faults occurring during instability. 

An automatic carrier test rday and two 
auxiliary interposing relays in separate 
cases are used for each line circuit termi¬ 
nal in addition to the carrier pilot relay. 
The interposing relays are used one be¬ 
tween the automatic carrier test rday 
and the master oscillator grid circuit, and 
the other between automatic test rday 
and the alarm circuits. A schematic 
circuit diagram of the automatic carrier 
t^t is shown in figure 2. The automatic 
carrier test rday contains a main and an 
auxiliary sychronous-motor-driven cam 
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shaft, and an alarm setup relay element. 
The motors receive energy from the ca¬ 
pacitor potential devices connected di¬ 
rectly to the line and the main motor op¬ 
erates continuously, driving its cam shaft 
at one revolution per hour and operating 
three separate sets of contacts at 20-minute 
intervals. The auxiliary motor drives its 
cam shaft at the rate of four revolutions 
per minute but it is controlled by one set 
of contacts on the main cam shaft in such 
a manner that it only travels one revolu¬ 
tion, in two steps of approximately one- 
half revolution each, for each revolution 
of the main cam shaft. A set of contacts 
actuated by the auxiliary cam shaft 
causes the carrier transmitter to operate 
for a period of 0.5 second and the only 
function of the auxiliary motor and cam 
shaft is to obtain this very short opera¬ 
tion of the carrier transmitter, which 
could not be rdiably obtained with a 
contact actuated directly by the slower- 
moving main cam shaft. Twenty 
minutes after the operation of the first 
set of contacts on the main cam shaft the 
second set of contacts picks up the alarm 
setup relay element wkch lodks itself in, 
then 20 minutes later the third set of 
contacts on the main cam shaft completes 
the alarm circuit unless the alarm setup 
relay element has been rdeased in the 
meantime by operation of the receiver 
test unit in the carrier pilot relay. 

The main cam shafts on the automatic 
test rdays at the two ends of a line circuit 
are set 180 degrees or 30 minutes apart 
and always remain in the same relative 
positions since they are always energized 
and de-energized together, thus carrier is 
transmitted from tire remote end of the 
circuit midway between the operation of 
the second and third set of local contacts 
and no alarm will be given unless the 
carrier signal is not received locally. The 
receiver test unit has a pickup setting 
that is 25 per cent greater than the re¬ 
ceiver blocking unit so that the gradual 
reduction of the received carrier signal 
which might be caused by the falling off 
in emission of a tube will give an alarm 
before actual failure has taken place. 

The portable telephones can be plugged 
in either at the relays or at the carrier 
sets and a transfer circuit is arranged so 
that the portable tdephones can be set 
up at the carrier sets on one line but the 
carrier sets on the other line used for 
communication. The circuits are so ar¬ 
ranged that the operation of the carrier 
test, either manual or automatic, or the 
use of the portable telephones will not in 
any way interfere with the correct opera¬ 
tion of the relays should a fault occur 
while any of these were in operation. 
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The carrier sets are contained in double- 
walled thermal-insulated metal cabinets 
which are mounted on the switch rack 
near the coupling capacitors. These 
sets consist of a line tuning and safety 
panel, a transmitter-receiver shelf, and a 
power rectifier shelf. The transmitter is 
a single-tube master oscillator with a 
push-pull type amplifier and has an out¬ 
put of approximately 26 watts. The re¬ 
ceiver uses a single three-element tube of 
the same type used in the oscillator and 
amplifier. All tubes are biased to cut off 
when no signal is being transmitted or re¬ 
ceived. Grid bias voltage is obtained di¬ 
rectly from the station control battery and 
the fil^ent and plate supply is obtained 
from motor generators which are driven 
from the control battery. 

Copper-oxide rectifiers are used as 
vdves in the tripping circuits of all oil 
circuit breakers, as shown in figure 3, to 
prevent false tripping in the event these 
trip circuits should be tied together 
through the contacts of some of the pro¬ 
tective relays which are blocked either 
automatically or manually. This is be¬ 
lieved to be the first time copper-oxide 
rectifiers were ever used for this purpose, 
and saves the time of auxiliary tripping 
relays or the complication of a pallet 
switch interlock scheme which might be 
used for the same purpose. 

Potential for the relays is obtained from 
three capacitor potential devices con¬ 
nected directly to each line end at all 
points except Century receiving station 
where potential for all the relays except 
the automatic test relay is obtained from 
eith^ of the two 132-kv bus potential 
transformer banks through a manually 
operated transfer relay. The auto-test 
relays at this station are supplied from a 
single capacitor potential device con¬ 
nected directly to each line. 

Current is supplied from cascade-type 
cment transformers in the impulse-t 3 rpe 
oil circuit breakers at all locations except 
Boulder, where the conventional bushing- 
type current transformers on the oil cir¬ 
cuit breaker bushings are used. 

The relay carrier sets are coupled be¬ 
tween A phase and ground on all circuits 
using the same coupling capacitors as are 
used for the potential devices, A wave 
trap which can be tuned to any frequency 
from 60 to 150 kilocycles is connected into 
the line at each ^d between the coupling 
capacitor and the station. 

A single-pole oil circuit breaker is in¬ 
stalled in the delta coimection of the 
tertiary windings on each of the auto- 
transfprmer banks at Century receiving 
station. This breaker is for. the sole pur¬ 
pose of opening this dfelta connection in 
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the event of a phase-to-ground fault be¬ 
tween the bank and the 132-kv breakers, 
when the parallel line circuit is out of serv¬ 
ice, so that sufficient residual current 
win flow at Victorville to operate the re¬ 
lays at that point. This single-pole 
breaker is tnpped by an inverse-time ex¬ 
cess-current relay operated by circulating 
current in the delta coimection. A mini¬ 
mum time setting of approximately 0.3 
second will prevent this relay from operat¬ 
ing under conditions when it is not neces¬ 
sary and will allow it to operate when 
necessary in a sufficiently short time to 
prevent serious damage by the fault. 
System stability will not be affected by 
the time of operation of this relay be¬ 
cause, under the condition when it is 
necessary for this relay to operate, the 
system will have been separated from 
Boulder power plant and the fault by the 
carrier-current protection at Century 
receiving station. 

High-voltage leading-current protec¬ 
tion is installed on these lines at Century 
receiving station that will automatically 
open both lines in the event the lines 
should be opened at Silver Lake switching 
station or at Boulder and the leading 
kilovolt-amperes of the lines should cause 
high voltage on the receiving-station bus. 

Tests 

The high-speed current balance relays 
and the earner-current pilot relays w^e 
all tested at the factory, using two test 
tables as described by Traver and 
Bandcer^ to simulate the actual line condi¬ 
tions under which these relays would be 
required to operate in service. Two of the 
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carrier sets which were to be used with 
these relays on the line were used in the 
tests and coupled together through an 
artificial transmission line. All types of 
faults, both internal and external as well 
as out-of-step and surging conditions in 
which the electrical center of the system 
fell within and outside of the protected 
line were tried. Oscillograms were taken 
of each test and the operations of the re¬ 
lays were entirely satisfactory. As a 
matter of fact the tripping time of the 
carrier-current relays was considerably 
shorter than was required by the specifica¬ 
tions due to the development of the so- 
called one-cyde scheme of carrier-cur¬ 
rent protection between the time of writ¬ 
ing the specifications and the start of 
manufacture of the equipment. 

Installatioii 

Upon receipt of the equipment at Los 
Angeles each element of the relays was 
checked to make sure that the adjust¬ 
ments had not been disturbed during 
transportation. Carrier frequencies be¬ 
tween 110 and 160 kilocydes were as¬ 
signed to the various circuits, an attempt 
being made to keep as wide a separation 
as possible between the frequendes as¬ 
signed to paralld dreuits and to circuits 
terminating in the same stations. The 
wave traps for each section were tuned ber 
fore installation and marked for the sta¬ 
tion, line, and phase in which they were to 
be installed. 

The carrier sets were installed and 
ready to operate before work was com¬ 
pleted on the lines themselves and to save 
time it was dedded to adjust these sets 
without interfering in any way with the 
work on the line and to chedc these ad¬ 
justments when the line was completed, 
making any readjustments necessary at 
that time. To make these adjustments a 
ground was placed on the line side of the 
coupling capadtors and a noninductive 
resistor connected in series with the 
earner lead-in wire to limi t the output of 
the transmitters. A resonant-t 3 ^e wave 
meter was used to set the oscillators to 
their assigned frequendes and then, using 
the transmitters as a source, the line 
coupling and the reedver primary and 
secondary were tuned to resonance. The 
coupling of the osdllator transformer and 
the reedver transformer were adjusted 
at ^e same time. After all sets had been 
adjusted by this method and the lines 
had been completed a check was made be¬ 
tween the two ends of each line circuit, 
which revealed that operation would have 
been entirely satisfactory on all circuits 
without any further adjustments and the 
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only improvement that could be made was 
a readjustment of the receiver primary 
tuning, which increased the received 
signal by a very slight amount. The 
usual wiring check and over-all tripping 
tests were made before placing the relays 
in service. 

Operating Experience 

The amount of trouble experienced with 
the protective equipment on these lines is 
considered remarkably small in view of 
the size and extent of this project. What 
trouble has been experienced can be 
classified under four different headings, 
(1) vacuum tubes, (2) rectifiers, (3) wave 
traps, and (4) switching transients. 

(1) Vacuum Tubes 

This trouble is hardly worthy of men¬ 
tion in that out of a total of 60 vacuum 
tubes used in the relay carrier sets, one 
rectifier tube has failed in a year of con¬ 
tinuous operation. 

(2) Rectifiers 

Potential restraint for the phase-fault 
detector elements of the carrier-current 
relays is secured from the line potential 
devices through full-wave copper-oxide 
rectifiers. This is done to secure pickup 
characteristics of these elements which 
are practically independent of phase angle 
and to reduce the potential burden of the 
relay. Shortly after the line was placed 
in service these rectifiers failed in one of 
the r^ays. The failure occurred at a 
desert switching station which was the 
highest voltage point of the line under the 
operating condition at that time and 
where the ambient temperature was high, 
although not unusually so for that loca¬ 
tion. Upon investigation it was found 
that these rectifiers at all locations were 
operating at temperatures higher than 
were desirable and additional ventilation 
was provided by portable electric fans as 
a temporary remedy and no further 
trouble was experienced. New rectifiers 
of the same type but with 28 per cent 
more plates were installed and a resistor, 
which was the principal source of heat in 
the relay case where the rectifiers are 
mounted, was replaced by an external 
resistor. Since this change was made the 
equipment has been in operation through 
a summer season without undue heating 
of the rectifiers and no further trouble has 
been experienced. 

(3) Wave Traps 

The line wave traps used with the 
carrier relays were tuned to r^onance 
at the assigned frequency by a group of 
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fixed condensers and a variable condenser 
which was used to obtain capacities in 
between those that could be obtained by 
different grouping of the fixed condensers. 
Shortly after the beginning of the light¬ 
ning season along the line failure of 
carrier was indicated on one circuit by the 
operation of the automatic carrier test 
alarm. Upon investigation the trouble 
was located in one of the line wave traps. 
Flashover had occurred between the 
plates of the variable condenser and had 
eventually built up a globule of the plate 
material which shorted the condenser and 
detuned the trap. This same trouble oc¬ 
curred on several other traps at various 
times and in each case was revealed by 
the automatic test equipment within a 
few minutes after it had occurred. As a 
temporary expedient the short was re¬ 
moved with a file in each case and the 
trap returned to service. As a permanent 
cure the variable condensers were re¬ 
placed by a small variable inductance in 
series with a group of fixed condensers 
and this has apparently completely elimi¬ 
nated the trouble. 

(4) Switching Transients 

When switching operations are carried 
out on these lines quite large transient 
currents flow. The only time these 
transient currents have caused trouble 
with the relays is when a line circuit is 
picked up at normal voltage or when an 
unloaded circuit is paralleled with a circuit 
that is carrying load. All trouble ex¬ 
perienced has been with the ground re¬ 
lays. Numerous oscillograms have been 
taken which reveal that these transients 
have frequencies from 120 cycles to up¬ 
ward of 700 cycles per second with or 
without a d-c component. The d-c com¬ 
ponent appears when an unloaded circuit 
is parallded with a loaded circuit and also 
when a circuit containing the autotrans¬ 
formers is energized. The high-fre¬ 
quency transient appears in practically 
all cases but is apparently suppressed 
when the d-c component is present. 

The minimum pickup of the balance 
current ground relays was increased from 
one ampere to two amperes at all locations 
and in addition at Century receiving sta¬ 
tion these relays were further desensitized 
for a short period of time after paralleling 
the two circuits by energizing the poten¬ 
tial restraint coils from the control battery 
when one or both circuits are open, and 
removing this potential restraint auto¬ 
matically approximatdy two seconds 
after the lines are paralleled. This 
method has apparently cured the trouble 
in so far as the current balance relays are 
concerned, and since it introduces no ob¬ 
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jectionable restrictions to their operation 
on faults is considered as permanent. 

The minimum pickup of the ground- 
fault detector elements in the carrier- 
current pilot protection was increased 
from 1 ampere to 3 amperes for the start¬ 
ing, or A detectors, and from IV 4 amperes 
to 4 amperes for the tripping, or 3 de¬ 
tectors. No trouble has been experienced 
since these settings were increased and 
they are still sufficiently low to dear all 
ground faults; however, this method is 
objectionable because under some mini¬ 
mum conditions the time of clearing will 
be extended longer than is desirable.. 

A transient filter has been developed 
for use with the ground tripping fault 
detector that will effectivdy blodc all 
frequencies of 120 cydes and above, as 
well as d-c transients, from the fault-de¬ 
tector coil without materially affecting 
the pickup characteristic of the detector 
on frequendes from 35 cydes to 85 cydes. 
These filters are being manufactured at 
the present time and when installed will 
permit resetting the ground-fault detec¬ 
tors to their original pickup values. No 
filter will be used with the starting-fault 
detector since there is no objection to 
its operation by the transient currents. 

During the extremdy severe flood 
conditions of Mardi 2, 1938, one of the 
twin-circuit towers on the Victorville- 
Century section of the lines was washed 
out, causing a fault first on the north 
line and six minutes later on the south 
line. The north line was deared by the 
balanced current protection at both 
Victorville and Century in a total time 
of 3 V 2 cycles. The south line was cleared 
by the carrier-current protection* in 5 V 2 
cydes at Century and IOV 2 cydes at 
Victorville. 

The fault on each line was single-phase- 
to-ground and the longer time required 
at Victorville was due to the ground cur¬ 
rent being only slightly above the pickup 
settings of the ground-fault detector de¬ 
ments. If the transient filters described 
above had been installed at this time and 
the pickup settings of the ground-fault 
detectors restored to thdr original values, 
the time required for dearing the south 
line at Victorville would have been con¬ 
siderably reduced and would probably 
have been of the same order as the time 
at Century. 

These faults, as wdl as numerous other 
faults which have occurred on the sys¬ 
tem at various times, have demonstrated 
the ability of the carrier-current pro¬ 
tection properly to block • tripping on 
through fault conditions. 

During the osdllographic investiga¬ 
tions of the switching transients simul- 
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taneous records at the two ends of a 90- 
mile circuit were obtained in the follow¬ 
ing manner: Load was being carried over 
one circuit between Boulder and Victor¬ 
ville and records of the terminal condi¬ 
tions of the loaded circuit at both Boulder 
and Silver Lake and the Silver Lake 
terminal conditions of the dead Silver 
Lake-Victorville circuit were desired at 
the instant of energizing the Silver Lake- 
VictorviUe circuit at Silver Lake. A six- 
element oscillograph was used at Boulder, 
and two oscillographs, a nine-element and 
a three-element, with their drums me¬ 
chanically tied together, were used at 
Silver Lake, giving six elements for each 
line terminal being considered. A con¬ 
tact on the drum shafts at each station 
was used to soimd a buzzer once for each 
revolution of the drums The control 
circuit for the oscillograph shutter and 
oil circuit breaker closing at Silver Lake 
were arranged so that by closing a single 
contact both functions would occur in 
the proper order to obtain a record of the 
change in line terminal conditions when 
the breaker contacts closed. The control 
circuit for the oscillograph shutter at 
Boulder was arranged in the same way so 
that all that was necessary was to syn¬ 
chronize the film drums at the two sta¬ 
tions and dose the initiating contacts in 
both stations at the same time. The 
S3nichronization of the film drums was 
accomplished by pladng the buzzer at 
Boulder near the microphone of the 
carrier telephone; the operator at Silver 
Lake was then able to hear both buzzers 
and adjusted the speed of the Silver Lake 
film drum until both buzzers sounded at 
the same time. 

The operation of the initiating contacts 
at the same time was accomplished by 
taking the carrier-current supervisory 
control equipment out of service and 
using the receiver relay at both Boulder 
and Silver Lake to dose the inifigtiTig 
circuits. When all was in readiness the 
operator at Silver Lake S3mchronized the 
fdm drums and then pressed a button, 
which started the local supervisory-con¬ 
trol carrier transmitter. 

The carrier signal being received at 
both stations simultaneously, dosed both 
initiating contacts at the same time. The 
drum speeds used gave a total record of 
approximately 30 cydes and not a single 
shot was missed because of this method. 
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Discussion 


Abe Tilles (University of California, 
Berkeley): I am certain that I spesik for 
all present in expressing thanks to the 
Department of Water and Power for their 
iDroadmindedness in making public these 
interesting details regarding the few items 
of trouble that have occurred. 

A number of questions come to mind 
regarding this outstanding transmission 
project. I am not sure to which member 
of this Department of Water and Power 
team of experts each of these questions 
falls, but I believe they will be able to 
sort them out without difficulty. 

It was mentioned that the sending-end 
voltage of the line is being altered as the 
load varies. To what degree of refinement 
has it been found desirable to do this? Is 
the voltage setting changed manually by 
the operator in accordance with the load 
schedule, or is the voltage regulator initially 
adjusted to give continuous compounding 
of the generator voltage? How long does 
it take to put a generator on the line from 
a standstill? To what extent is automatic 
synchronizing equipment in use at present? 
What is the procedure in energizing the 
line? 

It was mentioned that control and re¬ 
laying equipment for the contemplated 
third line will fit along side of, and be 
similar to, the existing equipment. Is this 
the case at the switching stations as well 
as at Boulder? How far physically will 
Ike third line be from the others? Will 
it be generally similar and divided into 
sections? With three lines in parallel 
complications arise in a scheme of high¬ 
speed parallel protection. How, in a 
general way, will the three lines be pro¬ 
tected? If the receiving third of the third 
line is not directly in parallel, can the carrier- 
controlled relaying on that section be 
sped up? 

It was mentioned that tube failures in 
the carrier relay circuit act to operate an 
alarm. Is my understanding correct that 
the worst possible condition the failure of 
the cam^ relay equipment can produce is 
the tripping out of a line section on a 
through fault? Has this ever happened? 

It would seem that a failure in the tube 
circuits of the supervisory control equip¬ 
ment at the control point, if it occurred 
in just the right place at just the wrong 
time, might cause serious operating diffi¬ 
culties. What are the most drastic conse¬ 
quences which it is supposed might on 
rare occasions occur? How long would it 
take to isolate and replace such faulty 
tubes, etc.? 

The performance expected of this project 
was of such an unusually high caliber, and 
many of the technical features were so 
far dev^oped beyond previous practice, 
that it is no small achievement for these 
gentlemen to be able to say that this trans- 
i^sion project is living up to their expecta¬ 
tions. To single out one item for example, 
the lightning record of the line is worthy of 
attention. Here, at last, is a line that 
''can toke it.” Three years of lightning, 
including a large number and variety of 
recorded direct strokes have not produced 
a single insulation failure. This is what was 
expected. True. It is none the less awe¬ 


inspiring to contemplate the proved fact. 

These gentlemen of the Department of 
Water and Power of the City of Los Angeles 
are, indeed, to be congratulated on the 
results of their labors. 


K. B. McEachron (General Electric Com¬ 
pany, Pittsfield, Mass.): Those who are 
concerned with the protection of trans¬ 
mission lines from the effects of lightning 
are naturally much interested in learning 
of the excellent results obtained with the 
Boulder Dam transmission line as described 
by Mr. Cozzens. The experience records 
obtained add materially to the existing 
knowledge of lightning. I am especially 
interested because most of the lightning 
data obtained thus far have been secured 
in the East, and yet the results from the 
Boulder Dam transmission line agree very 
well in general with what would be ex¬ 
pected, based on results obtained in the 
eastern part of the United States. This 
tends to support the general conclusion 
that lightning is not particularly different 
in the western part of the country than it 
is in the East. If the general conclusions 
can be substantiated, it will make the large 
amount of data already obtained of greater 
value, since it becomes more widely ap¬ 
plicable. There is no doubt but that the 
severity of lightning storms are related 
to meteorological conditions, which are of 
course different in different parts of the 
country, which consideration would lead 
one to expect to find variations with respect 
to localities widely separated. These varia¬ 
tions, if they exist, may however be covered 
up by other variations which have not been 
recognized. 

Mr. Cozzens used a stroke surge im¬ 
pedance of 200 ohms, which, at the time 
the line was designed, and still is, a value 
used frequently when making line flashover 
calculations. I believe that considerable 
doubt surrounds the use of a surge im¬ 
pedance for a stroke chaimel, but the results 
obtained using values ranging from 200 
ohms to 400 ohms have been reasonable, 
and experience seems to show that the 
answer obtained using such surge imped¬ 
ances is about right. 

I do not believe, however, that the mecha¬ 
nism of discharge is at all similar to 
the discharge of a charged capacitance 
through a conductor. In the case of out¬ 
door lightning, the cloud consists of charged 
drops of water or particles of ice separated 
by an air dielectric. At the time a stepped 
leader leaves the cloud to progress toward 
the ground in a series of steps, charges of 
opposite sign to that of the base of the 
doud are accumulated on the ground 
These charges, usually positive in sig^n, 
because the doud seems to be usually 
negative, can move in toward the point 
to be sl^ck with little voltage drop where 
conductmg objects like counterpoises are 
available for carrying the charges. As the 
negative leader progresses, requiring often 
^ long as 0.01 second to reach the earth, 
it produces a space charge around its own 
channd. 

When the downcoming leader is within 
a few h^dred feet of the ground, the 
increase in field intensity on the surface 
of the earth is often sufficient to cause a 
concentration of charge at the point to be 
struck of a magnitude which forms streamers 
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which may extend several feet from the 
earth. These streamers increase in length 
as the downcoming leader approaches, until 
the leader makes contact, presumably 
with the longest streamer, after which the 
return stroke takes place between the earth 
and the cloud. 

McEachron and McMorris ('*The Light¬ 
ning Stroke: Mechanism of Discharge,” 
General Electric Review, October 1936) 
have suggested that the current builds 
up to a maximum during the time occupied 
by the step leader in traversing the last 
few hundred feet from the earth. The 
maximum current occurs at the time of 
contact, and as far as the current wave 
through the stricken object is concerned, 
the wave tail takes place during the return 
stroke. If this return stroke fails, as it 
sometimes does, to reach the doud, it is 
possible to calculate the length of the tail, 
knowing the rate of propagation of the 
return stroke. On the other hand, if the 
return stroke reaches the doud, the length 
of the tail will be dependent upon the 
conditions in the doud. Additional charge 
may be available, or new regions tapped in 
the cloud, giving rise to a long tail or to a 
multiple stroke. 

With this conception, the rate of rise 
of current is dependent upon the amount 
of charge in the leader and its rate of propa¬ 
gation. The maximum current is de¬ 
pendent upon the amount of charge and 
its availability on the ground at the point 
struck. The tail of the wave results from 
the flow of charge from the earth into the 
channel created by the leader. 

Bata are not yet available to support 
completely the foregoing, but nevertheless 
sufficient data are at hand to indicate 
strongly the probability of the mechanism 
indicated. Propagation data on a large 
number of strokes are available, and the 
existence of streamers up from the ground 
has been identified through photographic 
evidence. Much remains to be done, and 
work is actually progressing, which should 
add materially to the information available 
as to just what does happen at the instant 
of contact. 

Mr. Cozzens has commented on the 
presence of corona in the ground around 
the counterpoise wires. There is no doubt 
that corona and sparks exist when the 
potential of the counterpoise is high enough. 
Impulse tests on ground rods of fairly high 
resistance earth have shown reductions of 
the order of 40 per cent in resistance com¬ 
pared to the low-voltage measurements. 
Corona, coupled with a series and multiple 
gap effect, no doubt played an important 
part in this reduction. 

Under the heading ^Operation and 
Measurements,” Mr. Cozzens discusses 
the size and character of the bum on the 
tower gap in relation to the magnitude 
of the current flowing through the gap. 
There is no question in my mind but that 
considerable information can be obtained 
in this manner. However, I do wish to 
point out that there is considerably more 
to this picture than the current amplitude. 
In the studies of lightning to the Empire 
State Building (JSE, Dec. '38, p. 493-50^, 
I describe a type of stroke which I have 
called ^continuing,” which is really a d-c 
arc between the doud and the ground. 
In one case, a current of the order of 250 
amperes or more flowed for a time of 0.61 


second or slightly longer than a period cor¬ 
responding to 30 cydes of the usual power- 
frequency supply. This particular stroke 
had a superimposed peak of 13,000 amperes 
together with many smaller peaks. These 
results are obtained from an oscillogram 
of the stroke. 

Laboratory tests show dearly that the 
type of bum to which Mr. Cozzens referred 
as resembling a 60-cyde burn can be caused 
by a. continuing stroke. Burns showing 
beads are not as a rule associated with high- 
current short-time discharges but with the 
longer time discharges, which will, in general, 
be of much lower magnitude, although 
they may have high superimposed peaks. 
This situation, of which I have obtained 
oscillographic evidence in which the ex¬ 
plosive effects of high-current short-time 
discharges are combined with the bmming 
effects of low-current long-time discharges 
tends to confuse the story to be obtained 
from bums on gaps, at least in some cases. 

Mr. Cozzens also suggests the possibility 
of multiple strokes moving across a dis¬ 
tance of 265 feet from one tower line to the 
other. Such a possibility seems very 
remote to me in view of our latest data. 
The mEiximum time of discharge of which I 
am aware is 1.53 seconds obtained in 1937 
in New York City. It would require a 
118 mile wind and a stroke duration of 1.53 
seconds to affect both lines from the point 
of view of blowing the discharge path from 
one circuit to the other. Such a combi¬ 
nation of high wind at right angles to the 
line, and of maximum duration, is ex¬ 
tremely doubtful. There is one other 
possible explanation, but it too is not 
likely to occur. I have photographic rec¬ 
ords of two multiple strokes which changed 
their paths on the ground end between 
successive strokes a distance of several 
hundred feet, apparently due to change in 
local ionization conditions. This phenome¬ 
non is most unusual, which might be 
invoked to explain the results obtained by 
Mr. Cozzens. It seems more likely to me 
that the strokes were successive in the same 
storm but not in the same stroke. 


P. L. Bellaschi (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
One feature which distinguishes this in¬ 
vestigation is that Mr. Cozzens has availed 
himself of a number of suitable and simple 
devices to measure the lightning currents 
to the line. From each, one or more 
characteristics of the lightning stroke are 
recorded and from the combined recorded 
effects a more complete appraisal is possible 
both in regard to the current amplitude, 
the duration, and also other characteristics 
of the discharge. 

The writer has long advocated that 
advantage must be taken of all suitable 
means if lightning phenomena are to be 
investigated on a comprehensive basis. 
The magnetic link has shown its usefulness 
in recording the crest of the current—an 
important factor to know in lightning pro¬ 
tection. Surface burning of metal parts, 
such as the tower gaps on the Boulder Dam 
line,- and in addition fusion of metal links 
and other similar means contribute to de¬ 
termine the current amplitude and the 
nature of the discharge. 

For example, test results obtained at 
Sharon during the past year have estab¬ 


lished that currents in the order of a few 
thousand amperes sustained several thou¬ 
sand microseconds produce concentrated 
fusion effects similar to that in figure 2 B. 
As it already had been suspected a few 
y^s ago, this fusion apparently results 
from such current components being 
present in the discharge of certain lightning 
strokes. The concentrated arc and sus¬ 
tained arc drop of these current components 
thus produce fusion effects resembling those 
of the power arc. 

In this connection the photographic 
studies during the past five years by 
Doctor B. F. J. Schonland and his asso¬ 
ciates (“Progressive Lightning—III,” Pro¬ 
ceedings of the Royal Society, September 
1937) clearly show that the high current, 
which results from the main stroke dis¬ 
charging from earth into the established 
channel and the main branches, takes 
place in some 100 microseconds. This 
intense discharge is followed by a sequence 
of moderate current components extending 
into hundreds and even thousands of micro¬ 
seconds. The source of these current 
components seems to reside largely in the 
doud and are due to a continuation of the 
lightning discharge in the doud proper. 
While visual accuracy may be questioned, 
it is apparent to those who have dosely 
observed lightning that some of the pro¬ 
longed discharges are in the nature of low 
currents sustained in some instances in 
the order of one second. In analyzing the 
fusion effects account must furthermore 
be taken of multiple lightning strokes. 

Tests made on aluminum sheets will 
illustrate the distinct character of the. 
surface fusion produced respectively by 
the intense current of short duration and 
by the moderate current components sus¬ 
tained for a much longer time. Currents 
of 125,000 amperes having a total duration 
of some 400 microseconds produced surface 
burning concentrated in a ^/g-inch diameter 
cirde quite similar to those in figure 1. It 
is estimated that the metal was fused in 
the test about 0.005 inch below the surface. 
Tests made on a 0.035-inch aluminum sheet 
with a 330-ampere current of 108,000- 
microsecond duration (interrupted in 6^/2 
cydes) burned a Vs-inch diameter hole 
practically through the sheet. In addition 
four smaUer spots were fused in the sheet. 


E. H. Bancker (General Electric Company, 
Schenectady, N. Y.): There are several 
items in Mr. Draper’s paper that strike 
me as worthy of comment. The first of 
these is the great amount of careful pre¬ 
liminary engineering which was done in 
connection with the transmission line 
problem for this project. Under the head¬ 
ing “Specifications” Mr. Draper gives an 
operating time for the protective system 
that was written into the specifications, 
without any statement of how and why 
these figures were reached. It seems to 
me that it might interest many of you to 
know that if a relay system having these 
characteristics had not been available, it 
would have been necessary to have con¬ 
structed a third transmission line to carry 
the same amount of power through short 
circuits with maintained stability. This 
is probably an extreme case illustrating 
the economic benefits that may result from 
improved rdaying. By the expenditure 
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of a few thousand dollars in relay equip¬ 
ment, the cost of a several million dollar 
transmission line was deferred until a higher 
load condition was reached. 

The second item of interest is the state¬ 
ment under *‘Specifications” that the pro¬ 
tection should be immune to operation oh 
an out-of-step or surging condition. Under 
ordinary circumstances the balanced cur¬ 
rent relaying will do most of the fault 
clearing, but obviously each section must 
have some form of single-line relaying. It 
may not be appreciated that in this in¬ 
stance, the ability to refrain from tripping 
is a most important requirement for the 
single-line relaying. If this were to trip 
on the power swings following the opera¬ 
tion of the balanced relays, the tie between 
the Boulder Plant and Los Angeles would 
be lost. This requirement mled out as 
back-up protection for single-line operation 
even such simple things as time-over- 
current relays, because even they would 
notch closed on successive power swings. 
It is rather curious, therefore, that the prin¬ 
cipal requirement of part of the protective 
relaying system is not that it shall trip, 
but that it shall refrain from tripping. 
This was a performance not obtainable with 
any other kind of relays, except pilot pro¬ 
tection. 

The chief item of interest to me in this 
paper is the operating experience. It is 
in actual operation that the little un¬ 
expected kinks and wrinkles develop and 
must be ironed out. The experience with 
the tubes is not unusual, but merely con¬ 
firms that of other utilities having carrier 
equipment. Some of the other experiences 
were rather novel, particularly the opera¬ 
tion of the ground relays when a section of 
line was picked up by closing an oil circuit 
breaker. Every one knows that the three 
poles of a circuit breaker do not dose at 
exactly the same instant, but with types of 
relaying in service and at voltages pre¬ 
viously used, the effect of the non-simul- 
taneous pole closing was not noticed in 
any relay action. In this case the un¬ 
usually high voltage and length of the line 
section resulted in a residual current that 
was big enough, lasted long enough, and 
was in the right direction to cause the 
ground relay to operate to trip. The 
solution of bypassing the high frequency 
that resulted from these switching opera¬ 
tions around the tripping relay coil is 
merely another example of the high order 
of engineering that has gone into the de¬ 
sign and maintenance of the equipment 
on the Boulder line. 

The methods devised for synchronizing 
the oscillographs at two stations and tying 
them in with the dosing of a circuit breaker 
was most ingenious and highly effective. 

I have seen a number of the records taken 
in this way and can vouch for the success 
in recording a large number of dectrical 
quantities at widdy separated points with 
a high enough oscillograph film speed so 
that individual cycles can be studied and 
accuraite time records of the performance 
of different p£ui:s of the equipment made. 

Another interesting item is the use oi 
copper-oxide rectifiers as check valves in 
trip circuits. As Mr. Draper says, this is 
probably the first practical use that has 
been made of this scheme. While it may 
seem a Httle thing, again it has considerable 
economic importance because it permits 


energizing the circuit breaker trip coils 
without the wasted time needed to operate 
an auxiliary rday which would partially 
undo the good accomplished through the 
purchase of three-cycle circuit breakers. 

In conclusion, I should like to acknowl¬ 
edge publidy the fine spirit of co-operation 
exhibited by Mr. Draper and his associates 
during the investigation and correction of 
the troubles mentioned under “Operating 
Experience.** When users and manu¬ 
facturers work together with such a fine 
mutual understanding of each other*s 
problems an amicable and satisfactory 
solution is reached quickly and easily. 


R. W. Sorensen (California Institute of 
Technology, Pasadena): These papers, 
together with certain other papers included 
in the symposium, present to the Institute 
membership the results of almost two 
years of operation of the present world*s 
outstanding supervoltage power line. The 
data as presented again exemplify the 
mastery of electrical phenomena which 
competent electrical engineers have. In 
spite of many unusual storm conditions 
and new features involved in this line, the 
engineers who planned, designed, erected, 
and operated it have so completely analyzed 
all the problems involved and so well an¬ 
ticipated transient outages which have oc¬ 
curred as to make possible this first two 
years of operation without any very serious 
interference with the power supply for a 
great community of people. 

When we stop to consider the fact that 
coupled with all the features of engineering 
which have been named there was also a 
change of frequency program involving a 
change from 50 cycles to 60 cycles for the 
entire system, we certainly would be remiss 
if we did not compliment the Bureau of 
Water and Power staff on its outstanding 
achievement. In reciting this well-earned 
tribute we must not fail to note the courage 
shown by these men in going to a voltage 
of 287.6 kv when, without additional ex¬ 
pense or probably at even less expense, the 
same amount of power could have been 
transmitted over 230-kv lines, the con¬ 
struction and operation of which has be¬ 
come more or less standardized. 

The lightning protection for the line and 
the way it has functioned has been so com¬ 
plete and satisfactory that there are few 
points leading to any discussion. It is 
interesting to note that a considerable 
portion of this line—although we generally 
consider California a nonlightning coun¬ 
try—^passes through a territory subject to 
lightning storms, the number of which 
approximates the average number oc¬ 
curring in many parts of the United States. 
Indeed the data presented indicate that the 
severity of these storms is rather high and 
it would be difficult to overestimate the 
thoroughness with which Peterson and 
Cozzens have analyzed the lightning prob¬ 
lems and the effectiveness of the measures 
for guarding against lightning outages which 
they have included in their line design. 

The corona experience on the Boulder 
Dam line as discussed presents some 
interesting features in showing a difference 
between corona loss values as made on 
sections of line crossing the desert areas 
and the preconstruction corona loss meas¬ 
urements made In the Ryan Laboratory. 


Without doubt both sets of measurements 
are correct and we have before us the 
striking situation of an increased corona 
loss in desert areas over that anticipated. 
I do not think any unexpected corona loss 
has ever been noticed on the considerable 
number of miles of 230-kv lines which for 
years have operated in similar desert areas. 
There is a possibility that certain sections 
of the 230-kv lines which traverse desert 
areas to some extent might show corona 
loss over that found in nondesert areas, 
which simply has not been observed 
because, as the authors have pointed out, 
the measurement of corona loss on an 
actual transmission line traversing many 
kinds of country at different altitudes is 
no easy matter and none of the lines—^the 
one tmder discussion or the 230-kv lines 
which I have in mind—^has any great 
amount of kilowatt-hour corona loss. On 
the other hand, it may be that the condi¬ 
tions which are essential for the operation 
of 287.5-kv lines; namely, large diameter 
conductor and this higher voltage, introduce 
factors which are not so noticeable at 230 
kv and hence do not demand thd attention 
at 230 kv which must be given them at 
perhaps 287.5 kv and higher—should we 
in the future raise our transmission voltages 
to some higher value. 

It is interesting to comment here that 
10 years elapsed between the installation 
of 160-kv lines and 230-kv lin^—^the 
maximum potential up to the installation 
of the 287.5-kv lines—and that 15 years 
have elapsed since the 230-kv lines went 
into operation; and now we have 287.6-kv 
lines. 

To return to the unexpected excess 
corona loss on the desert, I will just present 
for our consideration a report of my ob¬ 
servations concerning corona phenomena 
which may be noted any time in the high- 
voltage laboratory at the California In¬ 
stitute of Technology. We have installed 
in the laboratory a smooth bus 3 V 2 inches 
in diameter. With voltages approaching 
300 kv applied to this bus, we note that 
while the complete bus does not go into 
corona, trees or brushes of corona and 
sometimes quite definite brush discharges 
will be noted at points along the bus. These 
discharges seem to start at places of very 
slight irregularity or dust accumulation 
on the bus, even though we sometimes 
think we have the bus all clean. The 
difficulty of keeping the bus free from 
these discharges has led us in our labora¬ 
tory experiments to use for most of our 
conductor pieces of chain such as are used 
for window weights, door checks, etc. 
Naturally these pieces of chain go into con¬ 
siderable corona at voltages much lower 
than the initial corona on the 3 V 2 -iiich 
bus. The corona formed along the chain, 
however, soon builds up an ionized layer 
of air around the chain wMch serves as a 
shidd around the chain and seemingly 
holds the total corona loss to an amount 
no more troublesome than the corona which 
forms on the large bus. In fact, the corona 
along the chain seems to be lifted almost 
entirely to regular corona glow ra.ther than 
the brush discharges which occur on the 
bus. We have never gotten sufficiently 
interested in the phenomena thus observed 
to make any measurements. These phe¬ 
nomena, however, in connection with the un- 
ej^ected phenomena mentioned in the 
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paper lead me to suspect that small irregu¬ 
larities on large conductors, particularly 
smooth-surfaced ones, may result under 
some conditions in corona phenomena 
quite annoying and difficult to eliminate. 
Whereas the 230-kv lines which have come 
under my observation, and which are all 
stranded-conductor lines, as I have stated, 
have never shown this phenomenon on the 
desert to an extent which has led us to 
believe there is any difference in corona 
loss on the desert and in the laboratory 
which cannot be accounted for by the usual 
things which affect corona; namely, 
humidity, temperature, barometric pres¬ 
sure, conductor surface irregularity, etc. 


Bradley Cozzens: The discussions pre¬ 
sented by K. B. McEachron and P. L. 
Bellaschi always add new or confirming 
facts to any paper because of the very 
intimate and continuing contact that these 
men have with lightning studies and asso¬ 
ciated phenomena. Specifically referring to 
Mr. McEachron’s comments: we too, are 
pleased to have data indicating that the 
magnitude of current and possibly voltage 
encountered in western lightning is not ma¬ 
terially different from that of eastern light¬ 
ning, for it was upon much of the data 
gathered regarding eastern storms that 
the lightning design of the Boulder Dam 
lines was based. From what observation 
we have been able to make in the few years 
of construction and operation it appears 
that the number of strokes per storm may 
be materially less than for the eastern loca¬ 
tions, possibly due to the higher average 
cloud height and also the smaller amount of 
actual water vapor involved in any one 
average storm. 

As mentioned in the paper, surge imped¬ 
ance values can be calculated that show a 
wide variation in magnitude depending 
upon assumed conditions. We agree heart¬ 
ily with Mr. McEachron in his criticism of 
the use of a lightning stroke as being a path 
of definite surge impedance short-circuiting 
the condenser between the cloud and earth. 
It is indeed a much more complex circuit. 
The use of the 200-ohm value, however, 
gives a design that will cope with some of the 
most severe lightning strokes while the 
higher values would of course be more rep¬ 
resentative of the less intense discharges. 
Perhaps with further accumulation of in¬ 
formation Mr. McEachron or Mr. Bewley, 
on whom we lean quite heavily for methods 
of computing lightning phenomena, may 
evolve methods that will take into account 
the resistance or impedances between the 
various charge masses in the doud to ac¬ 
count for the relatively slow build up of the 
current in the streamers. Such informa¬ 
tion might modify greatly the present meth¬ 
ods of computation, but while we realize 
that present methods are not rigorous, they 
are still the only methods available to most 
of us. 

Mr. McEachron mentions that the maxi¬ 
mum current is dependent upon the avail¬ 
ability of the charge on the ground. The 
use of the counterpoise makes this charge 
easily available from a much larger area 
than normally. It is still questionable 
whether an extensive counterpoise system 
may not some day feed such heavy currents 
into the lightning strokes that the voltage 
drop in and immediately adjacent to the 


tower will become a factor. This would be 
first evidenced on the lower voltage lines. 

It is indeed gratifying to have definite con¬ 
firmation of the formation of corona around 
the buried counterpoise wires. Our only 
information, other than reported reductions 
in measured surge impedsmce with the ap¬ 
plication of high surge voltages, was the 
observed phenomena of corona forming 
about a conductor in salt water when surged 
with high impulse voltages. This corona 
area around the counterpoise was used in 
the design computations and with Mr. Mc- 
Eachron's comments we are more certain 
of its justification. 

While we had no oscillographic records of 
the duration of any of the lightning strokes 
to the Boulder Dam lines, yet mention is 
made in the paper that from the types of 
bums observed on the counterpoise gaps, 
some were probably of short duration while 
others must have been the result of long¬ 
time low-current discharges or many mul¬ 
tiple strokes occurring in rapid succession. 
Mr. McEachron*s recently recorded data 
on the long-time low-current strokes con¬ 
firms the assumptions mentioned in the 
paper. Knowing this now to be the case, 
the information from the counterpoise 
gaps wiU be much more valuable for from 
observing many of them it is possible by 
careful observation to detect multiple dis¬ 
charges, with appreciable time interval be¬ 
tween them by lie overlapping of the burned 
areas. The single-discharge high-current 
value can be detected relatively easily, and 
the long-time low-current value also can be 
identified. Of course these are not instru¬ 
ment measurements and should not be 
treated as such, but they will add infor¬ 
mation I feel sure. 

Mr. McEachron’s comment on the im¬ 
possibility of a multiple stroke to follow 
the same general path and travel the 265 feet 
between tower lines in his maximum ob¬ 
served time of 1.63 .seconds is of course cor¬ 
rect. However, the change of path for the 
lower portion of strokes does not seem to be 
quite as uncommon as indicated. A very 
beautiful example is given in the United 
States Department of Commerce Bureau of 
Standards publication No. 95 on protection 
of electrical circuits and equipment against 
lightning. Figures 1 and 2 show the still 
and moving film records of a multiple stroke 
in which the lower section entirely changed 
path for one or possibly more of the dis¬ 
charges. Again we have no definite proof 
that this was the case for the strokes involv¬ 
ing both of the Boulder lines, but as men¬ 
tioned previously, the desert storms are 
usually high clouds and are moving rapidly 
so that successive discharges usually pro¬ 
gress with the storm except where the storm 
clouds are being blown over a mountain area. 
It is felt, therefore, that strokes to both 
circuits in a single area come either as this 
diverted multiple discharge or within a very 
short time interval. 

We greatly appreciate Mr. McEachron’s 
comments on this paper. 

The comments of Mr. Bellaschi add fur¬ 
ther evidence by laboratory tests indicating 
that bums that result in appreciable fusion 
of the metal must be the result of long-time 
low- or moderate-current discharges. The 
few values mentioned by Mr. Bellaschi 
covering some of his recent tests indicate 
that the study of the area and volume of 
burned metal as a function of the current 


and time involved is just begun if it is to be 
used extensively as an indication of lightning 
current. It, definitely, is a rough means of 
indication if not interpreted too rigorously. 


J. D« Laughlin: Discussions and questions 
as asked by Abe Tilles bring out points and 
information additional to that contained in 
the original paper, as the reader may see 
the subject from a different angle to that 
presented by the writer. 

The following discussion, in answer to 
Mr. Tilles* questions relative to starting 
generators at Boulder and energizing the 
Boulder transmission line and his questions 
relative to the consequences of tube failures 
in the supervisory control equipment, gives 
some additional information pertaining to 
the operation of the transmission line not 
included in the original papers. 

Starting a generator from the condition 
with the butterfly valve closed and all 
auxiliaries shut down normally requires 
approximately 15 minutes to put the unit 
on the line. Ten minutes of this time is 
used in opening the butterfly valve and 
checking the generator auxiliaries. Before 
starting any unit, all auxiliaries are oper¬ 
ated manually, then shut down and set for 
automatic operation. Included in the auxil¬ 
iary check are devices for supplying bearing 
oil pressure, governor oil pressure, generator 
cooling water and transformer cooling water, 
generator field breaker, overspeed devices, 
and position of the butterfly valve. When 
these checks are completed and reported 
to the operator in the control room, he 
closes the master starting switch. Within 
two minutes all auxiliaries have been started 
automatically and the generator is up to 
full speed. The operator then adjusts the 
generator voltage and selects the oil circuit 
breaker to be used for synchronizing. Ac¬ 
tual synchronizing and closing of the circuit 
breaker is done automatically. From the 
time the generator is up to full speed until 
it is on the line requires approximately two 
minutes. If the butterfly valve is open and 
the scroll case is full of water and it is de¬ 
sired to get a machine on the line qinckly, 
this can be accomplished in approximately 
four minutes by omitting the auxiliary in¬ 
spection. 

The generators are always synchronized 
to the lines, using oil circuit breakers on the 
generator busses. Automatic synchronizing 
equipment is used for putting all machines 
on the line for normal operations. Manual 
synchronizing is used only on special oc¬ 
casions, as for tests or when some equip¬ 
ment is out of service. 

When both circuits are dc-energized and 
it is desired to connect Boulder to the sys¬ 
tem at Los Angeles, two generators are syn¬ 
chronized on the low voltage bus and ad¬ 
justed for one-third normal voltage. The 
line is then picked up, one 90-mile section 
at a time wiliout any further adjustment of 
the generator fields. When all six sections 
are energized but not connected to the 
system, the generator voltage at Boulder 
is approximately 75 per cent of normal, and 
at the Los Angeles end of the line the volt¬ 
age is 100 per cent of normal. The line 
is then synchronized with the system at 
Los Angeles. The synchronous condensers 
for voltage regulation at Los Angeles are 
connected to transformer banks fed from 
the 132-kv bus and may be put on the 
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system either before or after the Boulder 
line. 

A second method has been used for pick¬ 
ing up the lines but it is more hazardous to 
equipment than the one described above. 
For this method, all circuit breakers on the 
lines are closed except those that connect 
the lines to the system at Los Angeles. 
Two generators are brought up to normal 
speed and connected to the lines without any 
field excitation. The generator fields are 
then closed and excitation is increased 
slowly until normal voltage is obtained at 
the Los Angeles end of the line. This 
method is not used due to the difficulty in 
regulating generator excitation so as to 
maintain synchronizing current between the 
machines and not get the line voltage too 
high. If one circuit is energized and one 
de-energized, and it is desired to put the 
second circuit into service, at least two 
g^enerators must be on the line at Boulder. 
The dead line is then picked up one section 
at a time starting from the Boulder end. 

Regarding the failure of tubes in the 
supervisory control equipment, the most 
serious result that could occur from a tube 
failure would be a failure of a nature that 
would overload and damage other equip¬ 
ment in the carrier-current circuits, such as 
condensers, transformers, or wiring; how¬ 
ever, the circuits are protected with fuses in 
such a manner that this condition is very 
improbable. Usually when a tube bums 
out it stops the transmission or reception of 
a. code and prevents the completion of the 
intended operation. In no case could it 
cause a false operation. When such a 
condition occurs, it is immediately detected 
at Boulder. The operator can usually de¬ 
termine at which station the failure oc¬ 
curred by noting at what point in the code 
sequence the equipment stops. He then 
calls the attendant at the station in trouble 
\yy telephone and has him check his equip¬ 
ment. The replacement of a faulty tube is 
a matter of a few minutes after it fails. 
The failure of a tube in any station except 
at Boulder does not interfere with the opera¬ 
tion of the balance of tfie supervisory con¬ 
trol equipment. Operations can still be 
performed at the other stations, and indi¬ 
cations received. In case of a tube failure 
at Boulder, the entire equipment is out of 
service, since codes brom all other stations 
must be recorded and checked at Boulder 
before the intended operations can be com¬ 
pleted. 


Xf L. Draper: I would like to express my 
appreciation for the very generous com¬ 
mits of Mr. Tilles and Mr. Bancker on 
tins paper and will endeavor to answer 
Mr. Tilles* questions regarding the relays 
in a general discussion rather than trying 
to answer each question individually. 

Rach section of the third circuit will be 
equipped with carrier-current pilot protec¬ 
tion like that in use on the present circuits. 
With this type of protection each section 
of each circuit is protected as an individual 
unit ^d the worst possible condition that 
the failure of carrier to be transmitted or 
received can produce is faulty tripping of 
that particular section upon the occurrence 


of a through fault condition. As men¬ 
tioned in the paper the carrier-current pilot 
protection used is considerably faster than 
was anticipated at the time the specifications 
were written and is sufficiently fast to meet 
the required clearing time imder all con¬ 
ditions without any additional speeding up. 

As Mr. Tilles has stated complications 
arise in a scheme of high-speed balance cur¬ 
rent protection for three parallel lines. 
This is particularly true with the ring ar¬ 
rangement of six oil circuit breakers as will 
be used at Boulder, Silver Lake, and Victor¬ 
ville. For this reason and also because bal¬ 
ance current protection cannot be applied 
to the section of the third circuit between 
Victorville and Los Angeles consideration 
is being given at this time to other types 
of protection that might be used as a second 
line of defense on these lines. The final 
decision as to the second set of protection 
equipment on these lines will be to use the 
overall scheme that will give the least 
probability of an undesired separation 
between Boulder power plant and the 
Los Angeles system due either to failure 
of the relays to trip a faulted line section or 
faulty operation of the relays on line sections 
that are not faulted. 

Mr. Bancker has brought out the prin¬ 
ciple reason for the short operating time 
requirements of the specifications in so far 
as this line is concerned, however, there are 
other well-known benefits to be gained by 
fast clearing of faults one of which was very 
well illustrated by the system load dis¬ 
patchers report of the two faults that oc¬ 
curred on these lines on March 2, 1938. In 
each case the report contained the very 
terse statement '*No disturbance to volt¬ 
age.** Actually of course there was a dis¬ 
turbance to the system voltage, but of such 
short duration that from all practical stand¬ 
points the statement was absolutely correct. 

Mr. Bancker attributes the high-fre¬ 
quency transient currents, that caused 
trouble with the ground relays, to the non- 
simultaneous closure of the oil circuit breaker 
poles and while this was probably a con¬ 
tributing factor, I believe that the pre¬ 
dominating factor in the production of these 
high-frequency currents was the point on 
the voltage wave at which individual poles 
of the breaker closed and that they would 
be produced on these lines, even with simul¬ 
taneous closure of the breaker poles. 


Wm. S. Peterson: The engineers who have 
been associated with the Boulder Dam 
transmission line development deeply appre¬ 
ciate the interest shown in this project and 
are sincerely grateful for the many fine 
comments that have been made in discussing 
this group of papers. 

In reply to Mr. TiUes* question regarding 
the alteration of sending-end voltage as the 
load varies, it can be stated that the opera¬ 
tion is very closely in accord with operating 
under the condition for minimum loss. 
The normal voltage of the generator is 
16,600 volts to produce 287,500 volts at the 
sending end of the line. This voltage is 
used when delivering approximately 200,000 
kw at the receiving end of the two circuits. 
For delivering the rated output the voltage 


is increased to 17,000 volts and for very 
light loads, under 76,000 kw, the voltage 
may be reduced to 16,600 volts. This 
change is made by manual adjustment of 
the regulator settings. This type of opera¬ 
tion requires slightly less synchronous-con¬ 
denser capacity than does fixed-voltage 
operation. 

Mr. Tilles asks about the location of the 
third circuit. For two-thirds of the way, it 
is parallel to the existing circuits and is about 
266 feet from such circuits. From Victor¬ 
ville to the Department’s receiving station 
E, the line diverges from the existing line 
going directly west instead of southwest. 

Doctor R. W. Sorensen has made the 
statement that the same amount of power, 
could have been transmitted, without ad¬ 
ditional expense, at 220 kv. 

In such comparisons account must be 
taken of the type of service, or the condi¬ 
tions, on which the line is rated. Two 
220-kv circuits of similar length if operated 
within the criteria set up for a steady-state 
stability basis of operation would have 
about the same rating as do the two 287.6- 
kv circuits on a transient stability basis. 
However it was the purpose in building this 
line to achieve a reliability of transmission 
equivalent to that given by a local steam- 
electric generating station. It therefore 
had to be rated on a transient stability basis 
for withstanding, without loss of synchro¬ 
nism, a two-phase-to-ground fault at the 
worst point on the system, drop a section 
of line and still have a margin of 26 per cent 
as a safety factor. Calculations show, that, 
in order to achieve the same rating with 
220 kv, it would require the use of three 
circuits. Three circuits of 220 kv of a given 
standard of construction are more expen¬ 
sive than two circuits of 276 kv of a similar 
standard. Economy in obtaining reliability 
dictated the choice of 276 kv. 

Turning to the corona discussion by Doc¬ 
tor Sorensen, I am inclined to agree with 
his observation that it may not have been 
observed because measurement of loss on 
actual lines is difficult to make and it lakes 
accurate measurements to determine the 
differences under discussion. The phe¬ 
nomena has been identified as having re¬ 
lation to locality, so it is possible that other 
lines are in areas not affected by the same 
factors as are present in some places along 
the Boulder lines. 

In. making the corona-loss measurements 
at Victorville the voltages for the conductors 
under test were carried as low as 220 kv. 
For these low voltages, the ''voltage shifts** 
in the corona-loss curves for the desert 
area from those run at Stanford on the same 
conductors are of the same order of magni¬ 
tude as found at the higher portion of the 
loss curves. These measurements were on 
conductors having diameters of 1.26 and 
1.4 inches for the smooth surface type and 
l.^inch diameter for the stranded type. 
It is reasonable to suggest that if the smaller 
diameter conductors associated with 220- 
ky lines had been tested at the same loca¬ 
tion that a similar shift would have been 
found and that it would have given appre¬ 
ciable loss differences because 220 kv would 
have been nearer the "knee of the curve** 
for such conductors than those tested. 
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The Electric Strength of Air at High 

Pressure 

By H. H. SKILLING 

MEMBER AIEE 


Synopsis: Experimental data show that 
the strength of compressed air as an insu¬ 
lator increases with pressure until a critical 
value is exceeded. At higher pressures the 
sparking voltage fails to rise, and may even 
drop. The maximum voltage and the 
critical pressure are largely dependent on 
the shape of the electrodes of the spark gap. 


O VER thirty years ago work was 
done by Ryan^*®*^ and his student, 
Ekem,® to determine the electrical 
strength of air at pressures of many 
atmospheres. It was discovered that 
the voltage required for sparking be¬ 
tween points bears a roughly linear rela¬ 
tion to the air pressure unth the voltage 
has risen to approximately ten times that 
required for sparking between the same 
points, at the same spacing, at normal 
atmospheric pressure. A maximum volt¬ 
age is reached at an air pressure of be¬ 
tween 100 and 200 pounds per square 
inch. As the pressure is further raised, 
the sparking voltage does not rise cor¬ 
respondingly—in fact it drops somewhat 
if sharp points are used, and then at still 
higher pressure (above 400 pounds per 
square inch) the voltage rises slowly with 
pressure. 

More recent work has been done by a 
number of scientists: some of this work 
is summarized by Whitehead. The 
latest to be published is by Goldman^®*^® 
of the Union of Sodalist Soviet Re¬ 
publics. Goldman^s work will be men¬ 
tioned again in a later paragraph. 

Renewed interest- in the electrical 
properties of air at high pressure has ap¬ 
peared recently. This may be traced to 
the present use of compressed gas as 
insulation in radio transmitter con¬ 
densers, in electrostatic generators, and 
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its proposed use in high-voltage power 
cables. The present paper is a report of 
an experimental study of the subject. 

The chief contribution of the present 
paper is a study of the effect of the shape 
and material of electrodes. In previous 
investigations Ryan and Goldman worked 
with points, and Goldman, Amyashi, and 
others, worked with plane surfaces or 
surfaces with large radius of curvature. 
It is believed that no one has heretofore 
investigated both of these types of elec¬ 
trodes and also the intermediate region of 
electrodes of various radii of curvature. 
In the investigation of electrode material, 
electrodes of copper, iron, and zinc were 
used. 

The present investigation also gives 
assurance that the results are not seri¬ 
ously influenced by distortion of the 
electric field, brought about by proximity 
of the walls of the enclosing chamber. 
Previous work has been done in pressure 
chambers of relatively small size. 

Apparatus 

The pressure chamber in the present 
work has an inside diameter of six inches. 
This permits the study of longer gaps and 
larger electrodes than were used by 
Ryan, including electrodes of spherical 
and cylindrical form. However, the in-? 
creased diameter of the test chamber 
makes it advisable to use a relatively low 
maximum air pressure, and since the 
most essential and characteristic section^ 
of Ryan’s curves appeared at pressures 
below 300 pounds per square inch, the 
present apparatus was designed for that 
pressure. Glass and porcelain insulation 
is used, and voltages lie in the same range 
as that studied by Ryan. 

The outside of the air pressure chamber 
is shown in figure 1. Two sections of six- 
inch steel pipe axe separated by a sheet of 
glass, and the cylinder thus formed is 
closed with a six-inch extra-heavy cast- 
iron blind flange at each end. The sheet 
of glass is 14 inches square, with a four- 
inch round hole in the center. This 
cylinder, with the insulating sheet of 
glass and the two blind flanges, occupies 
a central position in figure 1; it is the 
test chamber, and air is pumped into it 
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through a pipe inserted in the lower 
flange. 

The cylinder is made to retain air under 
pressure by being clamped between a pair 
of eight-inch I-beams, as shown in 
figure 1. Just above the pressure cylinder 
is seen a cast-iron spacer blodc, and be¬ 
tween that and the upper beam is a small 
steel roller for equalizing forces. By 
tightening screws beneath the standard 
suspension-insulator units at the ends of 
the beams, the beams are drawn together. 
This exerts an axial force on the cylinder, 
and a compressive force on the glass of 
about 10,000 pounds. The insulator 
units, together with the glass sheet, com¬ 
pletely insulate the upper beam and the 
upper half of the cylinder from the lower 
beam and the lower half of the cylinder. 
Leads from a high-voltage transformer 
are connected to the two beams. 

Within the pressure chamber is the 
small frame shown in figure 2. The verti¬ 
cal members of the rectangular frame are 
insulating, and electrical connection is 
provided from the top and bottom of tlie 
frame to the upper and lower blind 
flanges, respectively. Some of the elec¬ 
trodes used appear in the photograph. 
Sharp points, spheres, and cylinders were 
used, of different materials, and with 
various sizes and spacings. 

Sixty-cycle alternating voltage was 
used in all tests, A 300-kv, 150-kva 
transformer was used to supply the test 
voltage. Power was supplied to the 
transformer from either tiie sine-wave 
generators of the Ryan Laboratory or the 
commercial supply mains; even in the 
latter case the wave form does not vaiy 
from a sinusoidal wave by a significant 
amount. Voltage was adjusted by varia¬ 
tion of the generator field (when the 
generator was used) and by means of an 
induction voltage-regulator in the trans¬ 
former primary circuit. The voltage was 
measured by means of a tertiary volt¬ 
meter winding, known to be correct. 

The location of the spark within the 
chamber, and the relative intensity of 
the spark, could be observed through the 
insulating glass sheet. In this way it was 
known that the spark occurred between 
electrodes, as desired. In one test the 
spark took place, due to moisture, along 
the surface of the glass within the appara¬ 
tus; this was immediately detected and 
conrected. It was not possible, however, 
to see anything of the form or nature of 
the discharge. 

Results 

Experimental results are plotted in 
figures 3, 4, 5, and 6. These curves indi- 
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Fisure 1. The test chamber for holding com¬ 
pressed air 


cate average sparking values, each 
measurement being repeated five to ten 
times. As an indication of the con¬ 
sistency of results it may be well to con¬ 
sider a sample of the work in detail. 
Curve A of figure 5 is drawn through a 
number of snudl circles which represent 
the average experimental points. At 
each pressure used the sparking voltage 
was measured some five or ten times, and 
the average value is marked by the circle. 
Individual measurements of voltage were 
likely to vary by as much as ten per cent ; 
for example, the point on curve A at 290 
pounds per square inch pressure repre¬ 
sents an average of eleven voltage read¬ 
ings that varied from 37.8 to 41.0 kv. 
Despite this variation of individual 
measurements, the average values are 
consistent and reproducible from time 
to time. 

When the electrodes are sharp points, 
as in figure 3, a maximum value of volt¬ 
age is evident at about 100 potmds pres¬ 
sure. As pressure is increased from 100 
to 150 pounds, voltage for sparking de¬ 
clines. At higher pressure the voltage 
may or may not rise again, depending on 
sharpness of the points; at pressures 
above 100 potmds the voltage required 
for sparking is greatly increased by dull¬ 
ness of the points (see figure 6). These 
results are similar to those obtained by 
Ryan;® Goldman,^® producing sparks 
between a pointed electrode and a plane, 
gives voltage-pressure curves of the same 
shape but with 30 to 60 per cent lower 
voltage values. 

Sparking voltage values in the high- 
pressure range are erratic compared to 
sparking voltages at pressures below 100 
pounds. This suggests a different mecha¬ 
nism of spark formation. Also, in the 
^gher pressure range there were almost 
invariably, discharges between electrodes 
at voltages five to ten per cent below the 
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“sparking voltage*’ plotted in the curves. 
These preliminary discharges were of 
momentary duration, and failed to initi¬ 
ate a complete breakdown of the gap. 
(They sometimes carried enough current 
to actuate a circuit-breaker in the primary 
circuit of the high-voltage transformer, 
so that it chattered but did not trip. 
The plotted “sparking voltage** is the 
voltage at which the breaker opened. 
The height of the curves obtained would 
vary a few per cent with changes of the 
speed and setting of the breaker. There¬ 
fore, for consistent results, the setting 
was kept always the same.) 

In figure 4 are shown curves of sparking 
voltage for one-inch-diameter spherical 
electrodes (steel balls from a ball bearing). 
Considering the spacings used these are 
large spheres, and the electric field be¬ 
tween them in the region of nearest ap¬ 
proach is almost uniform. (The maxi¬ 
mum field strength is increased three per 
cent by curvature of the spheres.) Since 
the electric field near a sharp point is 
highly divergent, the pointed and spheri¬ 
cal electrodes represent opposite extremes 
of electrode configuration. 

It will be seen from figure 4 that be¬ 
tween spherical electrodes the sparking 
voltage increases with pressure in a more 
or less linear fashion until a pressure of 
about 250 pounds is reached. At higher 
pressures the sparking voltage remains 
constant, within the experimental range. 
The effect of pressure above 300 pounds 
on the sparkhig voltage could not be 
determined because of limitations of the 
apparatus. Other investigators^* show 
similar flattening of the voltage-pressure 
curve, but at higher values of voltage 
and pressure. Although all investigators 
show the flattening effect, there is little 
agreement as to the voltage and pressure 
at which it occurs. There is the possi¬ 
bility that the flattening of the curves of 
figure 5 is merely a point of inflection, 
and that voltage would again rise with 
large increase of pressure. The author, 
interpreting sparking at high pressure 
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as due to field current, believes that 
different investigations give different re¬ 
sults because of unlike conditions of 
electrode surfaces. The importance of 
this factor will be considered later. 

Figure 5 shows the gradual change of 
form of the voltage-pressure curve as the 
radius of curvature of the electrodes was 
reduced. All of the curves of that figure 
apply to spark gaps of 0.05-inch length. 
Curve A was obtained with large steel 
spheres (“large** in the sense that the 
radius was nearly ten times the gap 
length). The practically identical curve 
B is for cylindrical zitic surfaces with 
large radius of curvature. Curve C, for 
small steel spheres, with radius approxi¬ 
mately equal to the spacing between 
them, is noticeably different; and curve 
D, obtained with electrodes of copper 
wire spaced nearly twice their radius, 
shows further difference of the same 
nature. As the radius of curvature is 
decreased the curves are less sharply 
flattened at 250 to 300 pounds pressure, 
and the voltage required for sparking in 
that pressure range is reduced. Curve E, 
for a smaller iron wire, and curve F for 
a smaller copper wire, are further altered 
in the same manner. Curve G represents 
two sets of data that were practically 
identical: they were obtained witli 
electrodes of copper wire in one case, and 
with blunt steel points in the other. The 
radius of the copper wire was Vioth the 
gap length (0.010-inch diameter); the 
steel points as viewed under a microscope 
were rounded at the tips due to the 
original sharp point having been burned 
to a blunt end about 0.016 inch across. 

The same dull points were used for one 
of the curves of figure 6; the spacing 
between them having been increased to 
0.30 inch. The two other curves of that 
figure correspond to increased sharpness 
of the same points, the “sharp** points 
being freshly ground and showing, under 
the microscope, the marks of the abrasive 
wheel. These three curves continue, in a 
sense, the series of curves of figure 5, for 
they complete the transition from “large** 
spheres to sharp points. Through the 
entire series tlie voltage maximum at 
about 260 pounds pressure becomes less 
apparent, and a maximum at about 100 
pounds pressure appears as characteristic 
of sharp points. Curve G of figure 6 is the 
first to show a pronounced hump in the 
100-potmd region. 

The various electrodes used for ob- 
taimng the curves of figures 4 and 5 are 
of such simple geometrical shape that the 
surface electric gradient corresponding to 
breakdown could be computed. (The 
electrodes for curve (?, however, were 
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omitted because corona probably pro¬ 
duces space charge about them before 
sparking voltage is reached.) The maxi¬ 
mum surface gradients obtained, cor¬ 
responding to the flattened parts of the 
curves at high air pressures, are as fol¬ 
lows: 

Maximum. 

Gradient 
for Sparking 
(Crest Kilovolts 
per Centimeter) 

Gap length 0.05-inch between: 

Steel spheres, 1-inch diameter 450 

Steel spheres, 0.125-inch diameter 540 

Copper wires, 0.063-inch diameter 510 

Iron wires, 0.041-inch diameter 470 

Copper wires, 0.025-inch diameter 530 
Zinc, radius of curvature 0.5 inch 450 

Gap length 0.017 inch between: 

Steel spheres, 1-inch diameter 550 

Gap length 0.075 inch between: 

Steel spheres, 1-inch diameter 450 

Three electrode materials were used. 
They were copper, iron (and steel), and 
zinc. Zinc was used because its low work 
function contrasts with those of copper 
and iron. Steel and zinc surfaces gave 
almost indistinguishable voltage-pressure 
curves. The average of the maximum 
gradients for copper is a little higher than 
the average for iron (520 kv per centi¬ 
meter, compared to 490 kv per centi¬ 
meter) but this difference is probably not 
significant. The author’s conclusion is 
that electrode material has little if any 
effect in the impure state in which it must 
necessarily exist dmring electric dis¬ 
charge in compressed air. 

Discussion 

A dash line, H in figure 5, is drawn to 
indicate the voltage that would be re¬ 
quired for sparking if Paschen’s law were 
valid in this pressure range. Paschen’s 
law expresses breakdown voltage as a 
function of the product of air density and 
linear dimensions of the gap,® and there¬ 
fore implies that ionization results from 
impacts of electrons (or ions) that have 
been accelerated in the gas.^® It is seen 
that the law fails to apply at pressures of 
several atmospheres, and breaks down 
utterly at about twenty atmospheres. 
There can be little doubt that the reason 
for this anomalous behavior is that a 
source of ionization which is relatively 
ineffective at low pressure becomes pre¬ 
dominant at high pressure. Moreover, 
the source of ionization that is predomi¬ 
nant at high pressure appears to be nearly 
or entirely independent of pressure. It 
seems therefore that sparking at high 
pressure derives most of its ions or elec¬ 
trons from a source that is independent 
of the gas in the gap. 
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Field current, or cold-emission current, 
is quite commonly found to flow between 
electrodes in high vacuum when the 
potential gradient is of the order of 
magnitude of half a million volts per 
centimeter.®*’' Residual gas about the 
electrodes takes no part in this phenome¬ 
non, for the me^ free path of electrons 
in the gas may be many times the gap 
length. The gradient required for field 
current is greatly dependent on the sur¬ 
face conditions of the electrodes, the 
necessary gradient being raised by a factor 
of two or three or more when the surfaces 
are polished and de-gassed. 

Field cmrent can thus appear between 
electrodes in vacuum when there is so 
little gas that it plays no part in the dis¬ 
charge. It seems quite reasonable that 
field current can also appear between 
electrodes in high-pressure gas, the gas 
being so compressed that it takes no part 



Figure 2. Some of the spark gaps tested 


(or only a secondary part) in the dis¬ 
charge. If the mean free path of elec¬ 
trons in the gas is so short that an electron 
will rarely attain ionizing velocity even 
though the gradient is raised to the high 
value required to produce field current, 
then field current may be expected to 
flow. This is the most probable cause of 
the electric breakdown that occurs at high 
pressure between large, smooth electrodes. 
It has been so accepted by Ryan and 
Goldman. 

Ryan, in 1911, wrote,^ “When the 
stress delivered from the metal electrode 
surface to the adjacent zone of gas is 
great enough some of the free electrons 
in the metal will de detached from the 
electrode and will migrate through the 
gas to the anode.” Goldman, in^l938, 
agreed,13 saying, “Starting from a certain 
pressure the mechanism of gas puncture 
is altered. Impact ionization no longer 
plays a predominant part. With those 
fields as are obtainable at high voltages, 
electrons may be tom out from the 
cathode by the action of the field.” 
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It must be understood that there is no 
proof that the anomalous sparking volt¬ 
ages at high pressure are due to field cur¬ 
rent, but there is evidence to support 
such a belief. The best evidence is that 
in those cases for which field strength can 
be computed, the electric field just pre¬ 
ceding sparking is of the right order of 
magnitude to give plentiful field current. 
Work in vacuum shows (as mentioned 
above) that an electric gradient of ^he 
order of magnitude of 500 kv per centi¬ 
meter will draw appreciable field current 
from a metal surface that has not been 
carefully cleaned, de-gassed, or polished. 
Compton and Langmuir say,® “The past 
history of the surface has a very great 
effect on the field strength needed to 
draw electron currents,” and Millikan 
and Eyring^ give values varying from 
400 to 1,100 kv per centimeter as pro¬ 
ducing appreciable electron currents from 
a tungsten filament. Compton and 
Langmuir found that surface impurities 
were extremely important, and after 
saying that “Field currents are ob¬ 
tained much more easily from surfaces 
covered with adsorbed films of electro¬ 
positive materials,” they report that the 
result of one test “suggests that traces of 
alkali metal escaped from the glass and 
are held by a monatomic oxygen film on 
the tungsten.” 

In view of the extreme sensitivity to 
surface condition it is not surprising that 
experiments in high-pressure air give 
breakdown at different values of gradient. 
It was shown in the preceding table that 
the gradient believed to produce field 
current in the present work varied from 
450 to 650 kv per centimeter. Goldman 
obtains a value^® for a gap of practically 
the same dimensions, of 730 kv per 
centimeter in nitrogen, and Amyashi^^ 
gives data indicating a maximum gradient 
of about 800 kv per centimeter in both 
nitrogen and air. All these values are 
well within the range of gradients de¬ 
termined by work in vacuum. It is 
evident that when a metallic surface is 
being subjected to electric discharge in an 
atmosphere of compressed air it can re¬ 
main neither highly polished, chemically 
clean, nor de-gassed. Traces of alkali 
metals will no doubt always be present. 
Probably, therefore, the production of 
field current will depend far more on the 
presence of unavoidable impurities than 
on the material of the electrodes. This 
is consistent with experimental data. 

It should be mentioned that it is only 
in the region of flattening of the pressure- 
voltage curve that different investigators 
disagree. When the voltage is less than 
half that of the flat part of the curve 
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'^SuJGE PRESSuS?^^ 


POUNDS PER SQUARE INCH 

Rgure 3. Sparking voltage between points 
at various spacings 

Length of gap in inches is marked on curves. 
Dash lines show Ryan's results for comparison 
at the two shorter spacings 

there is agreement between the present 
work and that of Goldman and of 
Amyashi, and between all three and 
Paschen's law. 

The production of electron current by 
high surface gradient, like the production 
of electron current by impact ionization, 
commences gradually and then increases 
rapidly with increasing applied voltage. 
Field current in vacuum has been found® 
both theoretically and experimentally to 
be related to gradient by the equation 

wherein a and D are constants, j is cur¬ 
rent density, and E is electric field 
strengtli. It is evident that field current 
is negligible at low values of voltage and 



Figure 4. Sparking voltage between spheres 
of approximately one-inch diameter, at various 
spacings 


Length of gap In inches is marked on curves 

that, as current becomes appredable, it 
increases tremendously with a small in¬ 
crease of voltage. 

The electrons of field current, once re¬ 
leased into the gas between electrodes in 
high-pressure experiments, will travel 
from cathode to anode and will multiply 
themselves by impact ionization as they 
go. Even a small supply of field-current 
electrons will thereby disturb the normal 
mechanism of sparldng in gas, and this 
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may account for the reduction of spark¬ 
ing voltage below that indicated by 
Paschen’s law at intermediate pressures 
(see, for instance, figure 6). As pressure 
is increased, and the surface gradient 
preceding sparking becomes higher, the 
effect of field current on the spark be¬ 
comes more pronounced, until finally it 
is the controlling factor and breakdown 
voltage is thereafter independent of 
pressure. The formation of a spark by 
means of field current probably includes 
intense heating of a very small spot on 
the cathode. 

Shape of Electrodes 

Experimental data may be considered 
in four classifications, with indefinite 
intermediate regions. The four basic 
categories are: 

\A, Spark due to ionization of gas; not 
preceded by corona discharge. 

IB. Spark due to field current; not pre¬ 
ceded by corona discharge. 

2A. Spark due to ionization of gas; pre¬ 
ceded by profuse corona discharge. 

2B. Spark (see below) preceded by profuse 
corona discharge. 

These classifications correspond to the 
following physical conditions; 

lA. Flat or rounded electrodes; low pres¬ 
sure. 

IB. Flat or rounded electrodes, high pres¬ 
sure, or pointed electrodes in very high 
pressure. 

2A. Sharp-pointed electrodes, not close, 
low pressure. 

2B. Sharp-pointed electrodes, not close, 
medium pressure. 

Characteristic of classification lA are 
the curves of figure 4 at pressures bdow 
lOQ pounds. No explanation is needed, 
for this type of sparking is that of spheres 
in open air. These same curves at pres¬ 
sures above 250 pounds illustrate action 
of type IB; the field strength at the 
sphere surface rises with increasing 
voltage until emission of electrons pro¬ 
duces field current in sufficient quantity 
to appear as a spark. 

The curves of figure 3, at pressures 
below 90 pounds, represent sparking of 
the 2A t 3 rpe. This is the customary 
mechanism of sparking between points 
in free air.® The same curves at pres¬ 
sures of 120 to 150 pounds, and possibly 
higher, illustrate the 2B mechanism of 
sparking. This requires further con¬ 
sideration. 

One is indined to attribute flattening 
of the voltage-pressure curves for pointed 
electrodes, as in figure 3, to the effect of 
field current emitted from the point. 


Goldman and Wul's results,^* however, 
indicate that such is not the case. Work¬ 
ing with direct voltage applied to a gap 
between one pointed and one plane 
electrode they found that the typical 
shape of the a-c voltage-pressure curve 
(as in figure 3) is reproduced when the 
pointed electrode is positive, but with the 
point negative the sparking voltage is 
higher and continues to rise with pres¬ 
sure through the experimental range 
(up to 200 pounds pressure). This indi¬ 
cates that the action that causes sparking 
voltage to diminish as pressure rises must 
take place at or about the positive point, 
and it clearly cannot be the emission of 
electrons. Accepting the data of Gold¬ 
man and Wul, one cannot do better than 
to accept also their explanation that the 
anomalous sparking voltage between 
points is due to high concentration of 
space charge, which, in turn, is the result 
of low ion mobility in high-pressure gas. 
This is the 2B type of action. 

When pressure is further increased the 
extent of the corona that precedes spark¬ 
ing is curtailed so greatly that the action 
enters an intermediate region between 
2B and IB, and at the very high pres¬ 
sures used by Ryan^ it appears that a 



Figure 5. Sparking voltage between various 
electrodes, gap length In each case being 
0.05 inch 


Electrodes were: 

A. (Heavy line with circles to indicate 
average experimental voltage values) Steel 

spheres, 0.933-Inch diameter 

B. (Dot-dash line, practically coincident 
with A) Zinc cylindrical surfaces, radius of 

curvature 0.5 Inch 

C. (Light line) Steel spheres, 0.125-inch 

diameter 

D. (Dotted line) Copper wires, 0.063-inch 

diameter 

E. Iron wires, 0.041-inch diameter 

F. Copper wires, 0.025-inch diameter 

G. Copper wires, 0.010-inch diameter, 
and also points with blunt tips about 0.015 

inch across 

H. Paschen's law (for plane surfaces, extra¬ 
polated from low pressure region) 
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fufly IB type of action is attained even 
between sharp needle points. 

The curves of figure 6 show varying 
degrees of similarity to the typical be¬ 
haviors 2A, 2B, and IB. With blunt 
points the maximum voltage at about 
100 pounds pressure tends to disappear, 
while the maximum at about 300 pounds 
becomes more prominent. 

Conclusions 

1. sparking voltage in air rises as air pres¬ 
sure is raised above atmospheric, but a 
maximum value is reached. As pressure 
is further increased, sparking voltage re¬ 
mains constant or becomes less. Maximum 
sparking voltage ds i greater than, sparking 
voltage at atmospheric pressure by a factor 
of five to ten, depending on the electrode 
configuration. 

2. No difference was observed between 
iron, copper, and zinc as electrode materials. 

3. The form of electrode is very important. 
Electrodes that permit corona before spark¬ 
ing behave quite differently from those that 
do not. 

4. If there is no corona preceding sparking, 
maximum voltage is reached at 18 to 20 
atmospheres pressure (or higher, according 
to other investigators). 

6. If there is corona preceding sparking a 
maximum appears in the sparking voltage 
at 7 to 10 atmospheres pressure, and an¬ 
other maximum appears at 20 atmospheres 
or higher. 

6, Sparking between smooth electrodes at 
high pressure is probably due to field cur¬ 
rent; the result, that is, of an electric field 
so strong'that ''^some bf thef free electrons in 
the metal will be detached from the electrode 
and will migrate through the gas to the 
anode.” 
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Discussion 

D. W. Ver Planck (Yale University, New 
Havett, Co^).: *-One of the important 
consequenceis of Professor Skilling’s excellent 
paper is that it helps to establish a limit for 
Paschen’s law. For instance in figure 5 of 
the paper, it can be seen that the sparking 
voltages for substantially uniform field be¬ 
gin to deviate from Paschen’s law, curve 
at about four or five atmospheres absolute 
pressure. 

In this connection attention should be 
called to the recent work of Finkelmann 
published in Germany {Archiv fUr Elek- 
trotecknik, volume 31, 1937, page 282). 
Finkelmann working with uniform fields 
and about the same pressure range as Pro: 
fessor Skilling extended his tests to much 
higher spacings and voltages, and to car¬ 
bon dioxide, nitrogen, and hydrogen as well 
as air. His results for air show that the 
pressure, or more correctly the density, at 
which deviations from Paschen’s law com¬ 
mence increases with the gap length. Thus 
the limiting pressure increases gradually 
from Professor Skilling’s five atmospheres 
at a gap of 0.127 centimeter to about eleven 
or twelve atmospheres at 0.7 centimeter. 
In the light of Professor Skilling’s conten¬ 
tion that the deviation is caused by removal 
of dectrons from the cathode by direct ac¬ 
tion of the electrostatic field (so-called field 
current), a view also expressed by Finkel- 
mann, it might be better to define the limit 
of Paschen’s law in terms of the potential 
gradient, the quantity directly causing field 


current. Doing this one finds that as the 
gap increases from 0.1 to 0.7 centimeters, 
the gradient at which the deviations com¬ 
mence is not constant either, but increases 
from somewhat less than 150 to something 
over 300 kv maximum per centimeter. 

While the data are still too few to finally 
establish a limiting condition for Paschen’s 
law, its correctness for determining air 
density correction factors following the 
method recently given by the writer (AIEE 
Transactions, January 1938, page 46) and 
even for extrapolation up to pressures of 
several atmospheres receives further con¬ 
firmation from these new researches. 

It is unfortunate that Finkelmann ter¬ 
minated his uniform field curves too soon 
after the deviation from Paschen’s law to 
show the approach to a limiting spark-over 
voltage at high pressure found by Professor 
Skilling. Finkelmann does however give 
results for concentric cylinders which show 
this phenomenon. For a gap of about 0.9 
centimeter in air and a field which is only 
slightly nonuniform the gradient for the 
constant spark-over voltage is about 240 
kilovolts maximum per centimeter, or only 
about half that observed by Professor Skill¬ 
ing. On the other hand, some results re¬ 
ported many years ago by Hayashi (Aw- 
nales de Physique, Volume 45, number 4, 
1914, page 431) for gaps quite similar in 
geometry to those of Professor Skilling 
show very much higher limiting gradients 
of the order of 1,000 kv maximum per centi¬ 
meter. These facts are consistent with 
Professor Skilling’s statement that various 
experimenters do not agree as to the heights 
of the level portion of the sparking voltage- 
pressure curves. Evidently determining 
factors in this phenomenon have not been 
brought under control. 


H. H. Skilling: I am in thorough agree¬ 
ment with the discussion by Professor Ver 
Planck, and particularly wish to emphasize 
his conclusion that more data are needed. 
It is, of course, evident that there is room 
for all the work that has been done at atmos¬ 
pheric pressure to be repeated at many dif¬ 
ferent pressure levels. The present paper 
is of the nature of a progress report, and 
it is hoped that further data can be pub¬ 
lished from time to time as they become 
available. The author is now extending 
his work to longer gaps and higher voltages. 

In response to an unpublished discussion, 
it should be mentioned that the usual ex¬ 
perimental procedure was to pump air into 
the test chamber tmtil the pressure was 
somewhat in excess of 300 pounds per square 
inch. A valve in the supply line was then 
closed, and as the temperature of the en¬ 
closed air, heated by compression, ap¬ 
proached room temperature, the pressure 
fell to about 300 pounds. After each meas¬ 
urement of sparking voltage, some of the 
air was released and the valve was again 
closed; the air was cooled by exp^ion, 
but it returned to room temperature in two 
or three minutes. It was not necessary to 
wait for room temperature to be reached be¬ 
fore testing, as the density of the enclosed 
air could not change; the pressure gauge 
was read, however, after its indication had 
reached a steady value. 
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Generator Damper Windings at 
Wilson Dam 

By R. B. GEORGE B. B. BESSESEN 


M^BER AIEE 


MEMBER AIEE 


a transnussion line which had been taken 
out of service for tests. Peak voltages as 
high as 343 kv between high-voltage bus 
and ground were recorded on the un¬ 
faulted phase at the sending end of the 
154-kv line. Peak voltages of this mag¬ 
nitude are severe on equipment during 
the duration of an unbal^ced fault. 


Synopsis: The majority of water-wheel 
generators now in service have been built 
without damper windings. Recent tech¬ 
nical investigations and laboratory tests 
have indicated that, in addition to reducing 
oscillations and improving system stability, 
damper windings are very effective for 
reducing high-peak voltages during un¬ 
balanced short circuits. This applies par¬ 
ticularly under switching conditions of 
clearing a fault when the load is discon¬ 
nected from the distant end of a trans¬ 
mission line, and the charging current 
results in capacitive loading of the un¬ 
faulted phases. The existence of similar 
overvoltage conditions was recognized by 
the Wilson Bam operating staff and later 
confirmed by oscfllograms during tests. 
This paper summarizes the studies and 
tests based on the observed overvoltage 
conditions and describes a method for 
adding damper windings to large water¬ 
wheel generators which are already in¬ 
stalled. Short-circuit tests are extended 
to generators on a large scale which con¬ 
firm the earlier theoretical and laboratory 
tests and demonstrate the advantages to 
be gained by adding damper windings to 
other water-wheel generators now in serv¬ 
ice, The tests show that damper wind¬ 
ings in one generator when operated in 
parallel with another generator without 
dampers are effective in reducing high- 
peak voltages during unbalanced faults. 
Data are given to show the changes in 
machine reactances due to adding damper 
windings. 


F or many years amortisseur, or dam¬ 
per windings, were included in water¬ 
wheel generators only when they were 
required to meet special conditions such 
as high starting torque for automatic 
station service, synchronous condenser 
operation, or system-stability require¬ 
ments. 


Paper number 38-129, recommended by the AIBB 
committees on power generation and electrical 
machinery, and presented at the AIBB Southern 
District meeting, Miami, Fla., November 28-30, 
1938. Manuscript submitted September 26, 1938; 
made available for preprinting November 7, 1938. 

K. B. Gborob is associate electrical engineer in 
the power planning department of the Tennessee 
Valley Authority at Knoxville, and B. B. Bbssbsbn 
is plant superintendent of the Wilson Dam Hydro¬ 
electric Plant, Tennessee Valley Authority, Wilson 
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their assistance in analysing the results and also 
the assistance of the Wilson Dam shops in working 
out some of the details^of the winding installation. 
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The large water-wheel generators at 
Wilson Dam were installed during 1925 
and 1926 without damper windings. The 
existence of an overvoltage condition dur¬ 
ing disturbances on an interconnected 
system was recognized by the Wilson 
Dam operating staff. At the suggestion 
of an interconnected company, overfre¬ 
quency relays were installed for the pur¬ 
pose of disconnecting overspeeding genera¬ 
tors although justification of this typt of 
protection was not supported by records 
obtained from frequency and voltage 
recorders over a period of several years. 



BILL OF MATERIAL 6, 

U 

ITEM 

DESCRIPTION 


1 

f X fx^xSO^'LONG COPPER BAR 

360 

Z 

{X if X izf LONS COPPER BAR CUT TO FIT 

144 

3 

fxl'xa'LONG COPPER BAR 

144 

4 

f X r HEXAGONAL-HEAD MACHINE BOLT 

286 

5 

3^ STEEL KEEPER WASHER* 

286 


It was expected by local plant engineers 
that the final explanation of this condition 
would be obtained during other tests with 
an oscillograph. During the latter part 
of 1935 a six-element oscillograph was 
purchased for use by the electrical testing 
laboratory. During March 1936, staged 
tests were made to determine certain 
relay and equipment characteristics. 
Other tests followed late in the summer. 
During the first series of tests one phase 
of a new lightning arrester broke down. 
This arrester failure together with the 
results of preliminary tests led to labora¬ 
tory studies by the manufacturer and the 
resulting paper by Wagner.* The oscillo¬ 
grams indicated that high-peak voltages 
were present on the unfaulted phase dur¬ 
ing line-to-line faults on the distant end of 


Technical and Design Features 

The generator used for these tests is 
rated 32,500 kva, 0.8 power factor, 12,000 
volts, three-phase, 60 cycles, 100 rpm, 
vertical axis, and the detailed reactances 
are given in table III. Staged tests 
without damper windings were also made 
on a 25,000-kva generator with other data 
similar to the above machine except it was 
built by another manufacturer and simi¬ 
lar peak voltages were obtained during 
these tests. 

. During conferences and correspondence 
on the subject, several suggestions were 



Figure 1. Sketch showing detoils of damper 
winding installation 

(a) -“D€tdIIs of copper connection between 

adjacent poles 

(b) —Section view of field pole showing 
location and dimensions of slots and 

damper bars 

(c) and (cO—Plan and elevation view as¬ 

sembly sketches 

given for the prevention of damage to the 
equipment due to overvoltage. 

1. A set . of specially designed spark gaps 
connected between the high-voltage bus 
and ground and designed to operate with 
a few microseconds’ delay after the ap¬ 
pearance of sustained overvoltage. 

2. A combination filter and protective gap 
connected , to the generator leads. 

3. .The installation of damper windings 
which would effectively limit the magnitude 
of unbal^ced, distorted phase potentials. 


166 Transactions 


George^, Bessesen—Generator Windings 


Elb^trical Enginbering 






4. Continue tHe present practice of operat¬ 
ing the plant with all generators electrically 
connected to the same bus, except as re¬ 
quired by other system operating condi¬ 
tions. It was also recognized that it was 
desirable to have other balanced loads 
particularly synchronous •motors or con¬ 
densers connected to th^e machines. 

♦ The first suggestion was rejected be¬ 
cause of operating problems involved to¬ 
gether with space requif^ments and cost. 
The transformers were already provided 
with protective gaps. The second sug¬ 
gestion was rejected for substantially the 
same reasons. Since the effectiveness of 
the first two suggestions was doubtful 
for this particular application and would 
not correct the cause, it was believed that 
the expense could be used to better ad¬ 
vantage in correcting the trouble at its 
source. The third suggestion for the in¬ 
stallation of damper windings was con¬ 
sidered the most effective because the 
machine characteristics directly respon¬ 
sible for the overvoltage condition would 
be corrected and other benefits of damper 
windings for improving the stability of 
rotating machines would be obtained. 
Both generator manufacturers concurred 
in recommending the use of damper wind¬ 
ings as the best solution for the machines 
of their own manufacture. Published in¬ 
formation on this subject was reviewed 
and technical investigations were made. 

Doherty and Nickle^ stated that the 
voltage at short-circuit line to neutral may 
rise to (2 Xq /x^) — 1 times the voltage 
before short circuit on the open phases. 
See table III for the identification of Xq 
and Xa. This indicated thgit for a single- 
phase-to-neutral fault on the generator it 
was possible to obtain peak voltages 2.65 
times the normal voltage across the 
terminals of the unfaulted phase. 

The manufacturer gave some indica¬ 
tions of improvement to be obtained by 
adding damper windings. These values 
given below represent the ratio of the 
peak voltage to normal voltage of the un¬ 
faulted phase during a line-to-line fault: 


Condition 

Generator 

Only 

20 Per Cent 
External 
Reactance 

Continuous damper 

(a) maximum flux... 

....1.34... 

.1,2 

(&) minimum flux.... 

.-..1.17... 

.1.1 

Discontinuous damper 

(a) maximum flux... 

....1.84... 

.1,5 

(&) minimum flux.... 

....1.42..., 



This information indicated the expected 
reduction in peak voltage to be obtained 
with each type of damper winding. 

The paper by Wagner, ^ written after ‘ 
the designs were completed but before the 


last short-circuit tests, gave some useful 
information concerning the effect of in¬ 
ductive, pure resistance, induction-motor 
and capacity loads on the peak voltages, 
and the effect of damper windings. On 
page 1389^ it is also stated that for a 
terminal-to-terminal fault on an un¬ 
loaded machine, the crest of the sum of 
the odd harmonics measured from the 
sound phase «to the short-circuited phases 
just after short circuit is equal to (3/2) 
(Xq /X(i) times the crest of the normal 
line-to-newtral voltage for a machine 
without dampers. For a machine with 
damper windings the factor is (3/2) 
These reactances can be 
identified by referring to table III of this 
paper. If the corresponding values for 
this generator are used, these formulas 
would indicate a ratio of 2.54 without 
dampers and 1.64 with the continuous 
damper which was added. All of the 
above-calculated values, unless otherwise 
indicated, apply to only the generator and 
are in fair agreement when we consider 
the state of knowledge of the subject and 
the differences in assumptions for the 
equations. Other factors, including the 
type and location of fault, different ex¬ 
ternal impedances, different transmission¬ 
line constants, and the part of the refer¬ 
ence-voltage wave at the instant the fault 
occurs (maximum, minimum, or some 
intermediate flux condition) should be 
taken into account, and these result in 
complicated computations. 

During the technical investigations, 


additional information concerning damper 


windings and generator characteristics 
was obtained from published articles by 
Wagner,3 Kilgore,^ Wright,^ Park and 
Robertson,^ Linville,^ and Wagner and 
Evans.® Clarke, Weygandt, and Con- 
cordia^ have reported some additional in¬ 
formation which was not available until 
our tests were completed. 

Preliminary information from the 
manufacturer suggested the use of five 
round one-half-inch-diameter copper bars 
in each pole. This was a good theoretical 
shape of bar which would result in mini¬ 


Figurc 2. View showing method of swaging 
copper bars in slots and welding of bars to 
segments of short-circuiting copper rings 


mum change in normal field distribution 
at the surface of the field pole. Round 
bars are very difficult and expensive to 
install in the field on account of requiring 
removal of the laminations from the field 
pole, possible damage to the field insula¬ 
tion, the cost of making a new die, and 
requiring a punch press. Round bars can 
therefore be better installed at the fac¬ 
tory. 

, During the design, such items as the 
equipment available in the shops and in 
the plant, the classes of workmen avail¬ 
able to perform each operation, features 
which would require dismantling the 
machine, if this is not desired for other 
maintenance work; obstructions to be 
avoided; available space; provision for 
performing each operation, such as ma¬ 
chining, welding, etc.; mechanical re- 



Figure 3. Rotor 
with field poles and 
bolted connections 
between copper 

segments of adjacent 
poles nearly com¬ 
pleted 
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Figure 4. Oscillogram of test number 1 

1. Generator phase-C-to-neutral voltage 

2. Generator phase-fi-to-neutral voltage 

3. Generator phase-/1-to-neutral voltage 

4« Line phase-S-to-neucral voltage 

5. Line phase-/ current 

6. Transformer neutral current 

quirements and factor of safety during 
maximum overspeed; electrical, insula¬ 
tion, magnetic, and physical require¬ 
ments, including thermal expansion, etc., 
had to be considered. 

In order to obtain minimum disturb¬ 
ance to the normal magnetic field at the 
pole face, the one-quarter-inch minimum 
width of opening into the slot without ex¬ 
cessive cost was determined by experi¬ 
ment in the shop. The bars were de¬ 
signed to have approximately the same 
cross section as a one-half-inch-diameter 
copper bar. Sketches of the preliminary 
design for each of the two ratings of main 
generators in the plant were submitted to 
the manufacturer of the corresponding 
machine for comments. The principal 
changes which resulted were increasing 
the cross section of copper links between 
the copper segments of adjacent poles for 
electrical conductivity and the use of 
bolted connections instead of using lami¬ 
nated brush copper links welded to the 
copper bar at each end. Slots at the 
bolted connection were considered a bet¬ 
ter provision for thermal expansion and 
contraction at this location. Sketches of 
the completed design for this machine are 
idiown in figure 1. 

Details of the 

Damper Winding Installation 

This generator had been in service 
approximately 12 years and the insulation 
was beginning to show signs of brittleness 
and other indications of deterioration. 
Special handling was therefore necessary 
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in order to forestall serious damage to the 
generator parts during the course of altera¬ 
tions. Each field pole was carefully re¬ 
moved by means of a sling and placed on a 
truck for transportation from the power¬ 
house to the shops which was a distance of 
approximately one-quarter mile. A field 
pole was first motmted on the bed of a 
large planer in the conventional manner 
for cutting the slots, but difficulty was ex¬ 
perienced in obtaining uniform slots due 
to the tendency of the planer tool to “dig 


in.“ The scheme selected was a modified 
milling head attached to the cross-feed of 
the planer. This equipment was designed 
and built for this particular application. 
Each of the five slots were cut in three 
transverses of the milling head. The 
angle of the cutter and the position of the 
planer bed holding the pole-piece was 
ch^ged for each cut resulting in a slot 
which has the form of an inverted key¬ 
stone or dovetail. The field pole was 
clamped securely, and during the cutting 
operation it was covered to prevent steel 
^ps from dropping between the wind¬ 
ings. The accumulation of chips was 
blown away by an air jet as required. 

The keystone-shaped copper bars were 
inserted in the slots. Figure 2 shows a 
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cradle structure which was used to sup¬ 
port the field poles and also shows how 
the welding and swaging were done. 
These operations, of course, were not 
performed at the same time. The elec¬ 
trical bonding at the ends of the bars was 
done by means of a carbon arc and “sil- 
phos“ welding rod. Sufficient clearance 
was provided between the copper cross- 
connection and the iron laminations to 
allow for only differential thermal expan¬ 
sion and contraction. An air hammer 
was used in swaging the bars to make the 
outer part of the bars fit more firmly in 
the slots and prevent noise or excessive 
vibration while in service. 

During the progress of the work, a num¬ 
ber of tests were made to check the ex¬ 
pansion of the bars while carrying heavy 
60-cycle alternating currents. Sample 
welds and mechanical and electrical tests 
were made, as required, in order to clieck 
the suitability of ^e installation as well as 
the electrical and mechanical require¬ 
ments. 

Figure 3 shows the field poles nearly all 
assembled on the rotor. The copper bars 
which form the electrical connections be¬ 
tween the damper bars of adjacent field 


Figure 5. Oscillogram of test number 2 

T. 60-cycle timing wave 

1. Generator phase-C-to-neutral voltage 

2. Generator phase-fi-to-neutral voltage 

3. Generator phase-/-to-neutral voltage 

4. Line phase-S-to-neutral voltage 

5. Line phase-/ current 

6. Transformer neutral current 


poles may also be seen near the upper and 
lower part of each field pole. These bars 
are bolted together with steel machine 
bolts and steel keeper washers are used to 
prevent them from becoming loose. 
Each part of the generator was marked 
before dismantling and the parts were re¬ 
assembled in their original locations. 
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The generator rotor and shaft were re¬ 
aligned on being put back together. All 
parts were cleaned and the coils were 
treated with insulating varnish during the 
course of the work. The machine when 
finally put back in service was in better 
operating condition than before this work 
was started. 

Short-Circuit Tests 

After the generator was reassembled, 
short-circuit tests were made to determine 
the effectiveness of the damper windings. 
The test conditions were made to corre¬ 
spond with those during the tests made 
before the installation of damper wind¬ 
ings. 

The generator windings are connected 
in wye with the neutral point grotmded 
through a resistor. The low-voltage side 
of the power transformer bank is con¬ 
nected in delta and the high-voltage side 
is connected in wye with the neutral 
solidly grounded. Potential transformers 
connected wye-wye to the low-voltage 
bus made possible the measurement of 
phase-to-phase, or phase-to-ground po¬ 
tentials. The potential transfonners of 


Figure 6. Oscillogram of test number 8 

7. 60-cyclc timlns wave 

1. Generator phase-A-to-neutral voltage 

2. Generator phase-C-to-neutral voltage 

3. Generator phase-ff-to-neutral voltage 

4. Line phase-B-to-neiitral voltage 

5. Line phase-A current 

6. Transformer neutral current 

the high-voltage metering equipment are 
normally connected open delta and these 
were reconnected to measure the potential 
between the unfaulted phase of the high- 
voltage bus and ground. High-voltage 
short-circuit currents were measured by 
means of wound-t5^e current transform¬ 
ers located either in the high-voltage 
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metering assembly or in the circuit be¬ 
tween the transformer-bank neutral point 
and the station ground. 

Oscillograph records were made of the 
fault current and the unfaulted phase-to- 
ground potential on the high-voltage side 
and the three phase-to-neutral potentials 
of the generator. Records of field current 
and other features were taken during some 
of the tests. 

All of these staged short-circuit t^ts 
were made on the Wilson Dam to Center¬ 


ville section of the Wilson-West Nashville 
154-kv line. This section of the line was 
taken out of service and fault connections 
were made at Centerville, Tenn., which is 
68.36 miles from Wilson Dam. The 
generator combinations were connected 
to energize the transformer bank at ap¬ 
proximately no-load voltage, and the 
faults were initiated by closing the high- 
voltage line brealcer. Another high- 
voltage breaker and the low-voltage bus 
breakers were used for back-up breakers 
in case of emergency. 

Test numbers 1 to 5, inclusive, in table I 
were made before damper windings were 
added. Test numbers 6 to 9, indusive, 
were made after damper windings were 
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Figure 7. Oscillogram of test number 9 

7. 60-cyclc timing wave 

1. Generator phase-A-to-neutral voltage 

2. Generator phase-C-to-neutral voltage 

3. Generator phase-8-to-neutral voltage 

4. Line phase-8-to-ncutral voltage 

5. Line phase-A current 

6. Translormer neutral current 

added to generator number 8. Puring 
the comparison of results it was observed 
that tests 1 and 2 were made with 11,600 
rms volts between generator terminals; 
tests 3,4, and 6 were made at 11,400 volts 
and tests 6 to 9, inclusive, were made at 
10,700 volts. In order to have all tests 
on the same basis for comparison, the 
peak voltage between the low-voltage bus 
and ground before the fault was applied 
was used as 100 per cent and compared 
with the corresppnding voltages during 
the fault.- The coiresponding peak volt¬ 
age between th^yhigh-voltage bus and 
ground before the fault was applied was 
obtained by calculation from the trans¬ 
former ratio and used as 100 per cent for 
comparison with peak voltages existing 
during the tests. The transformer ratio 
was 10,980 volts delta to 164 kv wye. 
The maximum peak voltage obtained 
from the oscillogram after the fault was 
applied was expressed as a percentage of 
the corresponding initial peak voltage. 
These percentages were used as the basis 
for comparison. 

These tests were made with no-load 
voltage on the generators. The fault 
currents and also the peak voltages during 
the fault would be higher if the generators 
had additional excitation with the gener¬ 
ators under load. An approximate esti¬ 
mate of the increased voltage peaks due to 
additional exdtation under load could be 
obtained by using the generator magneti¬ 
zation curve for the corresponding field 
current' under load conditions and uring 
the ratio of the new voltage to the volt¬ 
ages at which these tests were made. An 
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Table I. Summary of Tests 


Test 

Knmber 


Conditiotis 


Hi^. 

High-Voltage Voltage 
Z>ow-Voltage Bus Line trofaulted Line Fault 
Phase to Ground Phase to Ground Amperes 
Peak Volts Peak Volts at Nine 

Phase (Kv) (Per Cent) (K?) (Per Cent) (RMS)^ 


Generators 5 and 6, no reactors, bank 
12, phase-C-to-A fault 

Generator 0 with reactors, bank 12, 
phase-C-to-A fault 

Generator 8, regulator in, no reactors, 
bank 11, phase-N-to-C fault 

Generator 8, regulator in, no reactors, 
bank 11, phase N*C-ground fault 

Generator 8, regulator in, no reactcus, 
bank 11, phase-A-ground fault 

Generator 8, regulator in, bank 11, no 
reactors, phase-A-to-C fault 

Generators 7 and 8, regulators in, no 
reactors, bank 11, phase-A-p fault 

Generator 8, regulator in, no reactors, 
bank 11, phase-A-C-ground fault 

Generator 8, regulatcn: in, no reactors, 
bank 11 , phase-A-ground fault 


A.... 

. 6.54. 

.. 69.3. 


^444 

B.... 

.20.3 . 

..215 . 

..303 ...227 .. 


C.... 

.17.84. 

..189 . 



A..., 

. 6.48. 

.. 58.8. 


.^^236 

B.... 

.17.25. 

..183 . 

..803 ...227.... 


c.... 

.14.74. 

..166 . 


A.... 

.20.66. 

..220.5. 

..348 ...261 .. 


B.... 

.17.88. 

..192.0. 



C.... 

. 5.66. 

.. 63.8. 


..291 

A.... 

.18.27. 

..142.2. 

..196.6...160 ... 


B.... 

.12.61. 

..136,3. 



C.... 

. 6.96. 

.. 63.8. 



A.... 

.This film 



B.... 

. no 




C.... 

. good 


.,222.2...170 ... 


A.... 

. 5.4 . 

. 61.8.. 

. .211 

B.... 

.11.6 . 

.131.8.. 

..206.2...166 ... 


C.... 

.13.63. 

.166 .. 


A.... 

. 5.09. 

. 68.3.. 


. .325 

B.... 

.14.0 . 

.160.3.. 

..231 ...186 ... 


C.... 

.14.3 . 

.164 .. 



A.... 

. 8.08. 

. 36.2.. 


. .245 

B.... 

.10.33. 

.118.2.. 

..166.7...126.6... 


C.... 

.13.1 . 

.160 .. 


A.... 

. 8.79. 

.100.5.. 


. ,804 

B.... 

. 9.14. 

.104.7.. 

..148.7...119.7... 


C_ 

.13.46. 

.154 .. 



♦ The current waves are not all perfect sine waves 
approximate. 


These root-mean-square currents are therefore 


Table II. Compariion of Test Results 


Test Conditions 


Bus 


Peak Volts 
Without Dampers 


Kt 

( 1 ) 


Per Cent 

( 2 ) 


Peak Volts Dampers 
in One Generator 


Ky 

( 3 ) 


Per Cent 

(4) 


Maximum Maximum 
Per Gent Per Cent 
Volts Volts 

Decrease Increase 
With Without 
Dampers Dampers 
( 3 ) ( 6 ) 


Two generators 
Phase-phase fault 
One generator 
Phase-phase fault 

One generator 
Phase-phase-ground 
fault 

One generator 
Phase-ground fault 


/LV.,...,, 20.8 ..,,215 

'HV.303 ..,.227 

/DV. 20.55..,.220 

IHV.343 ..,.261 


5 .... 


. 14.3 ....104 
.231 ....186 

. 13.63_156 

.206.2 ....166 


...23.7 . 
...18.06. 
... 20.2 , 
...36.4 . 


(I'V. 18,27....142.2. 13.1 

^HV.196.5 ....160 .156.7 . 

fl'V.Film no good ...... 13.45. 

tHV.222.2 ....170 .Usi? . 


...160 ., 
...126.6,, 
...154 .. 
...119.7.. 


. 6 . 6 * , 
.15.65. 


..31 

..22 

..41.3 

..67.2 


. 6 . 2 * 

.18.6 


...29,6 .42 


<»}««« (4)» expressed as a percentage of column (2). 

• column (4), expressed as a percenUge of column (4). 

An increase m voltage at low-voltage bus is indicated, but the high-voltage Une shows a reduction. 


ttcact solution woi^d require detailed 
calculations involving the internal charac¬ 
teristics of the generator. 

figures 4 to 7, inclusive, are oscillo¬ 
grams of test numbers 1, 2, 8, and 9, re¬ 
spectively. The voltage , and current 
values printed on the of .figures 4 and 

5 are the magnitudes at nine cycles made 
during preliminary analyses. The maxi- 
ipum pealc voltages used for the compari¬ 
son of test results are given in table I. 

Table I shows the station combinations 
used for each test, the type of ,fault, and 
the resultmg peak voltages and per-cent 
voltages. Generators 6,.6, 7, and 8 are 
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identical machines and the transformer 
banks are identical. 

Table II is a comparison of test results 
before and after damper windings were 
added to generator number 8. This table 
also shows the per-cent increase in peak 
volts which were obtained before this 
type of damper winding was added to the 
generator. The advantages to be gained 
by adding damper windings to water¬ 
wheel generators now in service are self- 
evident. 

Theoretical calculations were not made 
to determine if a different length of trans- 
mission line would result in higher peak 
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voltages. C. F, Wagner* has reported 
that transmission lines having different 
lengths or different constants will produce 
harmonics of different magnitude and 
therefore different peak voltages during 
unbalanced faults without damper wind¬ 
ings in the generator. 

Changes in Generator Reactances 

Table III gives the calculated per unit 
reactances of the generator without 
damper windings and the corresponding 
values after damper windings were added. 
These calculated reactances were ob¬ 
tained from the manufacturer. 

Conclusions 

1. The results obtained in the reduction 
of peak voltages for different types of 
unbalanced faults are summarized in 
table II. These percentages may change 
a slight amount if the faults occurred at 
different points of the voltage wave of the 
short-circuited phase, but these tests may 
be considered as representative of the 
improvements to be expected. 

2. These tests show that one generator 
with damper windings when operated in 
parallel with another generator without 
damper windings is very effective for 
reducing the peak voltages during un¬ 
balanced faults. 

3. A close inspection of the open-circuit 
voltage of the oscillograms in figures 6 and 
7 will reveal five very small voltage ripples 
corresponding to the five damper bars 
in each pole. These voltage ripples, or 
harmonics, are too feeble to cause telephone 
interference and they are not noticeable 
when the machine is operated in parallel 
with another generator. These harmonics 
can be reduced by using round copper bars 
or reducing the width of the dovetail¬ 
shaped copper bars near the surface of the 
field poles, but it would be more expensive 
and would result in a more difficult me¬ 
chanical job of xnachining the slots for the 
damper bar installation. 

4. Since the direct axis subtransient, 
negative-sequence, and zero-sequence re¬ 
actances have been reduced, the fault cur¬ 
rents are increased by the addition of 
damper windings. However, for faults 
beyond the generator bus the external 
impedance prevents the fault current from 
being increased in direct proportion to 
the reduction in generator reactance. 
Table I shows the comparative root-mean- 
square fault currents in the high-voltage 
line nine cycles after the beginning of the 
fault. 

6. It is believed that the installation of 
damper windings will solve some of the 
problems of operating compames who have 
unexplained voltage surges during system 
disturbances. 
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Amortisseor 
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Without With 
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.0 
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.0 
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. V* 

.0.73. 

...0.20 _ 

.60.3 
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Discussion 

H. E. Bussey (General Electric Company, 
Atlanta, Ga.): The authors of this paper 
present in an admirable manner the ad¬ 
vantages to be derived by the addition of 
amortisseur windings to saHent-pole gen¬ 
erators in the suppression of overvoltages 
occasioned by short circuits. Great in¬ 
genuity is shown in coping with the me¬ 
chanical problems incident to the installa¬ 
tion of amortisseur windings in a generator 
as large as this, not originally designed for 
amortisseur windings, and with limited 
mechanical facilities. 

Much has been written on this subject as 
may be seen from the bibliography ac¬ 
companying the paper, but only in the last 
few years has any great weight been given 
to the importance of amortisseur windings 
on salient-pole generators in the suppression 
of high voltages under short-circuit condi¬ 
tions. 

The present paper is an important con¬ 
tribution in that it presents the field ex¬ 
perience before and after the application of 
amortisseur windings, so that a dir^t com¬ 
parison can be drawn as to the effectiveness 
of the addition. 

The authors mentioned in the bibliog¬ 
raphy accompanying the paper the work of 
Clarke, Weygandt, and Concordia as 
repres^ted by AIEE paper No. 37-74. 
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In this paper some very important considera¬ 
tions are set forth and wWIe the paper by 
Clarke, Weygandt, and Concordia is now of 
common knowledge, a statement of the 
conclusions of this paper may not be out of 
order in this discussion. It is stated that 
the principal determining factor for the 
magnitude of overvoltages caused by Une-to- 
Une short circuits is the ratio of 

quadrature-axis subtransient reactance to 
direct-axis subtransient reactance, and that 
this ratio is a function of the amortisseur 
characteristic. 

The maximum possible overvoltage 
caused by a line-to-line short circuit on an 
open-circuited machine is given very closely 
by the formula 

^max “ 2 — 1 

An important point is that the overvoltage 
may be considerably increased over the 
value of this equation by terminal capaci¬ 
tance. the worst condition arising when the 
capacitive reactance is equal to nine times 
the negative-sequence reactance of the gen¬ 
erator. 

In the design of an amortisseur winding 
for salient-pole generators, consideration 
must be given not only to the design con¬ 
stants of the generator and to the character¬ 
istics of the transmission line and the load, 
but should also take into account the effect 
of the design of the amortisseur winding on 
the rqjactances of the machine. ^ 

For the reasons pointed out, it is desirable 
that where amortisseur windings are to be 
applied to existing machines that the manu¬ 
facturer be freely consulted as much valu¬ 
able data on the design constants of the 
generators in question is available from this 
source. Manufacturers will, I am sure, 
be glad to co-operate on existing machines 
not having amortisseur windings. 


S. B. Crary (Ckneral Electric Company. 
Schenectady, N. Y.); This paper is of con¬ 
siderable interest as it shows the results 
of tests made on the same machine under 
similar conditions before and after an amor¬ 
tisseur winding was installed. Such a di¬ 
rect comparison is not always possible. 
These tests indicate the improvement that 
may be realized by the use of an amortisseur 
winding, and are in general agreement with 
the mathematical analyses which have 
recently been made of this phenomena. 

Whether or not to install amortisseur 
windings in water-whed. generators has been 
the subject of discussion for a number of 
years. It has been realized that they are 
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generally beneficial. However, these bene¬ 
fits did not always seem to be sufifidently 
important to justify the additional expense 
of their installation. As a result, as stated 
by the authors, there are many water-wheel 
generators which do not have amortisseur 
windings. It seems to be in order briefly to 
review benefits which are now recognized 
as being obtained by their use in water¬ 
wheel generators. 

1. Amortisseur windings are of value in providing 
additional torque for generators wluch are auto¬ 
matically synchronized when such synchronization 
may occur when the machine is out of phEise or 
slightly off system speed, and also in increasing 
the possibility of pulling back into synchronism in 
case sjmchronism is tost following a system dis¬ 
turbance. The amortisseur windings give addi¬ 
tional torque besides that provided by the main 
field winding, which may be quite limited except at 
a slip very close to synchronous speed even when 
the discharge reliance is In the circuit, because of 
the inadvisability of using a high value of discharge 
resistance. 

2. Amortisseur windings reduce hunting wMch 
may become a definite problem under certain 
cuit conditions as they provide positive damping 
when a machine is operating at light load. This is 
of particular value when it is desired to operate a 
water-wheel generator as a synchronous condenser 
of under the condition of overexdtation with small 
kilowatt load. The tendency for oscillation is in¬ 
creased when the machine is connected by lines 
having an appreciable amount of resistance to the 
power system or load, 

3. Amortisseur windings, because of their tendency 
to damp out the osdllations more quickly, are of 
some benefit in improving the ability of machines 
to ride through system disturbances, faults, and 
switching operations. This gain in stability, how¬ 
ever. is small. High-resistance amortissem wind¬ 
ings or a double amortisseur winding having low- 
and high-resistance windings were at one time pro¬ 
posed. The advantage of the high-resistance wind¬ 
ing is that it provides a braking torque during the 
period in which an unbalanced short drcuit is on 
the system. This torque, to the extent that it 
loads the generator, is of benefit in increaslDg the 
stability limits. However, with quick switching 
and the need for systems to ride through the luore 
severe three-phase faults, the benefits, of a high- 
resistance winding do not seem to justify the ex¬ 
pense of its installation. 

4. Amortisseur windings are effective in reduring 
circuit-breaker recovery-yoltage rates, Messrs. 
Park and Skeats have shown that the rate of rise 
is a function of the ratio Xq*'/xd!'» 

5. Amortisseur windings are also of benefit in 
protecting the field winding against current surges 
in the armature circuit which may be caused by 
lightning or internal short circuits. The amortis¬ 
seur winding reduces the induced voltage in the 
individual field-pole irindings and is a factor under 
these conditions in reducing the field circuit insula¬ 
tion stress. 

6. Amortisseur windings are effective in reduchig 
the overvoltages due to unbalanced faults as has 
been shown recently by two papers, which have 
analyzed this phenomena, and by the paper under 
discussion, which has indicated by test the improve¬ 
ment which may be obtained by the use of amortis¬ 
seur windings. 

The reduction of overvoltages due to un¬ 
balanced faults is another reason pre¬ 
viously not fully recognized why an amor- 
tissuer winding should be used in a water¬ 
wheel generator. With the effort to co¬ 
ordinate insulation levels and provide 
proper protection for system equipment, 
the use of a properly designed amortisseur 
winding is a step in a direction which will 
allow further economies and improvements 
to be made. It now appears that with a 
fuller recognition of these advantages 
amortisseur windings will be used more in 
the future than they have been recently. 

We believe that it would be very interest¬ 
ing and worth while if the authors could 
give information as to the ratio of the quad- 
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rature to the direct axis reactances before 
and after installation of the amortissenr 
windings. If static tests for the and 
could be made, this would be an indica* 
tion of the effectiveness of the amortisseur 
windings at Wilson Dam, as the ratio of 
th^e reactances is a fair measure of the 
ability of the amortisseur to reduce the 
overvoltages. In checking over the data 
given in the paper, apparently the reactance 
of the transformer banks (11 and 12) used 
in the tests was not given. This would be 
of interest if it were desired to make calcula¬ 
tions to check the magnitude of .overvoltage 
obtained in the tests. 


R. B* George: I wish to acknowledge the 
fine co-operation we received from the 
manufacturers dunng this work, particularly 
in fumi^ing generator reactance data and 
in giving constructive criticism of the pro- 
po^d dc^gn before we started the work 
of installing the damper windings. 

Mr. Bussey’s statement concerning how 
much has been written on this subject is 
true at the present time, but the most useful 
contributions for future undertakings were 
published after our designs were completed. 
Wagner’s paper* and Clarke, Weygandt, 
and Concordia’s paper* were published after 
our design was complied. Mr. Wagner 
also pub^hed a series of articles on this 
subject in the EUctric Journal during 
1938. When my theoretical studies were 
made, the paper by Doherty and Nicklei 
and Wagner’s paper* were the only ones I 
found directly applicable to the problem. 
Some useful information is contained in 
references 4 to 8, inclusive, of the bibliog¬ 
raphy but, since these papers cover differ¬ 
ent subjects or viewpoints, one should be 
well acquainted with the technical features 
of the problem to apply them to this problem. 

Mr. Clary’s discussion gives a good sum¬ 
mary of the uses of damper windings and 
the benefits to be obtained by ing tfliimg 
them. 

For the generator without damper wind¬ 
ings, the ratio Xg^M « 1.826. After 
damper windings are added, we use the 
ratio V/ xa*" which is equal to 1.132. Since 
the ratio of the quadrature-axis reactance to 
the corresponding direct-axis reactance is a 
measure of the peak voltage during un¬ 
balanced faults, a reduction of 37.97 per 
cent is indicated. The calculated values of 
quadrature-axis and direct-axis reactances 
are given in table III of the paper. No 
tests were made to measure the various 
reactances because such tests are expensive 
and some of them would require precautions 
to prevent injury to the windings of a 
generator which had been in operation for 
nearly 12 years. 

The transformer banks were identical 
and have 0.221 per cent resistance and 
9.88 per cent reactance at 66,000 kva base. 
The constants of the transmission line are 
23.4 ohms resistance, 63 ohms reactance, 
349 X 10* mhos total susceptance, length 
67 miles, ^d operating voltage 164 kv. 

If studies of combinations of generator, 
transformer, and lines are made, the induc¬ 
tance corresponding to the negative-se¬ 
quence reactance should be used at the 
harmonic frequency being studied. For¬ 
mulas for various features or combinations 
may be found in references 1,2, and 9 of the 
bibliography. 
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T he use of insulating oil in electrical 
equipment carries with it the problem 
of prevention of deterioration when the oil 
is subjected to elevated temperatures in 
the presence of air. Deterioration may 
be accelerated by the presence of moisture 
and organic add. This condition is 
found in certain types of transformers and 
oil-filled bushings. 

Since oxidation of oil results in an in¬ 
creased aridity which can be determined 
by tests, it is possible to gauge the rate of 
deterioration by making tests at intervals. 
The degree of deterioration is determined 
by the weight in milligrams of potassium« 
hydroxide required to neutralize the acid¬ 
ity of one gram of oil. This test has been 
described by the American Sodety for 
Testing Materials as a “Tentative 
Method of Test for Neutralization Num¬ 
ber for Petroleum Products and Lubri¬ 
cants,*’ designation; D-188-27-r. The 
neutralization number so obtained is the 
weight in milligrams of potassium hy¬ 
droxide to neutralize one gram of oil. 

Effects of Oxidation 

After oil has reached a relatively high 
addity number the products of oxidation 
appear as a sludge in the oil. A pasty 
coating forms over all parts of the equip¬ 
ment which are immersed in oil. Tlje de¬ 
posit is greater in thickness where there is 
a marked differential in temperatures be¬ 
tween the oil and the immersed surface. 
The increase in the thickness of the de¬ 
posit is espedally noticeable on water 
cooling coils. In the case of transform¬ 
ers, the removal of heat from the core to 
the heat-radiating surface is retarded and 
the transformer operates at an increas¬ 
ingly higher temperature under a given 
load condition. In time the transformer 
must be removed from service and the 
sludge washed from the core with a high- 

Paper number 88-127, recommended by the AIBB 
committee on electrical machinery and presented 
at the AIBB Southern District meeting, Miami, 
Fla., November 28-30, 1988. Manuscript sub¬ 
mitted August 22, 1988; made available for pre- 
pnnting November 1,1938. 

J. E. Houslby is superinteudent of power for the 
Alu min u m Company of America at iUcoa, Tenn. 

redevelopment work described in this paper was 
carried on by the author who acknowledges the 
valuable contributions of time and ideas by O. 

H. Pierce. 

Himsley—Reconditioning of Oils 


pressure stream of oil, and the sludge 
must be removed from the cooling coils or 
other radiating surfaces. 

In oil-filled bushings a number of fac¬ 
tors affect the formation of acid and 
sludge. Means are usually taken to 
shield the oil in the gauge glass from sun¬ 
light by the use of paint or amber glass. 
Contact of circulating oil with air should 
be avoided. Heat from sunlight with a 
higher ambient temperature on trans¬ 
former locations indicate that transformer 
bushing oil should have a higher rate of 
acid formation. The neutralization num¬ 
ber obtained by testing the oil in a large 
number of 160-kv bushings indicated that 
sludge formation would start in about 
four years where the bushings were lo¬ 
cated on transformers, and in about five 
years where the bushings were located on 
oil circuit breakers. After the neutraliza¬ 
tion number reached 0.6, considerable 
diflSculty was experienced in cleaning the 
bushings free of sludge. Where the 
bushings were not equipped with a device 
to prevent the entrance of moisture, a 
considerable amount of water was found 
in the oil. Some bushings are now 
equipped with a device to prevent the 
entrance of moisture and at the same time 
circulation of the oil in the body of the 
bushing does not bring it in contact with 
the air surface. The principle of the 
conservator type of transformer is used 
in this device. 

Control of Oxidation 

In recent years the rate of oxidation has 
been brought under control by the use of 
two methods in new transformers. One 
method is the use of the conservator type 
of transformer, and the other method in¬ 
volves the introduction of nitrogen in the 
place of air above the surface of the oil. 

In several large industrial plants the 
problem of maintenance of electrical insu¬ 
lating oil in old transformers became 
acute. About 500,000 kva capacity ha 
both high- and low-voltage transformers 
were involved in the problem. In 1932 
experiments were started with the use of 
activated alumina both as a dericcating 
agent and arid adsorption agent in the 
control of oxidation of oils in steam and 
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hydraulic turbines, transformers, and 
bushings. 

Qualities of Material 

Activated alumina is a relatively new 
t 3 ^e of solid adsorbent and it has been 
employed as a desiccant for dehydration 
of gases, vapors, and liquids. In the 
tjeatment of oils its selective adsorptive 
property was found to be very effective 
for the removal of acid in solution. The 
method which has proved satisfactory is 
to contact the oil with activated alumina, 
after the oil has been treated in a centri¬ 
fuge or a blotter-paper press to remove 
the ^udge and moisture. A sufficient 



Rgure 1. Schematic diagram of oil treating 
equipment using open-type tanks 


time-interval contact with the activated 
alumina is necessary to allow adsorption 
through the highly porous granules. 
The material is essentially aluminum 
oxide, in porous form. It is classed 
among the commercially pure diemicals. 
For oil treatment the best results were 
obtained with grade-A activated alumina 
in granular form, crushed to 4-8 mesh 
size. The granules have high strength 
and resistance to crushing, shock, and 
abrasion and, therefore, tend to retain 
their original size and produce a minimum 
of dust during use. The weight of the 
packed material is approximately 50 
pounds per cubic foot. The size of parti¬ 
cles was selected to give a satisfactorily 
low resistance to flow of oil through the 
filter bed. The most important problem 
in developing the material for the main¬ 
tenance of oil was the reactivation of the 
material after it had reached ite adsorp¬ 
tive capacity. This placed the material 
on an economic parity with fuller’s earth. 


Certain advantages and economies accrue 
to the operating engineer in having a 
single material which will cover the usual 
problems encountered in the maintenance 
of oil. The major requirements may be 
stated as follows: The removal of mois¬ 
ture and the removal of acidity as formed 
in the oil contained in oil-filled bushings. 
The removal of acidity from deteriorated 
oil. The removal of acidity from recondi¬ 
tioned or new oil by automatic external 
apparatus or by direct immersion in oil 
storage tanks or in certain small oil-filled 
apparatus. 

Method of Use 

In large transformers which could not 
be removed from service for an extended 
period, the following method of removal of 
acidity was used. All sludge was re¬ 
moved from the tank and core of the 
transformer as well as from the oil. After 
returning the transformer to service, the 
oil was circulated through a blotter-paper 
press into a tank filled with activated 
alumina and thence through an automo- 
bile-t 3 rpe filter into the transformer. The 
tank should be of a closed type if the 
pump on the filter is used to force the oil 
through the activated alumina into the 
transformer. Sludge-free oil may be 
caused to flow by gravity through the 
activated alumina into the blotter-paper 
filter press and pumped directly into the 
transformer. In this case the tank con¬ 
taining the adsorbent need not be a closed 
vessel. The oil should be admitted at the 
bottom and flow upward in order to carry 
a tn intmtitn of dust, although the amount 
of dust is very small. The open-type 
tanks usedconsistedof discardedlightning- 
arrester tanks. In treating 12 7,000- 
kva transformers, 150/13.2-kv rating, 
1,600 pqtinds of activated alumina was 
used, half bf the quantity being placed in 
each tank. Each transformer contained 
3,300 gallons of oil Figure 1 shows a 



Figure 2. Open-type oil treating tanks 

diagram of the arrangement of the equip¬ 
ment, using open tanks. Figiure 2 is a 
photograph of the open-type tanks. 

Quantity of Material 

The quantity of activated alumina re¬ 
quired for a given amount of oil is based 
on the condition of the oil and the final 
neutralization ntunber desired. This 
may be determined by reference to figure 
3. In the foregoing example, the oil had a 
neutralization number of 0.70. A final 
neutralization number of 0.10 was de¬ 
sired. The approximate weight of one 
gallon of oil is 7 V 2 pounds. The weight 
of 3,300 gallons of oil is 24,760 pounds. 

, Rrfemng to the chart, figure 3^ Ihe initial 
acidity of 0.70 is found and traced verti¬ 
cally to the intersection with the curve 
marked 0.10 as final acidity and to the 


Figure 3. Chart 
showing quantity of 
activated alumina 
required for oil 
treatment 
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left horizontally where the weight of 
activated alumina will be found to be 6.3 
per cent of the total weight of the oil. 
Therefore, 1,659 pounds will be required 
to treat the specified 3,300 gallons of oil. 
About 60 gallons of oil remained in the 
activated alumina and was lost during 
each reactivation. 

Time Required 

The length of time required for the 
correction of acidity varies according to 
certain conditions. The higher the acid¬ 
ity the faster the correction for a given 
' amount of material. The longer the 
matmal is used, between reactivations, 
the slower becomes the rate of adsorption. 
It is economical to reactivate the ma¬ 
terial before reaching the end point. 
There is a slight slowing up in efiidency of 
the process on account of low tempera¬ 
tures. 

The minimum size of transformer 
treated was 100 kva. In small transform¬ 
ers the best method is to suspend a canvas 
bag, filled with activated alumina, inside 
the transformer. If this is not desirable, 
the oil may be accumulated and treated 
in a quiescent state for ten days in a tank 
containing about one-tenth pound of 
activated alumina for each pound of oil. 


The tank may be refilled with oil several 
times before reaching the capacity of the 
adsorbent. The maximum time required 
for treatment of one transformer was 
eight weeks for a 14,000-kva transformer 
containing 4,000 gallons of oil. One 
operator was used, working 40 hours per 
week, 2,100 pounds of activated alumina 
were used. (The acidity at the beginning 
was at neutralization number 0.98 and 
0.14 at the end.) 

In the treatment of 12 7,000-kva trans¬ 
formers of the t 3 rpe described in the pre¬ 
ceding paragraph, one operator worked 40 
hours each week for six weeks on each 
transformer. The oil was circulated at a 
rate of 7,000 gallons per week or 175 gal¬ 
lons per hour. Rapid circulation does 
not give a sufficient time for the oil to re¬ 
main in contact with the material. The 
acidity was reduced from a neutralization 
number of 0.70 to 0.10. The rate of 
correction by weeks follows: 

First week.0.70 to 0.46 

Second week.0.46 to 0.34 

Third week.0.34 to 0.22 

Fourth week.0.22 to 0.17 

Fifth week.0.17 to 0.12' 

Sixth week.0.12 to 0.10 

The material was reactivated at the end 
of the second and fourth weeks in order to 
gain a slight increase in rate of correction. 



Figure 4. Reactivat¬ 
ing unit 
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During the reactivation process, one tank 
containing 760 pounds of material would 
be taken out of service with the other ta nk 
maintained in operation. After the proc¬ 
ess slows up, experience indicates that the 
final reduction may be made automatic 
by the means of using a thermo-syphon 
by-pass filter. By the use of the proper 
quantity of material the acidity may be 
further reduced or an equally satisfactory 
condition is to maintain the oil at a rea¬ 
sonably satisfactory level which is be¬ 
lieved to be anywhere below a neutraliza¬ 
tion number of 0.20. In the job de¬ 
scribed the process was continued two 
weeks longer than usual because the 
transformers were being fitted with inert- 
gas equipment and the automatic equip¬ 
ment was not considered necessary. 

Reactivation Process 

It has been indicated that there is a 
definite limit to the amoimt of acidity 
which may be adsorbed by the material. 
After this point is reached, the activated 
almnina may be reactivated. This also 
means that a smaller amount of material 
may be used by stopping the operation 
and reactivating the adsorbent as many 
times as necessary. No limit has been 
found in the number of times reactivation 
may be made, but the mechanical wear 
during handling will cause a loss of about 
3 per cent during each reactivation. 

The reactivation process consists of 
heating the oil-soaked activated alumina, 
in a suitable container, with hot air at 400 
degrees Fahrenheit blown through the 
bed of alumina. When the temperature 
of the bed exceeds the ignition tempera¬ 
ture of the oil, combustion proceeds with 
air supplied at room temperature until all 
carbonaceous material is consumed. 
Control of the draft should be used so that 
the temperature of the activated alumina 
does not exceed 1,000 degrees Fahrenheit. 
Temperatures in excess of 600 degrees 
Fahrenheit permanently impair the acti¬ 
vated alumina for the adsorption of mois¬ 
ture, but do not affect its property of 
adsorption of add from oil 

Reactivation Unit 

A diagram of the reactivating unit is 
shown in figure 4. A 3,600-rpm two-inch 
blower, driven by a one-fourth-horse- 
power motor delivers 150 cubic feet of air 
per minute to the heating chamber which 
contains 10 kw in electric space heaters. 

A four-inch pipe conducts the air, heated 
to 400 degrees Fahrenheit, to the base of 
the tank containing 400 pounds of acti^- 
vated alumina. The opening of the coni- 
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2 Fisurc 5. Reactivating unit 

cal base is covered with a cast-iron slid¬ 
ing door, perforated to admit the air 
blast. The tee-fitting is attached to the 
base of the container and a blank cover is 
bolted on. This cover is removed and 
the sliding door or grate above is removed 
in order to remove the material after 
reactivation. Figure 5 is a photograph 
of the combined reactivating and oil 
treating unit. 

Care of Oil 

Consideration has been given to oil 
which had reached an advanced stage of 
deterioration. After an oil has been 
cleaned and the reduction of acidity ac¬ 
complished, or in the case of new oil, it is 
desirable to maintain the oil well below the 
sludging point. In order to do this the 
transformers have been equipped with a 
small external tank filled with activated 
alumina in six-ounce canvas bags. In one 
group of 14 2,500-kva transformers, the 
external tank was made from a four-foot 
section of 10-inch pipe, fitted with flanges 
at top and bottom. A one-inch diameter 
pipe connects from the top of this tank to 
the oil filling connection at the top of the 
transformer. A similar pipe connects the 
bottom of this tank to the drain connec¬ 
tion on the transformer. The difference 
of temperature between the top and bot¬ 
tom of the transformer provides a circu¬ 
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lation of the oil by thermo-syphon effect. 
The external tank was charged with 50 
pounds of activated alumina which will 
maintain the 700 gallons of oil contained 
in the transformer at the original acidity 
for one year. These transformers are 
operated at a slight overload continuously 
and past experience indicates that the 
neutralization number increases about 
0.20 in one year. With a known rate of 
deterioration and a given quantity of oil, 
the size of the by-pass unit may be deter¬ 
mined for any desired time interval by 
reference to chart, figure 3. Figure 6 
shows a tliermo-syplion treater mounted 
on each of three 333-kva, 13,000/440-volt 
transformers. 


Experience with transformers operating 
with treated oil, dating from 1932 to the 
present, indicates that none of the old 
types of oil as well as the new types of oil 
show an increase in acidity at a faster rate 
after having the acidity lowered by this 
treatment. This examination included 
transformers ranging from 100 kva to 
14,000 kva. 

Bushing Oil 

More than 75 150-kv bushings have 
been equipped with a small bag, made of 
heavy cotton cloth, known as domestic, 
filled with three pounds of activated 
alumina. This bag is coiled in the form 
of a horseshoe in the glass bowl at the top 
of the bushing. This is the maximum 
quantity which could be placed in the 
space available. Experience checks the 
calculation that this amount of material 
should keep the oil in original condition 
for two years. The bags are changed 
during the regular inspection periods. 
The use of new material permits the use 
of water adsorption, in addition to acid 
adsorption. Experience indicated that 
all of the water which entered by breather 
action was adsorbed by the material. 

fcgL-'.ii.tfflil:.-' 

Transformer Breather 

Another serious contamination of trans¬ 
former oil results from the entrance of 
water into transformers through the nor¬ 
mal breather action caused by changes in 
temperature. The prevention of en¬ 
trance of moisture has been studied as a 
parallel problem to the one of preventing 


Figure 6, Thermo-syphon treaters 
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the ill effects of oxidation. A very 
practical type of dehydrator was de¬ 
veloped with a sight indicator showing 
the condition of the desiccator in relation 
to exhaustion of adsorption properties. 
The design is shown in figure 7, and a 
photograph of one installation is shown in 
figure 8. In this installation, the ma¬ 
terial used was 20 pounds of grade 8-14 
mesh, activated alumina, which is colored 
by a chemical which is blue when the ma¬ 
terial is in the dry state. As moisture is 
adsorbed it gradually fades to a light pink 
when completely saturated. The physi¬ 
cal state of the material does not other¬ 
wise change. The material may be re¬ 
activated, unless accidentally, oil-soaked, 
by heating in a ventilated electric oven to 
a temperature of 350 to 600 • degrees 
Fahrenheit unril the blue color is restored. 

The first transformers to be equipped 
were .five 4,000-kva oil-insulated self- 
cooled units. At the time of installation, 



Figure 7. Transformer breather using activated 
alumina 


the dielectric test of the oil averaged 22,- 
400 volts. Three months later the aver¬ 
age test was 28,800 volts. These trans¬ 
former previously required filtration of 
the oil to remove moisture every 12 
months. 
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Conclusion 

The development of the apparatus and 
methods for ^e maintenance of oils has 
given the industry a new approach to 
a difficult problem which concerns the 
continuity of service of power equipment. 
Other materials which have long been 



Figure 8. Transformer breather 


available were restricted to use in central 
storage and treating plants. Such use is 
restricted to treatment after considerable 
deterioration has taken place. A pro¬ 
gram of preventive maintenance led to the 
development of apparatus and the selec¬ 
tion of a material which would remove 
acidity as formed in field apparatus. The 
problem was not considered solved until 
methods, apparatus, and material were 
adapted to portable use in any field loca¬ 
tion. One operator of a semi-skilled type 
is required only during the initial recondi¬ 
tioning process and the infrequent re¬ 
activation of material in automatic filters. 


Discussion 

J. H. Battle (Memphis Power and Light 
Company, Memphis, Tenn.): Mr. Hous- 
ley»s paper pertaining to the maintenance 
of insulating oil is very timely. There is 
a deMte need today for some means of 
reducing the acidity of insulating oil, 
Spealdng from the power companys* point 
of view, loads are increasing to the full¬ 
load point and even above on equipment 
that has been in service eight or ten years 
or longer. The oil in this equipment tends 
to sludge easily and is difficult to maintain 
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at a reasonable dielectric strength. The 
idudging causes decreased heat dissipation 
efficiency. The difficulty in maintaining 
reasonable dielectric strength causes addi¬ 
tional maintenance expense. 

As the author points out various means 
have been devised to slow up the deteriora¬ 
tion process. These means may take the 
form of: reducing the area of oil exposed to 
the air; keeping moisture, a source of oxy¬ 
gen, out of the oil; or keeping an inert 
atmosphere above the oil by eliminatingr 
the oxygen in the air. 

Reducing the area of the oil exposed to the 
air is accomplished by use of a conservator 
or expansion tank. Since the oil in the 
conservator tank gets as hot as the trans¬ 
former and since on the older transformers 
this conservator tank is open to the air, 
the oil in the conservator tank becomes de¬ 
teriorated. The alternate heating and 
cooling of the transformer breathes this 
deteriorated oil into the transformer tank. 
About a year and a half ago we installed 
magnetic oil gauges in the conservator 
tanks of about 19 large power transformers. 
In all of these conservator tanks we found 
very bad sludge conditions. Any method to 
protect the oil in the conservator tank will 
further protect the oil in the transformer 
tank. The dehumidifier breather the au¬ 
thor describes in his paper will prevent mois¬ 
ture from entering the conservator tank. 
Thus it will slow up the deterioration proc¬ 
ess. A more desirable breather would be 
one that would eliminate the oxygen also. 

To us the problem of maintaining in good 
condition the oil in large conservator- 
equipped power transformers is not so 
acute as another problem. That problem 
is the maintenance of oil in underground 
distribution transformers. On the Mem¬ 
phis Power and Light Company system the 
single-phase units range in size from 50 to 
150 kva. The three-phase units are 300 
kva. Thus each unit contains only a small 
amount of oil relative to a power trans¬ 
former but the total of our whole under¬ 
ground system amounts to about 25,000 
gallons. 

We have found that the dielectric strength 
of about half this oil becomes unsatisfactory 
in a year's time. So each spring rather than 
make dielectric tests on each bank of trans¬ 
formers, we change the oil in the whole 
underground system. The change is done 
by mea^ of an electric tank truck. The 
old oil is pumped out of the transformer, 
the core and coils flushed off, and recondi¬ 
tioned oil pumped back in. From 1,200 to 
1,500 gallons is changed per day. 

The old oil is reconditioned by means of 
a combination centrifuge and blotter press. 
We have frequently had trouble bringing 
this oil up to a satisfactory dielectric 
strength. Sometimes we have found it 
necessary to run one batch through the 
machine several times. Acidity tests show 
that this oil is high in acid. With the end 
in view of reducing the acidity of this oil, 
we have experimented with activated alu¬ 
mina. Our outfit consists of two 300- 
gallon oil tanks equipped with immersion 
heaters and an alumina tank made from 
an old water tank 13 inches in diameter 
58 inches high. The tanks are piped so 
that oil may be transferred from tank to 
tank through the alumina or circulated 
through the alumina from one tank. The 
temperature of the oil is maintained at 
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about 130 degrees Fahrenheit and is pumped 
through the alumina at a rate of about 60 
gallons an hour. The alumina tanir con¬ 
tains about 225 pounds of the chemical. 
We have found that the alumina does reduce 
the acidity but it is slow. Our experience 
is that it takes eight to ten hours to reduce 
the acidity by Vio milligram KOH per 
gram of oil when the acidity is high and 
longer when the acidity is low. Of course, 
we could speed up the process by using more 
alumina but this would increase the cost. 

Where it is desired to absorb the acid as 
it is formed in the oil, alumina answers the 
purpose^ very well. The alumina may be 
placed in bags inside the transformer, oil 
switch, or storage tanks. The author’s 
method of using an external tank connected 
to valves at the bottom and top is preferable 
in the case of transformers in that it does not 
interfere with the circulation of oil within 
the transformer. 

In the reactivation process it is very de¬ 
sirable that the alumina be handled as little 
as possible in order to cut down waste and 
save labor. The best method would be to 
reactivate the alumina in the same tank the 
oil is reconditioned in. We would like to 
ask the author what his experience on this 
has been. 

In conclusion may we repeat that there 
is a definite need for some method of re¬ 
ducing the acidity of deteriorated insulating 
oil and Mr. Housley’s methods seem to be 
an answer. 


Frank £. Johnson, Jr. (New Orleans Pub¬ 
lic Service, Inc., New Orleans, La.): This 
paper presents a solution to a problem which 
has always concerned everyone operating 
oil-filled transformers. Although the paper 
treats the subject almost exclusively on the 
basis of old transformers, it is evident that 
suitable design features could be incor¬ 
porated in new transformers to allow the 
use of this method for the removal of acids 
and moisture as soon as formed. No doubt 
transformer manufacturers are cognizant 
of this, and will provide these facilities as 
soon as the demand arises. 

With reference to the installation of an 
external tank on a 2,500-kva transformer, 
mention is made that the neutralization 
number increased about 0.20 in one year 
prior to treatment, and that 50 pounds of 
activated alumina were used for the 700 
gallons of oil. Was this rate of increase 
typical for various sizes and types of trans¬ 
formers investigated? Fifty pounds of 
activated alumina is about one per cent of 
the weight of the oil treated. It therefore 
appears, for the case cited, that one per cent 
by weight per year would be required for a 
0J2O increase in neutralization number, 
deferring to figure 3, the '^initial acidity” 
figure was evidently about 0.55 prior to 
treatment, and 0.36 after treatment. Are 
these values independent of time, that is, 
could 100 pounds of activated alumina be 
used with a two-year interval between 
renewals? 

If the weight required is proportional to 
the time, then another chart can be pre¬ 
pared from figure 3 which will be somewhat 
easier to interpret for a user desiring to 
stabilize, or hold his acidity at a given value. 
The same ordinates can be applied on the 
chart, but the abscissas can be given as 
“rate of increase of acidity per year.” 


The independent curves then become 
“initial acidity” curves instead of “final 
acidity,” and it is possible, knowing the 
rate of increase of acidity, to pick out the 
necessary quantity of activated alumina to 
eliminate the acidity increase. 

Figure 1 in this discussion illustrates this 
point. 


T. H. Mawson (The Commonwealth and 
Southern Corporation, Birmingham, Ala.): 
Oil reclamation at the present time is se¬ 
cured by several methods. This paper, by 
Mr. Housley, gives another method that 
has additional possibilities. Various schemes 
providing chemical neutralization with sub¬ 
sequent cleaning of the treated oil to re¬ 
move the products of this reaction, to¬ 
gether with sludge that can exist, wiU give 
oil that is satisfactory for reuse. 

This particular paper deals with oil that 
has been used in transformers and bushings. 
It does not discuss the treatment of oil 
used in circuit breakers which is subject to 
considerably different service. Would 
there be any difference in the treatment of 
drcuit-breaker oil? 

In discussing one particular group of 
transformers which were operating con¬ 
tinuously at a slight overload, and which 
were equipped with thermosiphon treaters, 
mention is made of an increase of 0.2 per 
year in neutralization number. If sludge 
begins to form when the neutralization 
number reaches 0.4, the full treatment with 
blotter press and other equipment should be 
used to reclaim this oil at intervals which 
depend upon an upper limit of acidity, or 
sludging, which has been previously de¬ 
termined. 

This brings up the point of cost. Costs 
of reclamation from various sources vary 
from 3 to 12 cents per gallon for complete 
reclamation by other methods. For com¬ 
parison the fixed charges on reclamation 
equipment plus the direct cost of labor and 
materials, plus the cost of oil, will determine 
the value of reclamation and the cheapest 
method. 

The point should also be raised as to the 
value of reclaiming oil that has shown rapid 
deterioration when new. Cases on record 
show that certain oil? which have met all of 
the usual specifications for new oil have not 


Figure 1 


kept these properties for as long a time as 
other types of oil. After reclamation the 
same weaknesses appeared. Can any 
method be used that will mak^ this oil satis¬ 
factory? 

There are so many points involved on any 
system that the value of reclamation be¬ 
comes a problem that is indigenous to that 
particular system. It must be solved on the 
basis of over-all costs covering a period of 
years. This paper gives a possibility of 
cost reduction, and, with an addition to the 
present experience of six years of such treat¬ 
ment, it is possible that these costs can be 
worked out to the satisfaction of all of the 
interested parties. 


C. F, Hill (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The paper by Mr. Housley is quite 
important to many power companies due to 
the fact the extensive study of apparatus in 
service has made them conscious of the oil 
rejuvenation problem. 

The author has called attention to one or 
two rather important advantages of the 
aluminum oxide, particularly its durability, 
lack of dusting, and finally, the ease of re¬ 
activation. 

The statement is made that this new 
material is competitive with fuller’s earth. 
It would be of considerable interest to have 
a detailed comparison of these two materials 
as to rate of reaction with the oil and other 
factors which control cost. 

One statement in this paper does not 
agree with the usual notion of oil behavior. 
Normally, it is assumed that removal of the 
antioxidants by such filtering processes 
permits more rapid oxidation with further 
exposure of the oil. Housley states that the 
rate of oxidation does not speed up—or 
rather that the acid formation rate does not 
increase after removal of these acids by 
activated alumina! The question natu¬ 
rally arises as to the conditions of operation 
before and after the treatment. 

It would also be of interest to know the 
cost of this reclaiming process per gallon of 
oil. There has been a considerable doubt 
if the cost would be reasonable, considering 
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that the treated oil is not nearly a new oil. 

One phase of this development which 
would appear to be quite attractive is the 
inclusion of the alumina on the transformer 
continuously. To keep the oil purified 
and dry at all times should be very desirable 
and appears practical. 


F. M, Clark (General Electric Company, 
Pittsfield, Mass.): The many problems 
involved in the satisfactory reconditioning 
of used transformer oil bear close resem¬ 
blance to the problems presented in the 
original refining of the material. Just as 
the original crude oil can be subjected to 
too much or too little refining treatment, so 
can the used oil be subjected to too little 
or too much reconditioning by means of 
the adsorbent used. The problem in the 
original refining of the oil is to remove those 
materials susceptible to easy oxidation and 
sludge formation while leaving untouched 
those original constituents of the oil which 
act as stabilizers and inhibitors of oxidation. 
The same problem confronts the application 
of adsorbents in the reconditioning of used 
transformer oils. In this case, the unde¬ 
sirable products are those formed as the 
result of previous oxidation and accompany¬ 
ing chemical change in the oil. 

Mr. Housley presents two methods of 
maintaining transformer oil in suitably good 
condition during use. The first involves the 
treatment of the oxidized oil with activated 
alumina as, for example, by circulation 
through a bed of the material. Essentially 
this method is similar to the fuller's earth 
treatment of oil as a refining step in the 
original preparation of the material. The 
second method presented by Mr. Housley 
involves, during the use of the oil, its con¬ 
tinuous gravity circulation through a bed 
of the activated alumina in accordance with 
the method of Cox who used fuller's earth 
in a similar manner. 

In both methods of treatment, the ob¬ 
jective of Housley appears to be the main¬ 
tenance of the oil in a condition approaching 
the original oil color and acidity. It is 
generally recognized, however, that oil 
color and oil acidity are properties which in 
themselves are not safe gauges of sludge 
formation in transformer oil. Many oils 
can be obtained with equally low color 
and of neutral reaction but with widely 
varying rate of sludge formation in service. 
In fact, data accumulated indicate that the 


most severely adsorbent treated oil, that 
which first comes through the adsorbent 
bed, possesses the lowest color and is of 
neutral reaction, yet is characterized by a 
higher rate of sludge formation than later 
runnings from the same adsorbent bed, 
although these latter runnings may possess 
a much higher color and reaction value. 
Suitably low oil color and freedom from 
organic acidity are requisites for a properly 
treated transformer oil but appear to have 
no greater significance as a gauge of the 
sludge-forming properties in reconditioned 
oil than in the manufacture of the original 
oil at the refinery. 

In his introduction, Mr. Housley states 
that it is possible to gauge the rate of oil 
deterioration by a study of the increase in 
oil acidity. With respect to sludge forma¬ 
tion in transformer oil, this statement is 
only true in a general sense. Dependent 
on the type of oil and on the degree of re¬ 
fining as well as on the condition of oxidation 
in transformer use, sludge may form at low 
or high acid concentration. There appears 
to be no fixed relation between change in oil 
acidity and sludge formation in transformer 
oil which would allow the acidity value to 
be used as a gauge of the sludging character 
of the oil. Sludge formation is not a direct 
restdt of oil oxidation but appears as the 
product of a secondary reaction involving 
the polymerization of products formed in 
the primary oil oxidation. Among such 
products are the chemically unsaturated 
molecules formed as a result of oil oxidation 
but not capable of evaluation in a test for 
oil acidity. 

Mr. Housley's paper presents no data 
concerning sludging properties. Sludge for¬ 
mation data are higUy desirable and neces¬ 
sary in evaluating the serviceability of re¬ 
conditioned transformer oils. The relation 
between the severity of the reconditioning 
treatment of the oil and the oil sludging 
tendency should be established. Data 
available appear to indicate that a used 
transformer oil, reconditioned by a properly 
selected and applied treatment with an 
adsorbent, although possessing many of the 
properties of a new oil such as low color and 
neutral reaction, does not possess the high 
degree of resistance to sludge formation 
normally associated with new transformer 
oil. It would be interesting and valuable 
were Mr. Housley to present data of this 
type on oils reconditioned by the use of 
activated alumina. 
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J. £. Housley: The interest shown by those 
giving discussions is greatly appreciated 
by the author. This problem of recondi¬ 
tioning insulating oils is certainly an im¬ 
portant item on the maintenance program of 
any power system. 

We have had no trouble from sludge in 
our circuit-breaker oils and in answer to 
Mr. Mawson’s question, we have had no 
experience in treating these oils. 

In the particular group of transformers to 
which Mr. Mawson refers, the use of a 
blotter press is avoided by removing the 
acid as it is formed and thus the oil is main¬ 
tained below the sludging point. This is 
accomplished by the use of thermosiphon 
treaters. 

As to the question of cost which has been 
raised in several of the discussions, it can 
be said that comparative costs of activated 
alumina treatment will differ according to 
local conditions. The cost of treatment per 
gallon of oil may be expected to range from 
2.6 cents to 6.0 cents. 

Mr. Johnson, in his discussion, presents 
an interesting relationship between the 
weight of activated alumina used and the 
time of treatment. There is a proportion¬ 
ality existing between the two and the 
curves, which he presents in his discussion, 
very clearly show this relationship. On one 
2,600-kva transformer, 60 pounds of acti¬ 
vated alumina has maintained 700 gallons 
of oil in good condition for IV 2 years. At 
this moment, we do not know how much 
longer this will maintain the oil. This 
particular transformer operates at a slight 
overload continuously. 

In response to Mr. Battle's problem, it is 
suggested that the process of reducing the 
acid may be speeded up by more frequent 
reactivations, thus keeping the efficiency 
of the activated alumina at a maximum. 
The reactivating unit, shown in figure 5, 
is used both for treating and reactivating. 
However, I believe separate reactivation is 
more desirable, particularly when activated 
alumina is used to remove acid as formed 
(thermosiphon treaters) and where the 
reactivator is required for use on different 
batches of material. 

We cannot answer Mr. Clark's statement 
regarding acidity and sludge formation 
specifically, but we have found acidity to be 
a good criterion of oxidation and sludging 
in our oils. Our experience has been that 
oils of fairly low neutralization numbers give 
no trouble from sludging. 
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I T IS the purpose of this paper to de¬ 
scribe briefly the crossbar dial-tele¬ 
phone central-office switching system 
whidi has recently been developed by the 
Bell System for use in large cities. Six¬ 
teen years ago, in February 1923, a paper 
was read before the Institute, by E. B. 
Craft, L. F. Morehouse, and H. P. 
Charlesworth of the Bell System, which 
outlined the history and the problems 
involved in telephone central-office 
switching and described the panel dial 
central-office system which had just been 
developed and was being introduced in the 
large cities. The first central office of 
this type was placed in service in Decem¬ 
ber 1921, and since that time 456 panel 
dial offices serving nearly 4 V 2 million 
subscriber stations have been installed in 
26 different cities throughout the countiy. 
During these years many improvements 
have been made in the panel system to 
make it more serviceable to the telephone 
public and to meet the new problems 
which have arisen, but in addition, the 
engineers of the Bdl System have con¬ 
tinued their search to find new and better 
means for meeting telephone switching 
demands. This work has resulted in the 
adoption of the crossbar-type central- 
office switching equipment. Two offices 
of this type were placed in successful 
operation during 1938 and others are in 
process of manufacture and installation. 

It will be appreciated that for large 
metropolitan areas, the development and 
economic introduction of a central-office 
switching s 3 Fstem which differs materially 
from the existing systems is a rather large 
undertaking. The system must fit into 
the existing plant as a whole without ma¬ 
terial change. Generally any important 
changes affecting the subscribers* use 
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of the telephone or the methods used by 
switchboard operators should be avoided. 
Existing numbering plans should not be 
affected, existing classes of service should 
be continued, and the addition of others 
made feasible in case they should be re¬ 
quired. 

All of these and many other factors 
have been taken into account and all re¬ 
quirements have been met by the cross¬ 
bar system which offers important im¬ 
provements in telephone switching, both 
in operation and maintenance. Its in¬ 
troduction does not make any of the exist¬ 
ing equipments obsolete in the sense 
that these equipments will be less serv¬ 
iceable nor win it cause their replace¬ 
ment. Central offices of the crossbar 
type can be installed in the same building 
with existing panel central offices with¬ 
out loss in operating economies in either 
type of office. Certain equipment, such 
as the existing and additional outgoing 
trunks to other central offices, mMually 
operated switchboard positions, operating 
room and maintenance desks, power plant 
and alarms, can be used in common by 
the two types of offices in the same build¬ 
ing. 

General 

Before describing the crossbar system 
it is desirable first to give a brief outline 
of the principal functions of a dial central- 
office equipment. Such an office is 
capable of serving 10,000 subscriber line 
numbers, and is provided with a sufficient 
number of coimecting switches, trunks, 
and associated circuits so that under usual 
peak loads of traffic, calls will be com¬ 
pleted promptly. 

The central-office circuits, in response 
to the Hfting of the receiver by the calling 
subscriber, connect the subscriber line 
to the switching equipment. This equip¬ 
ment then extends the calling line, “link 
by link,” through several switdiing 
stages to the called line as determined by 
the called office code and line number 
dialed by the calling subscriber. When 


the connection has been established to the 
called line, the subscriber bell is rung and 
when the subscriber answers, the talking 
connection is completed. During the 
conversational period the connection is 
held under control of the calHng tele¬ 
phone, and when the telephone receivers 
are replaced, the central-office equipment 
and the tdephones are released for use on 
other calls. The equipment, of course, 
transmits the busy-tone signal to the 
calling subscriber if the called line is 
found busy, and automatically routes a 
call for a discontinued or an unassigned 
line to an operator who informs the sub¬ 
scriber of the status of such a line. 

Operators and associated switchboards 
are provided in the dial system to handle 
certain classes of calls and to render as¬ 
sistance to subscribers when required. 
Calls to these operators are established 
in response to the dialing of operators* 
codes in a manner similar to the establish¬ 
ment of calls to other subscribers. 

Operators are usually provided to com¬ 
plete calls terminating in a dial office 
which are originated by subscribers served 
by manual offices. 

Prior to the introduction of the cross¬ 
bar system, the Bell System employed 
two general types of dial central offices. 
These are the well-known step-by-step 
and panel systems. 

The step-by-step system has been used 
generally in the smaller cities which are 
frequently served by a single central 
office or iDy a relatively small number of 
offices and where the trunking problems 
are consequently less complicated. The 
switches of the step-by-step system are 
controlled directly by the impulses from 
the subscriber dials and, necessarily in 
conformity with the dial, the system oper¬ 
ates on a decimal basis. The selectors 
of this system are first moved under con¬ 
trol of the dial to any one of ten vertical 
positions, corresponding to the numeral 
of the digit dialed, and in the case of 
trunk hunting switdies, is then auto¬ 
matically rotated over a row of ten trunk 
terminals to find an idle trunk during the 
interdigital time of the dial. 

The step-by-step switch thus has ac¬ 
cess to ten different groups of trunk 
terminals with ten terminals each. The 
location of the trunk groups on the 
switches is governed by the digits dialed 
and consequently the relocation of a 
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group necessitates directory changes. 
These limitations in trunk access and 
flexibility are not material handicaps in 
the smaller cities throughout the country 
where the system is giving excellent 
service. 

The panel system meets the complex 
service requirements of the larger cities 
with their large volume of traffic and 
multiplicity of central oflices. In these 
cities the number of trunk groups is large 
and the number of trunks in the groups 
varies widely. Further, the number of 
groups and their sizes are frequently 
changed by the introduction of new offices 
and changes in the character or extent of 
existing central-office areas. 

In the panel system, senders are pro¬ 
vided which record and store the dial 
pulses as they are dialed and then inde¬ 
pendently control the operation of the 
switching units. The large panel-type 
switches provide access to large groups 
of trunks and to a large munber of groups, 

“ and at the same time permit consider¬ 
able variation in the sizes of the groups. 
The necessary flexibility in the size and 
location of the trunk groups is obtained 
by flexibly wired routing equipment pro¬ 
vided in decoder circuits which are as¬ 
sociated with the senders. These facili¬ 
ties permit trunk group locations on the 
switches as dictated by traffic regardless 
of the office codes listed in the directories 
and dialed by the subscribers. The 
panel system also readily provides for 
the routing of calls through intermediate 
or tandem offices where the traffic be¬ 
tween offices can be more economically 
handled in this manner. 

The crossbar system also makes use of 
the sender and decoder method of opera¬ 
tion and provides a still greater flexi¬ 
bility in the trunking arrangements than 
is obtained by the panel system. 

The Crossbar System 

The two outstanding features of the 
crossbar system are the ‘^crossbar switch” 


Figure 1. Crossbar switch—front view 


which is used for all major switching 
operations, and the “marker” system of 
control which is used in the establishment 
of all connections throughout the cross¬ 
bar office. 

The crossbar system is essentially a 
relay system employing simple forms of 
relays and relay-type structures for all 
switching operations. The apparatus 
consists almost wholly of crossbar 
switches, multicontact relays, and the 
usual small relays similar to those gener¬ 
ally employed in all telephone systems. 
The switching circuits are wired to the 
contacting springs of the switches, and 
the connections through the switches are 
made by pressing contacts together by 
means of simple electromagnetic struc¬ 
tures instead of tlie moving brushes and 
associated fixed bank terminals of other 
systems. 

The use of relay-type apparatus with 
its small, pressure-t 3 rpe contact surfaces 
economically permits the use of twin or 
double contacts with thin layers of pre¬ 
cious metal for all contact points. Ob¬ 
viously, double precious metal contacts 
make for reliable operation, especially 
with the low speech and signaling cur¬ 
rents inherent to a telephone system. 

The short mechanical movements and 
the inherently small operating time inter¬ 
vals of the “relay-like” crossbar switch 
permits the use of common circuits or 
“markers” to control the operation of the 
switches. This has permitted the use of 
large assemblies of switches and associ¬ 
ated relays on unit frames which can be 
wired and completely tested for opera¬ 
tion in the factory before the units are 
shipped. 

In the design of the switching frames 
and associated control circuits, one of the 
objectives realized has been the standardi¬ 
zation of a relatively small number of 
different types of equipment units, 
thereby simplifying manufacture and 


merchandising. This also simplifies the 
engineering of the equipment by the 
telephone companies in the preparation 
of their specifications to meet the par¬ 
ticular traffic requirements of the various 
central offices. 

The marker system used for controlling 
the switching operations has many ad¬ 
vantages, the more important of which 
will be disclosed later in the general de¬ 
scription of the operation of the equip¬ 
ment. It might be mentioned here, how¬ 
ever, that the marker is an equipment 
unit consisting almost entirely of relays, 
which completes its functional operations 
in the establishment of a call in a fraction 
of a second. This short operating time 
permits a few markers to handle the en¬ 
tire traffic in the largest office. The 
markers are connected momentarily by 
means of multicontact relays to the 
various switching units of the office to 
control the establishment of the calls 
through the crossbar switches. 

An outstanding advantage of the 
marker system of control is the ‘second- 
trial” feature, by means of which two or 
more attempts can be made to establish 
a call over alternate switches and trunks 
when the normally used paths are all 
busy. The markers are arranged to de¬ 
tect short-circuited, crossed, grounded, 
and open-circuit conditions at all vital 
points, and before releasing from a con¬ 
nection they make circuit checks to in¬ 
sure that the connection has been prop¬ 
erly established. When trouble condi¬ 
tions are detected, they make a second 
attempt to complete the connection, 
after sounding an alarm and recording 
the location and nature of the trouble en¬ 
countered. The marker system facili¬ 
tates the introduction of new service fea¬ 
tures and changes in operation, which 
may be found desirable from time to time, 
due to the fact that the principal con¬ 
trolling features of the entire system are 
vested in a small number of markers. 

Apparatus 

Crossbar Switch 

The crossbar switch from which the 
system derives its name is the basic 
switching unit of the system. Figure 1 
shows the front view of a 200-point cross¬ 
bar switch. 

Fundamentally this switch consists of 
three major fimctional parts: (a) 20 
separate vertical circuit paths, (6) 10 
separate horizontal circuit paths, and (c) 
a mechanic^ means for connecting any 
one of the 20 vertical circuit paths to any^ 
one of the 10 horizontal circuit paths by 
the operation of electromagnets. From 
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a structiiral viewpoint the switch is com¬ 
prised of a rectangular welded frame on 
which are mounted 20 vertical units and 
the selecting mechanism consisting of 5 
horizontal bars operated by 10 selecting 
magnets. 

Primarily the switch is a multiple relay 
structure with 20 vertical relay-like 
units, each unit having an operating or 
*‘holding” magnet and ten sets of con¬ 
tacts in a vertical row. The switch ar¬ 
rangement provides a rectangular field 
of contacts in 20 vertical rows and 10 
horizontal rows or a total of 200 sets of 
contacts, one set at each “crosspoint.” 
These crosspoint contacts are operated 
independently of each other by a co¬ 
ordinate operation of the horizontal and 
vertical bars. The horizontal bars are 
controlled by the 10 horizontal or “select¬ 
ing” magnets and the vertical bars by 
20 vertical or “holding” magnets. Any 
set of contacts in any vertical row may 
be operated by first operating the select¬ 
ing magnet corresponding to the hori¬ 
zontal row in which the set of contacts is 
located, and then by operating the hold¬ 
ing magnet associated with the vertical 
row. Since the contacts are held oper¬ 
ated by the holding magnet alone, the 
selecting magnet is operated but momen¬ 
tarily and is released as soon as the holding 
magnet is operated. After the selecting 
magnet is released, other connections 
may be established through the switch 
byjthe operation of other selecting and 
holding magnets. It is thus apparent 
that ten comiections can be established 


understood. The ten sets of contacts in 
a vertical row are associated with the 
vertical or “holding” bar of the row. 
Each horizontal or “selecting” bar is 
provided with 20 selecting fingers which 
are made of flexible wire. These fingers 
are mounted at right angles to the bar, 
one at each of the vertical rows of con¬ 
tacts. Thus when a selecting bar is ro¬ 
tated through a small arc by its magnet, 
the selecting fingers will move up or down 
into a position so that when a holding 
bar is operated by its magnet, it will en¬ 
gage the selecting finger at the crosspoint 
of the two bars and cause the correspond¬ 
ing set of contacts to operate. The 
selecting bar and the fingers not used will 
then be released when the selecting mag¬ 
net is released, but the selecting finger 
used to operate the selected set of cross- 
point contacts will remain latched and 
the contacts held closed by the holding 
bar until the holding magnet is released 
at the end of the connection. The select¬ 
ing fingers are each provided with a 
damping spring to reduce vibration on 
the operation and release of the fingers. 

It will be noted that the selection opera¬ 
tion is performed by five horizontal bars 
although there are ten horizontal rows of 
contacts. This is accomplished by oper¬ 
ating the bars in either of two directions. 
As shown in figure 1, two magnets are 
associated witli each bar, one whose arma¬ 
ture is on top of the bar, the operation of 
which causes the selecting fingers to 
move in a downward direction, and the 


other whose armature is below the bar 
causing the fingers to move upward. The 
selecting bars are restored to the normal 
or mid-position by the centering springs 
located on the end of the switch adjacent 
to the magnets. 

Figure 3 shows the vertical unit of the 
crossbar switch with its ten sets of nor¬ 
mally open “make” type contact springs, 
the holding magnet at the bottom, and 
the long vertical armature to which is 
attached the vertical holding bar. The 
vertical unit shown has six pairs of con¬ 
tacts at each of its ten crosspoints. 
Other vertical units are provided with 
ten sets of three, four, and five pairs of 
contacts per set. One spring of each 
pair as shown is a fixed spring consisting 
of a projection of an insulated vertical 
metal strip, made in the shape of a comb. 
This strip extends from the top to the 
bottom set of contacts of a vertical row. 
Wiring lugs are provided at the lower end 
of these vertical strips fading the rear to 
which are wired the lines or trunks of the 
vertical circuit paths. At the lower end 
of these strips and facing the front is 
another projection used by the mainte¬ 
nance force for testing purposes. The 
mate or movable spring of each pair is 
individually insulated from all other 
springs. These springs extend to the 
rear of the switch for wiring purposes 
and may be strapped horizontally to the 

Fisure 3, Crossbar switch vertical unit 

















Fisure 4. Crossbar switch—rear view 


corresponding springs of adjoining ver¬ 
tical units to extend the horizontal cir¬ 
cuit path through the switch. 

The contacting ends of the thiti mov¬ 
able contacting springs are bifurcated to 
provide two flexible contacts in parallel. 
The contacting surfaces on these springs 
as well as the mating fixed springs are 
provided with a thin layer of palladium. 
The use of the double precious metal 
contacts is an important feature of the 
crossbar system in providing more reli¬ 
able contacting surfaces. Experience has 
shown that the chance of simultaneous 
failures of both contacts of a pair is ex¬ 
tremely small. The actual contacting 
surfaces of each pair of springs consist of 
small bars of contact metal located at 
right angles to each other. These bars 
are composed of a ribbon of nickel capped 
with a thin layer of palladium. This 
crossbar arrangement of contacts provides 
a rather large area over which the two 
springs can make contact with each other, 
and thereby permits considerable toler¬ 
ance in the manufacture and adjustment 
of the contact spring assemblies. 

The switch may be equipped with **off 

normal** contact spring assemblies. When 
these are furnished they are associated 
with each selecting or holding magnet 
and are operated like relay contacts when 
the associated magnet operates, regard¬ 
less of which crosspoint contact is dosed. 


They are used to perform circuit functions 
as required in Ihe various uses of the 
switch. 

In the design of the switch spedal at¬ 
tention was given to the problem of 
wiring and cabling. Figure 4 shows the 
wiring terminals on the rear of the 
switch. These terminals are arranged 
for individual wiring and also have 
staggered, notched projections so that the 
terminals can be readily strapped together 
horizontally with bare wire as shown. 
This is an important feature of the 
switch since it permits a multiple of 
terminals to be easily soldered together 
and reduces the wire congestion on the 
switch. 

The 200-point crossbar switch is 9 V 4 
inches in height and 3 OV 2 inches in 
length. In addition* a 100-point switch 
2 OV 2 inches in length is provided. This 
switch is similar to the 200-point switch 
but is equipped with ten vertical units. 

Multicontact !Rjelay 

The multicontact relay used in the 
crossbar system is shown in figure 5. It 
resembles in design the vertical unit of 
a crossb^ switch. The relay is provided 
in four sizes in respect to the number of 
contacts, namely, in 30, 40, 60, and 60 
sets of individually insulated contacts, 
all of which are of the normally open type 
which are closed when the magnets of the 
relay are operated. Each relay is pro¬ 
vided with two separate magnets, arma¬ 
tures, and associated groups of springs, 
and both magnets are energized in paral¬ 
lel in order to close all of the contacts. 
By operating the two magnets independ¬ 
ently the structures can be used as two 
separate relays, each equipped with 16, 
20, 25, or 30 sets of contacts. The relay 
occupies a mounting space approximatdiy 
2 indies by 11 inches and is provided 
with a cover. 

All contact springs are equipped with 
twin contacting surfaces similar to the 
contacts used on the crossbar switch 
except that they are composed of solid 
bars of predous metal due to the heavy- 


duty requirements. To fadlitate wiring, 
these rdays are manufactured with two 
types of wiring terminals. In one type 
the movable springs are of graduated 
lengths and are provided with notched 
lugs for bare wire strapping to permit the 
multipling of springs horizontally to 
corresponding springs on other relays 
mounted adjacent. In the second type 
the strapping lugs are omitted and all 
springs are of the same length and are 
provided with soldering eyelets for in¬ 
dividual or nonmultiple wiring. 

The multicontact relay finds its chief 
use in the common connector circuits 
where a large number of leads must be 
connected simultaneously to a common 
drcuit. 

U- AND Y-Type Relays 

New and improved general-purpose 
small relays which have been coded the 
U and Y type are used in this system. 
Figure 6 shows a typical i!7-type relay. 
Although somewhat similar to the E- and 
i?-type relays which have been in common 
use in the telephone systems for many 
years, it differs from them principally 
in that it has a heavier and more efl^dent 
magnetic structure whicli permits the use 
of a greater number of contact springs. 
These relays permit the use of spring 
assemblies up to a maximum of 24 springs 
in various combinations of springs, in¬ 
cluding transfer contacts and simple make 
and break contacts. The relays are con¬ 
structed of relatively simple parts, most of 
which are blanked and formed in the de¬ 
sired shapes in the same manner as the 



Figure 5. Multicontact relay 

earlier E- and i^-type relays. The cores 
are made from round stock and are welded 
to the mounting bracket of the relay. The 
structures of all of these relays are similar 
and differ principally in their spring as¬ 
semblies and windings. 

In order to insure more reliable con¬ 
tact closures, the relays are equipped 
with twin contacts. Various types of 
contact metal and sizes of contacts are 
provided, depending upon the characteris¬ 
tics of the circuit controlled by the con¬ 
tacts. 
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Improved methods of clamping the 
springs in their assemblies, together with 
the design of the springs, provide sta¬ 
bility and minimize manufacturing and 
maintenance adjusting effort. 

Contacts practically free from chatter 
on both the operation and release of the 



Figure 6. U-iype relay 


relay have been obtained by the use of 
relatively heavy stationary springs, short 
thin movable springs, and a pivoted ar¬ 
rangement of the armature suspension. 
By reference to figure 6 it will be seen that 
the rear ends of the armature are pivoted 
by two pins which project through holes 
in the hinge bracket mounted on the 
rear spring assembly. In the earlier 
flat-type relays of the E and R type, the 
armature was suspended at the rear by 
means of a reed-type armature hinge. 

The F-type relays make use of the 


same manufacturing tools and processes 
as the U type. Copper or aluminum 
sleeves are provided over the cores be¬ 
neath the windings to secure the slow 
release characteristics required oh these 
relays. The relay armature is embossed 
so that when the relay is operated, satis¬ 
factory contact is made between the metal 
surfaces of the magnetic circuit which in¬ 
sures uniform time characteristics. 

In both the Z7- and F-type relays the 
cylindrical cores permit the use of form- 
wound coils which are wound on special 
machines and slipped over the cores when 
completed. In the manufacture of these 
coils a removable mandrel is used. 
It is covered with a layer of sheet 
cellulose acetate and accommodates 
several coils. These coils are then 
automatically wound on the mandrel 
from different spools of insulated wire. 
Separations are left between adjacent 
coils so that when the winding operation 
has been completed the individual coils 
can be separated. A very thin sheet of 
cellulose acetate is automatically inter¬ 
leaved between successive layers of wire 
to hold the wire in place and to provide 
insulation between layers. This general 
method of winding coils also is used for 
the magnets of the crossbar switches and 
multicontact relays. 

Functions of the Equipment Units 

The general operation of the system as 
a whole may be more easily understood 


by first describing the principal equipment 
units in the system and their functions 
before proceeding with a description of 
the operation of the circuits. A simplified 
block diagram of the principal equipment 
units of the system is shown in figure 7. 
It will be noted that in general there are 
three types of equipment units; 

1. The transmission battery supply and 
supervisory circuits consisting of the 
'‘district junctors'' and the “incoming 
trunks." 

2. The crossbar-switch frames. 

3. The common “control" circuits, the 
“senders," and the “markers.” 

The "district junctor" and the “in¬ 
coming trunk" circuits are composed 
principally of small relays. The district 
junctors furnish the talking battery, for 
the calling subscribers and supervise the 
originating end of connections. The in¬ 
coming trunks control the ringing of. the 
called subscriber bells, furnish talking 
battery for the called subscribers, and 
supervise the terminating end of connec¬ 
tions. 

The switch frames, which consist 
almost entirely of crossbar switches, 
provide the means for switching between 
the subscriber lines, the district junctors, 
and the incoming trmiks. Switch frames 
also are used for switching the district 
junctors and the incoming trunks to the 
senders. 

The "senders" consist principally of 
small relays and their functions are similar 
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to those of the operators at a manual 
switchboard. The “subscriber senders*’ 
register the called numbers from the sub¬ 
scriber dials and transmit the necessary 
information to the “markers,” to the 
“terminating senders,” and to the manual 
operator positions in manual offices for 
completing connections to the called lines. 

_ FROM 20 LtNES _ 

o - CM 40 ® i-co w 2= 12 S !2 set £2 

9 
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2 
I 

oj 

Figure 8. Simple trunking arrangement with 
a single 200-point crossbar switch 

The subscriber senders also control the 
operation of the selectors in distant panel 
offices. The “terminating senders” in 
the terminating end of the crossbar office 
receive the numerical digits of the called 
numbers from the subscriber senders of 
any dial office and transmit the required 
information to the “terminating mark¬ 
ers” for setting up the connections to the 
called lines. 

The “markers” are the most important 
control circuits in the system. They are 
composed of both small and multicontact 
relays. There are two types, one for 
originating traffic and one for terminat¬ 
ing traffic. The operating time of the 
markers is short, considerably less than 
one second, and consequently only three 
or four markers of each type are required 
in the average office. * 

The “originating markers” determine 
the proper trunk routes to the called 
office. They have access to all outgoing 
trunk circuits and all the crossbar-switch 
frames that are used for establishing the 
connections to the called office trunks. 
They test the trunk group to find an 
idle trunk to the called office, and also 
test and find an idle channel through the 
switch frames, and finally operate the 
proper selecting and holding magnets of 
the crossbar switches to establish the 
connections from the subscriber line to 
the trunk circuit. 

The “terminating markers” perform 
similar functions in the terminating 
end of the office to set up the coimection 
from the incoming trunk circuit to the 
called subscriber line. They have access 
to all of the subscriber lines terminating 
in the office, and to all crossbar-switch 
temes used for connecting to subscriber 
lines. They test the called line to deter¬ 
mine whether it is idle, and also test for 



and find an idle chatmel through the 
switch frames and finally operate the 
proper magnets of the crossbar switches 
and establish the connection to the called 
subscriber line. 

In addition there are common “control” 
circuits associated with the “line link” and 
the “sender link” frames for controlling 
the operation of the switches on these 
frames. There are also the common 
“connector” circuits, consisting mainly 
of multicontact relays, which are used 
for connecting the markers to the senders, 
to the switch frames, and to the test 
terminals of the called subscriber lines. 

It should be noted that the line-link 
frames, although shown separately, are 
used for botli originating and terminating 
traffic. 

After the talking connection has been 
established between two subscribers, all 
of the common control units, such as the 
senders, markers, connectors, line-link 
control circuit, and the sender-link frames 
and their associated control circuits, will 
have been released, and the talking con¬ 
nection will be maintained in this condi¬ 
tion by the holding magnets of the 
crossbar switches used on the line- 
link, district, office, and incoming-link 
switch frames. These switch magnets are 
held operated under control of the super¬ 
visory relays in the district junctor and 
the incoming trunk circuits and are 
released when the subscribers replace the 
receivers. 

Trunking Arrangements 

The fundamental method of using the 
crossbar switch for setting up connections 
is illustrated in figure 8. This figure 
shows a 200-point crossbar switch with 


20 vertical units each wired to a subscriber 
line and ten trunks strapped horizontally 
across the switch. With such an arrange¬ 
ment, any one of the 20 lines may be 
connected to any one of the ten trunks. 
The number of lines which can be con¬ 
nected to the same ten trunks may be 
increased to 40 by adding a second 200- 
point crossbar switch with 20 different 
lines connected to its verticals and by 
wiring the horizontal contact multiple of 
this second switch to the horizontal 
multiple of the switch shown in figure 
8. By adding other switches in tliis 
manner, any number of lines may be 
given access to the ten horizontal trunks. 

To obtain greater trunking access, two 
groups of switches known as “primary” 
and “secondary” are used. Figure 9 il¬ 
lustrates this primary- and secondary- 
switch arrangement as used in the line- 
link switch frames and in various forms 
throughout the crossbar office. The 
switches are arranged in two vertical 
files of ten primary switches and ten 
secondary switches. There are 20 sub¬ 
scriber lines connected to tlie verticals of 
each of the ten primary switches and 20 
trunk circuits are connected to the 20 
verticals on each secondary switch. The 
horizontal multiples on the primary 
switches are connected to the horizontal 
terminals of tlie secondary switches, each 
primary switch having one horizontal 
path connected to each of the ten second¬ 
ary switches. With this arrangement, 
the 20 lines of any primary switch have 
access to all 200 trunks connected to the 
secondary switches. Since all of the pri- 

Figure 9. Primary • secondary trunking 
arrangement 
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mary switches are wired in this manner, 
that is, with their ten horizontal paths 
distributed over the ten secondary 
switches, then all of the 200 lines on the 
primary switches have access to the 200 
trunks on tlie secondary switches. It is 
evident that another vertical file of ten 
primary switches may be added with 20 
subscriber lines connected to the verticals 
of each switch, and with the horizontal 
paths strapped and connected to the 
horizontal paths of the primary switches 
shown. This would give 400 lines access 
to the 200 trunks on the secondary 
switches. In actual practice on a line 
link frame, several files of primary 
switches may be connected together in 
this manner depending upon the traffic 
volume of the subscriber fines. The cir¬ 
cuit paths connecting the horizontal rows 
of terminals of the primary switches to 
the horizontal rows of terminals of the 
secondary switches are cdled “fine 
links.” 

To establish a path from a fine cir¬ 
cuit on a primary switch to a trunk 
circuit on a secondary switch, the 
common “control” circuit serving this 
line-link frame locates the subscriber 
line to be served and then simultaneously 
selects an idle '"fine fink” on the primary 
switch on which the subscriber fine ap¬ 
pears and a group of trunks wired to a 
secondary switch in which there are one 
or more idle trunks. Thus the selection 
of the fine fink is made contingent upon 
.the availability of trunks, and by means of 
this together with the primary-secondary 


distribution of the links a very efficient 
usage of the links and trunks is obtained. 

In the line-fink frame shown in figure 9, 
it will be seen that the trunks on the 
verticals of the secondary switches are 
split into groups of 100 trunks each, one 
group being connected to the “district 
junctors” and used for originating traffic 
and the other group of 100 trunks being 
connected to “fine junctors” and used for 
terminating traffic. 

It will be noticed that there is but 
one crossbar-switch appearance of a 
subscriber line in .the office. This is on 
a vertical unit of a primary crossbar 
switdi where both the originating and 
terminating calls are completed by means 
of the same fine-link circuits. Thus all 
originating traffic from any of the 20 
fines on any primary switch flows through 
the associated ten line finks to the 100 
district junctors and all terminating 
traffic to these 20 lines flows through tlie 
same ten fine links from the 100 line 
junctors. 

This single “primary and secondary” 
trunking arrangement also is used at 
other points in the system, such as in the 
originating and terminating sender-link 
switch frames, where the circuits reached 
are nondirectional, that is, where any 
one of the selectable circuits wired to 
the frame can be used for setting up a 
connection. 

For the switch frames where the circuits 
reached are directional, that is, where a 
particular called fine or a particular 
group of trunks must be used in order 


to complete a connection, the problem 
of trunking becomes more complex and 
it is necessary to provide a trunking 
arrangement using two “primary and 
secondary” switch frames arranged in 
tandem. 

Figure 10 shows a typical arrangement 
of this kind which is necessary to secure 
the required trunking flexibility and 
efficiency. This figure shows an “incom¬ 
ing link” frame to which incoming trunks 
are connected and a “line link” frame to 
which subscriber lines are connected as 
described above. These two frames are 
used in tandem for establishing the 
terminating connections between the 
incoming trunks and the cafied sub¬ 
scriber fines. As is indicated, 100 in¬ 
coming trunks are connected to the 100 
horizontal paths- of the ten incoming 
link frame primary switches, tliere being 
ten incoming trunks connected to each 
of the primary switches. A total of ISO 
to 700 subscriber fines may appear on the 
verticals of the primary switches of the 
line-fink frame; however, only 200 
lines or 20 on the verticals of each of the 
ten primary switches are shown in the 
figure. 

In order to connect a particular in¬ 
coming trunk to a particular called fine, 
an idle channel is selected through these 
two switch frames, consisting of an 
“incoming fink” on the incoming-link 
frame, a “fine junctor” between the two 
frames, and a “fine link” on the fine-link 
frame, and aU are connected in series as 
shown in the figure. It will be noted that 
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the incoming trunks on each of the 
primary switches have access to 20 
incoming links appearing on the 20 
verticals of the switch. These 20 in¬ 
coming links are distributed over the 
ten secondary switches of the frame, 2 
links being connected to each switch, 
one to each half switch. It will be 
observed that in order to provide for 
the distribution of the 20 incoming links 
over the ten secondary switches, the hori¬ 
zontal paths of the secondaiy switches are 
separated between the tenth and eleventh 
verticals, thus taking advantage of the 
flexibility of the crossbar switch by pro¬ 
viding 20 horizontal paths instead of ten 
on each switch. The incoming links, on 
each half of these secondary switches, have 
access to ‘^line junctors'' appearing on the 
verticals of these switches. These line 
junctors are in turn distributed over the 
secondary switches of all the line-link 
frames in the office. There will be at least 
one line junctor as shown, from each sec¬ 
ondary switch on an incoming link frame 
to a secondary switch on every line-link 
frame in the office, or a mini-miim of ten 
line-junctor paths between any incom¬ 
ing-link frame and any line-link frame. 
The number of the Hne junctors between 
these frames will vary depending upon 
the number of frames required in an 
office. The line junctors on the verticals 
of each of the line-link frame secondary 
switches in turn have access to ten line 
links on the horizontal paths. These 
ten line links are, as described above, 
distributed over the primary switches 
of the line-link frame, one to each primary 
switch. These line links then have ac¬ 
cess to the called subscriber lines which 
appear on the verticals of the primary 
switches. Wi^ this arrangement of 
switches and the three groups of inter¬ 
connecting link paths, any incoming 


trunk can be connected to any called 
line on the line-link frame shown, or by 
means of other groups of line jimctors, 
to a called line on any other line-link 
frame in the office. 

Terminating markers are employed for 
selecting the paths through these switches 
to connect an incoming trunk to a called 
subscriber line. The marker, as will be 
explained later, records information which 
permits it to connect to the test wire 
and holding magnet of a called line and 
to the test wires and switch magnets of 
the groups of incoming links, line junc¬ 
tors, and line links through which the 
incoming trunk may be connected to 
the called line. The marker simul¬ 
taneously tests these three groups of 
paths and “marks" an incoming link, 
a line junctor, and a line link which are 
idle and are accessible to one another, 
and then operates the switch magnets 
to connect these three paths and the 
incoming trunk and the called line 
together. The paths are selected in an 
ordered arrangement, so that the lowest 
numbered incoming links, line junctors, 


and line links are preferred and are used 
as long as they are available. This in¬ 
creases the efficiency of the paths as 
compared with a random selection, since 
it reduces the chance that one or two of 
them although idle cannot be used be¬ 
cause the third one is busy. 

A double primary and secondary trunk 
arrangement similar to the one shown 
in figure 10 is employed for connecting 
district junctors to outgoing trunks in 
the originating end of the office. 

Brief Description of 
Circuit Operation 

The operation of the system will be . 
described by tracing the progress of a 
call through the system. The establish¬ 
ment of a call from one crossbar sub¬ 
scriber to another crossbar subscriber 
may be divided into four stages: two 
in the originating end of a connection 
and two in the terminating end. 

1, The calling subscriber is connected to a 
sender for the purpose of registering the 
called number which is dialed. 

2. The subscriber sender is connected to 
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an originating marker and the marker 
selects the switch frames for establishing 
the connection to an outgoing trunk. 

3. The outgoing trunk circuit is connected 
to a sender in the terminating end to register 
the called number, 

4. The terminating sender is connected to 
a termmating marker and the marker selects 
the switch frames for establishing the con¬ 
nection to the called subscriber line. 

The first stage in the progress of a call 
is illustrated in figure 11. It will be seen 
that the line of a calling subscriber 
terminates on a vertical unit of a primary 
crossbar switdi located on a line-link 
switch frame. When the subscriber 
receiver is lifted from the telephone pre¬ 
paratory to dialing, a line relay is oper¬ 
ated, as in other systems, and the cir¬ 
cuits proceed with the establishment of 
the connection to an idle subscriber, 
sender which will register the called num¬ 
ber when it is dialed. 

The circuit functions on this stage of 
the call are as fdllows: 

1. The subscriber line is located by the 
"line link control'* circuit which is common 
to the line link frame, by a co-ori&ate 
method of testing. That is, the control cir¬ 
cuit determines the primary crossbar switdi 
in which the line is located and the par¬ 
ticular vertical unit in the switch on which 
the line is terminated. This operation is 
similar to the line-finder operation in other 
dial systems, except that the operation is 
accomplished by relay operations instead of 
by a mechanically trayding brush. 

2. The line-link control circuit then simul¬ 
taneously selects an idle line link between 
the primary switch in which the line appears, 
and a secondary switch on which a group of 
district junctors appears which has at least 
one idle district junctor in the group and 
which has access to idle senders and an idle 
sender link. 

3. This will bring into operation the 
common "sender link control" circuit of 
the sender-link switch frame to which the 


selected group of district junctors is con¬ 
nected. This control circuit will select an 
idle district junctor in this group which 
appears on a primary switch on the sender- 
link frame. There are ten sender Itnicg 
serving the sdected district junctor. These 
ten sender links and the ten sender groups 
to which they have access on the secondary 
switches are then tested simultaneously to 
find an idle sender link with access to a 
group of senders in which there are one or 
more idle senders. When this choice has 
been made an idle sender in the group is 
then selected, 

4. The two control circuits in co-operation 
with each other operate, first the selecting 
magnets and then the holding magnets as- 
somated with the paths selected on the 
switches of both the line-link and sender- 
link frames, and thereby establish the 
connection from the calling subscriber to an 
idle subscriber sender. 

This connection may be traced by refer¬ 
ring to figure 11, from the calling line on the 
vertical unit on a primary switch of the line- 
link frame, through a line link and a 
secondary switch, through a district junctor 
circuit, to a vertical unit on a primary 
switch of the sender-link frame, through a 
sender link and a secondary .switch to a 
subscriber sender which is connected to 
a horizontal circuit path on the secondary 
switch. 

5. The two control circuits are then re¬ 
leased and made available for use on other 
calls. The connections through the switches 
to the sender are held established by means 
of the holding magnets which are held 
operated over a signal control lead, called 
the "sleeve" lead, under control of the 
relays in the sender, which in turn are under 
control of the subscriber telephone. 

Upon completion of these operations 
which take but a fraction of a second the 
subscriber sender transmits the dial tone 
to the calling subscriber as an indication 
to dial the number. When the subscriber 
dials> electrical impulses are transmitted 
to the sender, which receives and registers 
them. When the sender has registered 
the office code, which in New York City ^ 


for example is contained in the first three 
digits dialed, the sender will connect 
itself to an idle originating marker by 
means of multicontact relays of a marker 
connector circuit. 

Before proceeding further it is desirable 
to mention several other functions of the 
two common control circuits used for 
setting up this part of the connection. 

1. The control circuits signal to the sender 
the class of the calling line, that is, for 
example, whether the line is a coin line or a 
noncoin line. 

2. The sender-link control circuit «igng.i<g 
to the sender the number of the district- 
link switch frame on which the selected 
district junctor appears, since this identifi¬ 
cation will be used later in the establishment 
of the coimection. 

3. The sender-link control circuit tests the 
circuit paths chosen from thei line circuit 
to the sender before disconnecting from the 
connection, in order to insure the proper 
establishment of the connection. In case 
of a failure the control circuits will make 
repeated trials to establish the connection 
over different paths and give an alarm to 
the maintenance force. 

4. Emergency control circuits are pro-’ 
vided for use in case the regular control 
circuits are removed from service for main¬ 
tenance reasons. 

The next stage in the progress of the 
call is illustrated in figure 12. In this 
stage of the call the principal control unit 
is the originating marker. Its major 
function is to control the switches in the 
establishment of the connection to an 
idle outgoing trunk circuit to the called 
office, which may terminate in a distant 
office or in the same office as the calling 
subscriber. 

When the subscriber sender connects 
to the originating marker through the 
coimector circuit, the sender transfers 
the called-office code indication and the 
district link frame identification'to the 
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marker circuit. The called-office code 
indication causes the operation of a 
“route** relay in the marker correspond¬ 
ing to the particular o£G.ce called. 

There are a number of route relays 
in each marker and one is assigned to 
each called office routing. The route 
relay is connected as required by the office 
code to which it is assigned, so that it 
will direct the marker to the trunks 
of tlie called office and to the office-link 
switch frame on which these trunks 
appear and indicate the number of 
trunks in the group. The route relay 
also is connected to determine the type 
of the called office, such as crossbar, 
panel, or manual, and to set up the cor¬ 
responding circuit conditions in the 
subscriber sender to enable the sender to 
handle the connection properly after the 
marker has been released. The con¬ 
nections of the route-relay contacts to 
the control relays in the marker are made 
flexible so as to permit the assignment 
of any route relay to any office code and 
to permit changes to be made from time 
to time in the route information, changes 
in trunk group sizes and location, changes 
in the type of terminating office, etc. 
The route relays and associated flexible 
connection facilities represent a con¬ 
siderable portion of the marker equip¬ 
ment, especially in large metropolitan 
offices where several hundred central 
offices are involved. 

When the route relay is operated, the 
marker proceeds with the establishment 
of the connection as follows: 

1. It connects to the office-link frame on 
which the trunks to the called office appear. 
This connection is made through the office- 
link frame connector circuit, one of which 
is provided for each office-link frame. 
Through this connector the marker is 
extended to the test leads of any desired 
trunk group on the office-link frame and to 
the crossbar switches of the frame. When 
so connected the marker has exclusive 


control of the trunks and switches of the 
frame and other markers which desire con¬ 
nection to the same frame are deprived of 
access until the connected marker releases. 

2. The marker next tests the outgoing 
trunks to the called office and selects an 
idle one. If, as determined from the route 
relay, the trunks are divided over more than 
one frame, the marker will connect to the 
second group of trunks on the second office- 
link frame in case the first group of trunks 
is found to be busy. 

3. The marker also connects by means of 
a connector circuit to the district-link frame 
associated with the district junctor to 
which the calling line is connected. The 
identification of this frame was obtained 
from the sender and the sender-link control 
circuit as previously mentioned. Through 
the connector circuit of the district-link 
frame the marker is extended to the control 
leads of the district junctor circuit and the 
crossbar switches of the district-link frame. 
As in the case of the office-link frame, only 
one marker is connected to a frame at a time. 

4. The marker after selecting an idle 
trunk circuit which appears in a horizontal 
circuit path on one of the secondary switches 
of the office-link frame, then proceeds with 
the selection of an idle channel through the 
switches of the two switch frames. A 
number of these connecting channels is 
provided between the district junctor and 
the outgoing trunk. Bach chaimel consists 
of a ‘‘district link'* on the district-link 
frame, of an “office link” on the office-link 
frame, and an “office junctor” connecting 
the district-link frame to the office-link 
frame. The marker tests a group of these 
channels simultaneously and selects an idle 
one. It then operates the switch magnets 
which will connect these three paths of a 
channel, and the district junctor and the 
outgoing trunk together, thereby establish¬ 
ing a connection from the district junctor 
to the outgoing trunk. 

5. When the marker has completed this 
operation it checks the coimection to insure 
that it has been properly established and 
that it is capable of being held under 
control of the district junctor, before 
releasing itself from the connection. 

6 . The marker performs these functions 
in approximately 0.5 second then releases 
and becomes available for use on other calls. 


It will be observed that the three 1 tTiV »^ 
involved in establishing the connections 
between the district junctors and the 
outgoing trunks are used in series and 
are chosen simultaneously. Generally 
in other systems the establishment of a 
connection involving three such paths, 
is made in three successive stages with 
a possibility that after a selection has 
been made at one stage it will be found 
that the paths accessible to it are all 
busy and, therefore, the connection can¬ 
not be completed. 

Before describing the next stage in the 
establishment of a call, it is desirable to 
point out other features and functions of 
the originating marker. 

1. The marker permits wide variations 
in the sizes of trunk groups, permitting 
trunk groups as small as two and as large 
groups as may be required. This makes 
for an efficient use of the office-link frame 
terminals and thereby tends to reduce the 
office-link frame equipment. 

2. The marker makes a second trial to 
establish connections over alternate trunk 
routes in case calls caimot be completed 
over the normally used groups because of 
busy conditions. 

3. The marker makes a continuity test of 
the circuits over which the switches are 
controlled and tests them for short circuits, 
crosses, and open and grounded circuits 
which would interfere with the proper 
establishment of a call and where troubles 
are detected, it signals this condition to a 
common “trouble indicator** where an 
indication of the trouble and its location 
is recorded and a maintenance alarm given. 
The call is then completed over another 
group of circuits. 

The first stage in the progress of the 
call through the terminating end of a 
crossbar office is illustrated in figure 13. 

It consists of comecting the incoming 
end of the selected trunk to a terminating 
sender for the purpose of receiving the 
number of the called line from the sub¬ 
scriber sender. 


188 Transactions 


SctiddeVy Reynolds—Crossbar Switching System 


Electrical Engineering 












Figure 15. Completed talking connection 


When the incoming trunk is selected 
by the originating end of the office equip¬ 
ment, the ‘'sender link contror' circuit 
associated with the terminating sender- 
link frame on which the incoming trunk 
appears, is called into action. The con¬ 
trol circuit then proceeds with the follow¬ 
ing functions: 

1. To locate the incoming trunk circuit, 
which appears on one of the ten horizontal 
paths of a primary switch. 

2. It selects an idle sender linlc between 
this primary switch and a secondary switch 
on which there is an idle terminating sender. 

3. The control circuit selects one of the 
idle terminating senders reached through 
the s^ondary switch and then operates the 
selecting and holding magnets associated 
with the selected circuits, which will 


establish, the connection from the incoming 
trunk to the terminating sender. 

4. The control circuit will signal to the 
terminating sender the number of the 
incoming-link frame in which the incoming 
trunk appears. This frame identification 
will be used later in establishing the connec¬ 
tion to the called line. 

6 . The control circuit will then disconnect 
after checking to insure that the connection 
to the sender has been properly established 
and that it will be held under control of the 
trunk and sender circuits after the control 
circuit leaves the connection. 

As soon as this operation has been com¬ 
pleted, which takes but a fraction of a 
second, the terminating sender will be in 
direct connection with the subscriber 
sender in the originating end of the con¬ 
nection. This path may be traced, by 
referring to figure 13, from the sub¬ 
scriber sender through the sender-link 
frame, through the district junctor, 
through the district-link and office-link 
frames, over the outgoing trunk to the 


incoming trunk, and through the ter¬ 
minating sender-link frame to the ter¬ 
minating sender. 

At this stage of the connection the 
calling subscriber is still connected with 
the subscriber sender, and dialing may 
be still in progress. As the subscriber 
proceeds with the dialing of tlie digits of 
the called number, the subscriber sender 
will transfer them to the terminating 
sender. This is done by means of impulses 
transmitted over the circuit paths be¬ 
tween the two senders. When the sub¬ 
scriber sender has completed the trans¬ 
fer of the called number to the terminat¬ 
ing sender, the subscriber sender will be 
released and the calling line will then be 
connected through the district junctor 
to the incoming trunk. 

When the terminating s^der has 
secured the record of the called line 
number, the sender then connects to an 
idle terminating marker by means of 
multicontact relays of a connector cir¬ 
cuit. 

The next stage in the progress of the 
call is shown in figure 14. The terminat¬ 
ing marker is the principal control unit 
at this point in the coimection. Its 
principal function is to provide means 
for establishing the connection from the 
incoming trunk to the called subscriber 
line. 

When the terminating sender has con¬ 
nected to the terminating marker, the 
sender will transfer botli the called 
line number and the incoming-link frame 
identification to the marker. The ter¬ 
minating marker then proceeds to estab¬ 
lish the connection to the called line as 
follows: 

1. It connects itself to the particular 
'^number group connector” circuit induding 
the “block relay” frame in which the called 
line appears in its numerical sequence. All 
subscriber lines are provided with a set of 
three test terminals which appear on the 
block-relay frame. These terminals cor¬ 
respond to the directory number of the 
subscriber line. A number group connector 
generally has access to the test terminals 
of sevetd hundred line numbers depending 
on the terminating traffic to the lines. 

2. The marker will obtain a connection 
through the number group connector to 
the busy-test terminal of the particular 
called line and determine whether the line 
is busy or idle, 

3. It will determine from the two other 
test terminals, the identification of the 


Figure 16. Line-link frame 
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line-link frame where the Ime ap¬ 

pears, and the horizontal group of line 
links wHch has access to the called line. 
In addition, it determines the t 3 ^e of 
ringing to be applied to the called line from 
the circuit conditions on the test terminal. 

4. Assuming that the called line is idle, 
the marker will connect, through the line- 
choice connector circuit, to the line-link 
frame and to the ten line links which have 
access to the called line. 

5. It will then connect, through the con¬ 
nector circuit, to the incoming-link frame 
associated with the incoming trunk to 
which the calling subscriber line is now 
coxmected. The incoming-link frame iden¬ 
tification was obtained from the sender- 
link control circuit through the sender as 
previously mentioned. 

6. The marker will then select an idle 
channel through the incoming-link and line- 
link frames as previously described. This 
channel will consist of an "incoming link,” 
a "line junctor," and a "line link" all to be 
connected in series. The marker then 
operates the proper selecting and holding 
magnets of the crossbar switches in each 
frame which establishes the connection 
from the incoming trunk to the called sub¬ 
scriber line. 

7. The marker will then cause the in¬ 
coming trunk to start the proper ringing over 
the called subscriber line and to transmit 
the ringing-tone signal over the trunk to the 
calling subscriber. 

8. At this point the terminating marker 
and the terminating sender will have com¬ 


pleted their ’ functions and, together with 
the terminating sender-link frame, will be 
released. The complete connection will 
then be established from the calling line 
to the called line and the conversational 
circuit completed when the called sub¬ 
scriber answers. 

If the terminating marker finds the 
called line busy it will cause the incoming 
trunk circuit to transmit a busy tone to 
the called subscriber. 

The terminating marker has the follow¬ 
ing other important functions: 

1. If the call is for a private branch 
exchange (JPBX) the condition on one of 
the test terminals of the called line in the 
number group connector will inform the 
marker that the line is one of a group of 
lines. The inarker will test all of the 
in the group, testing up to as many as 20 
simultaneously, and will select an idle one. 
The lines of a private branch exchange may 
be assigned to nonconsecutive numbers 
within the usual 10,000 series, and with the 
exception of the numbers dialed, they may 
be assigned to line numbers in a special 
group of 2,600 outside of the 10,000 series. 
These features reduce the necessity for 
number changes due to the growth of private 
branch exchanges, and conserve subscriber 
line numbers in the office. The lines of a 
private branch exchange group can be 
distributed over several line-link frames and 
over two number-group connectors to 
equalize the terminating traffic load in the 
case of busy private branch exchanges. 



2. The marker recognizes numbers dialed 
which are unassigned, disconnected, or 
changed numbers, and automatically routes 
such calls to an operator who will inform 
the calling subscribers as to the status of 
the numbers called. 

3. In. case the called number is on a party 
line, the marker determines from one of the 
test terminals which station of the line is 
to be rung, and signals the incoming trunk 
to provide the proper ringing. 

4. The marker tests the continuity of the 
circuit paths to be used to the called line 
before establishing the connection, to 
insure that the connection is properly set 
up and that it will be held under control of 
the subscriber telephone after the marker 
disconnects. The marker also tests for 
short circuits, crosses, and grounds, and in 
case of a failure due to any inoperative 
condition it will connect itself to the 
common trouble indicator and leave a rec¬ 
ord of the trouble and its location and 
give an alarm to the maintenance force. 

Figure 16 shows the complete talking 
connection through the various trunks 
and switcli frames as finally established 
after all of the common control circuits 
have been released. 

On a call to a subscriber served by a 
panel dial office, the connection is 


Figure 17. Three frame assembly of district- 
junctor, district-link, and sender-llnk frames 
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Fisure 18. Sender frames 

routed tlirough the district-link and the 
office-link frames in the same manner as 
on a call terminating in a crossbar office, 
but in this case the idle trunk chosen 
on the office-link frame terminates in an 
incoming panel switch in the distant panel 
dial office. The subscriber sender of the 
crossbar office causes the incoming and 
final selectors in the terminating panel 
office to select the called subscriber Hne 
without the aid of any terminating 
senders in either office. When the sub¬ 
scriber sender has completed these 
functions it will be released and the con¬ 
nection will be established from the 
calling line over the interoffice trunk 
circuit and through the terminating 
panel incoming and final selectors to the 
called line. On this type of call the sub¬ 
scriber sender operates in the same man¬ 
ner as though the called line were in a 
crossbar office, and the selectors in the 
panel office operate in the same manner 
as though the call had originated in 
another panel office. No changes are 
required in the panel selectors to function 
with the crossbar office. 

On a call for a subscriber in a manual 
office, the call would be routed through 
the switches of the district-link and the 
office-link frames as previously described 
and connected to a trunk circuit on the 
office-link frame which terminates in the 
B switchboard in the manual office. The 
subscriber sender of the crossbar office 
then transfers the called number by 
impulses transmitted over the interoffice 


trunk circuit to the operator's position 
equipment in the nianual office. The 
called number appears in the form of 
visible numbers on the operator's key- 
shelf. The operator completes the con¬ 
nection by “plugging" the associated 
trunk circuit, which terminates on a cord 
and plug, into the called subscriber line 
jack. 

A call originating in a panel dial office 
for a subscriber line in a crossbar office 
readies the crossbar office through an in¬ 
coming trunk circuit as in the case where 
the call originated in a crossbar office. 
The call from the panel office is then 
handled by the crossbar office terminating 
sender and marker in exactly the same 
manner as described for calls originating 
in the same crossbar office. 

A call originating in a manual office 
for a line connected to the crossbar office 
reaches the crossbar office over an incom¬ 
ing trunk circuit from an A operator's 
position in the manual office. These 
incoming trunks in the crossbar office are 
similar to the incoming trunks previously 
described. In this case, however, the 
incoming trunk is connected to a ter¬ 
minating B sender and by means of this 
sender to a .B board operator in the cross¬ 
bar office. The B operator will obtain 
the called number verbally from the 
distant A operator and then, by means of 
the keyset on her position, register the 
called number in the terminating sender. 
The terminating sender will then select 
a terminating marker and the connection 
will be established in exactly the same 
manner as described for a call originating 
in a crossbar office. 

Maintenance Facilities 

Automatic routine testing drcuits are 
provided for testing all the principal 
circuit units, such as the district junctors, 
incoming trunks, and senders. These 
test circuits automatically put each cir¬ 
cuit, one after the other, through all of 
its functions on all classes of calls to 
insure that it performs satisfactorily. It 
tests the important relays of the circuits 
to insure that they have the proper 
adjustment to handle the worst circuit 
conditions. In case any circuit fails to 
meet the test conditions, the test is 
stopped and an alarm given to the main¬ 
tenance force. 

Trouble indicator circuits are provided 
for use in connection with the test and 
maintenance of the marker circuits. 
These circuits are arranged so that when 
trouble is encountered by a marker, the 
marker will seize the trouble indicator 
and operate combinations of relays and 
light small lamps which indicate the 



Figure 19. Originating marker frame 

nature and the location of the failure 
and give an alarm to the maintenance 
force. 

Equipment 

Figure 16 shows a typical switch frame 
used in the crossbar system. This par¬ 
ticular frame is a ^‘line link” frame which 
serves a group of subscribers for both 
originating and terminating traffic. The 
frameworks on which the equipment is 
mounted are constructed of rolled bulb 
angle-iron sections with a sheet-metal 
base. The bulb angle construction pro¬ 
vides a framework which is light in 
weight and has the required strength, and 
permits an equipment mounting arrange¬ 
ment which conserves space and facili¬ 
tates the wiring of the apparatus. The 
frames are welded and incorporate such 
features as sanitary base construction, 
guards to protect the apparatus and 
wiring against damage from the rolling 
ladders located between the rows of 
frames, and a cable duct or runway for 
the a-c power service cables with plug 
receptacle outlets for use with electric 
soldering irons, portable lights, etc. 

These frame equipments are built in 
standardized units, which provide the 
required flexibility to satisfy the varia¬ 
tions in tdephone traffic and classes of 
service encountered in the different 
telephone areas. Where it has been 
necessary to divide an equipment as¬ 
sembly into several units, due to the 
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limitations of handling, shipping, and to 
care for different classes of service, the 
equipments have been designed so that 
the installation effort required for inter- 
connecting such units been reduced 
to a minimum. 

The bays of equipment located at the 
right, in figure 16, equipped with cross¬ 
bar switches, are the primary line-link 
bays. The vertical units of these cross¬ 
bar switches are wired to the subscriber 
lines. These primary bays are made 
available in units of 100 and 200 line 
capacities. As discussed previously the 
number of primary bays provided in a 
line-link frame may be varied to fit the 
traffic load of the subscriber lines. The 
left-hand bay of this frame contains the 
vertical file of crossbar switches, known 
as the secondary switches and the vertical 
units of these switches are wired to dis¬ 
trict junctors and line junctors. The 
line-link control circuit apparatus, which 
is common to the frame, is located at the 
bottom of this bay. 

Figure 17 shows a group of three frame 
units, namely, the subscriber sender link, 
the district junctor, and the district-link 
frames, which are closely associated in 
the trunking network and have been de¬ 
signed as a fixed equipment group. How¬ 
ever, for shipping reasons the group is 
divided into three separate equipment 
umts. The district-junctor circuits, con¬ 
sisting primarily of relays, are mounted 
in groups on the middle frame. These 
groups are provided in standardized 
units of various t 3 q)es, such as those 
required to serve coin and noncoin sub¬ 
scriber lines. A similar arrangement 
of fr^es is used for the combination of 
terminating sender link, the incoming 
trunk, and the incoming-link frames. 

Figure 18 shows a row of subscriber 
sender frames and a frame of A operator 
senders located at the extreme right. 
These frames accommodate five senders 
which may be of one type, or a combina¬ 
tion of both types. The crossbar switch 
shown on the right of each subscriber 


sender unit, is a part of the sender 
circuit and is employed for the purpose of 
registering the called numbers dialed 
by the subscribers. The A operator 
senders are associated with the A opera¬ 
tor switchboard equipment and are used 
for the completion of certain classes of 
calls such as toll and assistance calls. 

A view of the originating marker frame 
is shown in figure 19. There vdll be a 



Figure 20, Battery supply feeders, power 
wiring^ fusing, etc. 


variation in the equipment on this frame 
for different cities due to the variation 
in the number of route relays required, 
the number depending upon the number 
of central-office codes that may be 
dialed by subscribers and operators. 
This variable feature is cared for by 
providing the route relay equipment in 
bays of 100 codes as shown in the right- 
hand bay. The terminal fields shown be¬ 
low the route relays on the frame provide 
the flexible connecting facilities which 
permit the use of any route relay for any 
office code and which readily permit 


changes in routings, variations in trunk 
group sizes, and other features which are 
subject to change from time to time. 

The power-plant equipment provided 
for the crossbar offices is similar to the 
equipment now being furnished for all 
large dial central offices. The principal 
power supply arrangements provide 48- 
volt direct current for the operation of 
practically all the signaling and the 
telephone transmission circuits. Also 
several other sources of direct current 
are provided for miscellaneous purposes 
as in other standard dial systems. A 
new distribution scheme for the battery 
feeders on the frames is employed which 
reduces the amount of copper required. 
A common set of 48-volt battery feeders 
supplies the signaling and talking current 
for all frames. Individual frame filters 
are connected across the battery supply 
leads at the frames where a noise-free 
battery supply is required for talking 
circuits. Figure 20 shows a view of the 
overhead battery cables, conduits for 
the a-c power leads, and the fuse cabinets 
for the fusing of the battery supply to a 
row of frames. 

Application 

As mentioned in the first part of this 
paper, two crossbar dial central offices 
were cut into service in 1938 and these 
have now been in commercial operation 
for several months. One of these offices 
serves a residential area in Brooklyn, 
while the other serves a congested busi¬ 
ness area in the midtown Manhattan 
(Kstrict of New York City. The opera¬ 
tion of these offices under actual service 
conditions has been highly satisfactory 
and our expectations in regard to per¬ 
formance have been fully realized. 

This type of system will be used for 
new offices in large cities instead of the 
panel system as rapidly as manufacturing 
and plant conditions permit and the ap¬ 
paratus which was designed for this 
system will be used in other fields of the 
t^ephone system. 
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Breakdown Studies in Compressed Gases 

By ALVIN H. HOWELL 

ASSOCIATE AIEE 


T he superior dielectric strength of 
compressed gases, their low dielectric 
loss, their low dielectric constant, their 
low cost, and the fact that they are self- 
healing make them very promising insu¬ 
lating media. Compressed-gas insulation 
has been used in precision condensers 
where low dielectric loss is essential; it 
has been tried in other types of equip¬ 
ment such as transformers; it has been 
suggested for electric power cables where 
the low dielectric constant is of consider¬ 
able importance; and recently it has 
found interesting and important applica¬ 
tion in. the production of veiy high volt¬ 
ages by electrostatic means for use in X 
ray and nuclear physics work. 

While several investigations of the in¬ 
sulating properties of compressed gases 
have been made, nearly all of them have 
dealt with small total voltages and were 
made under conditions very different 
from those that would obtain in a prac¬ 
tical application. The present work out¬ 
lines the scope of former studies, gives an 
introduction to the physics of breakdown , 
in gases, and presents experimental data 
for gas pressures, principally air, up to 
600 pounds per square inch and direct 
voltages up to 450,000 volts. The re¬ 
sults have been analyzed in the light of 
existing theories, and new evidence is 
presented to support the modifications 
in theory that are suggested. 

Experimental Aspects 

Spark-over or breakdown between a 
pair of electrodes immersed in a gas will 
occur at a voltage which is, at ordinary 
temperatures, determined primarily by 
the gas pressure, the electrode separation, 
the electrode configuration, the nature of 
the gas, and the nature of the applied 
voltage, particularly its rate of increase. 

Paper number 39-10, recommended by the AIBB 
committee on research and presented at the AIBB 
winter convention, New York, N. Y., January 
23-27, 1939. Manuscript submitted August 5, 
1938; made available for preprinting November 
20,1938. 

Alvin H. Howbll is research assistant at Massa^ 
chusetts Institute of Technology, Cambridge. 
This paper is based on a theris submitted in partial 
fulfillment of the requirements for the degree of 
doctor of science at MIT in 1038. 

* In reality W. S, Harris** discovered the Paschen 
relationship in 1834, more than a half century 
before Paschen*s publication. This is the more 
remarkable because absolute potential measure¬ 
ments could not be made until 1860. Harris 
therefore states his results in terms of the charge 
on a condenser of fixed capacity; for this case 
charge and voltage are proportional. 


The effect of pressure and electrode sepa¬ 
ration on the sparking voltage is given by 
Paschen's law,* which states that for a 
given gas and a uniform field the sparking 
voltage is a function of the product of the 
electrode separation and the pressure; 
the more general similarity law holds for 
electrodes which give nonuniform fields. 

The curve in figure 1 shows the relation¬ 
ship between the sparking voltage for air 
and the product of the pressure and the 
electrode separation. The minimum ex¬ 
hibited by the curve may be considered 
to separate the region of vacuum break¬ 
down from that of pressure breakdown. 
It will be observed that no uniform air 
gap can have a sparking voltage less than 
350 volts. In the region of pressure 
breakdown the sparking voltage rises 
steadily as the product of the pressure 
and^^the electrode separation is increased. 



Figure 1. Breakdown voltages for air—the 
Paschen relationship (from Schumann^*) 


Since pressures below atmospheric were 
used in the experiments which led to the 
formulation of Paschen’s law, the curve 
in figure 1 has to be restricted with regard 
to pressure. The numerous tests which 
have been made at higher pressures, sum¬ 
marized in table I, have shown that data 
for pressures above a certain value, pos¬ 
sibly ten atmospheres, cannot be repre¬ 
sented by a single curve. 

As figure 1 shows, large sparking volt¬ 
ages occur only when the product of 
pressure and electrode separation is large. 
Table I shows that in this region only a 
few measurements have been made, and 


they are for alternating voltages. The 
present work is aimed in the same direc¬ 
tion but with direct potentials which, of 
course, permit a study of the effect of 
polarity. 

With one exception the measurements 
presented in this paper have been made 
in air with gauge presstures up to 600 
pounds per square inch and voltages up 
to a maximum of 450,000 volts. These 



Rgure 2. Current flow before the initial 
discharge 


studies have been made with uniform 
fields, needle point to plane, and con¬ 
centric-cylinder electrode arrangements, 
.Uniform fields were used because they 
are of general interest and they permit a 
proper comparison with the results of 
others. The needle-point-to-plane ar¬ 
rangement was selected in order to de¬ 
termine the effect of pressiure on the cur- 
rent-voltage characteristic of such points. 
This information is of interest to those 
operating Van de Graaff generators in 
compressed air. The cylindrical dec- 
trodes are also of general interest. Only 
cylindrical arrangements having a ratio 
of cylinder diameters approximately equal 
to € w^ used. This ratio produces, for 
a given outside dianieter of cylinder and 
a fixed voltage between cylinders, the 
smallest gradient at the surface of the 
inner conductor. 

The current flowing through the gas 
prior to sparking was studied for the uni¬ 
form fields and the cylinders as well as 
for the point-to-plane configuration. This 
feature of the work, measurement of cur¬ 
rent above atmospheric pressure, has not 
been reported by other workers in this 
field. 

Theoretical Background 

In order to introduce the theoretical 
side of the breakdown picture, let the 
current-voltage characteristic for a pair 
of plane electrodes be considered. Figure 
2 shows that the current first rises in 
proportion to the voltage at low voltages, 
then reaches a constant or saturation 
value (perhaps 10“^* amperes with the 
equipment used in the present experi- 
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ments and maximum pressure), and later 
increases rapidly as the breakdown volt¬ 
age is approached* When this limiting 
voltage is reached a new equilibrium con¬ 
dition is set up which is determined by 
the experimental system, but which is 
characterized by much larger values of 


current. The new equilibrium condition 
may be a glow (or some related discharge 
such as a brush or corona) or it may be 
an arc. In cases where the glow appears 
first an arc will appear at a still higher 
voltage. In the discussion that follows 
the term initial discharge is used to desig¬ 


nate the first discharge that appears, and 
the voltage at which this occurs is called 
the ignition voltage or the initial voltage. 
The term breakdown voltage is used 
synonymously with sparking voltage to 
designate the voltage at which the initial 
discharge transfers to an arc. 


T«bk I. Index to Former Studies of Breakdown at Pressures Above Atmospheric 


I 


tH 



I 


•d 


I 


Wolf.60.. 1889.. 

Wolf.60.. 1889.. 

Hemptinne.26. .1902.. 

Hemptinne.26. .1902.. 

Hemptinne.26.. 1902.. 


Ryan.44.. 1904.. 100 

Ryan.44.. 1904.. 62 

Ekem. 6.. 1904.. 102 

Ekcm. 6.. 1904.. 42 

Ryan.42.. 1906.. 49 


6 .. 

6.. 

1 mm. 

1 mm. 

19 

9 .. 

9.. 

1 mm. 

1 mm. 

19 

60 .. 

60., 

(a) 

(a) 

. .6.6 max 

50 .. 

50.. 

ic) 

. ic) 

. .6.4 max, 

80 .. 

80.. 

(«) , . 

. ic) 

. .4.6 max, 


1 100. *0.166-0.25 in.*. 0.26 in. .. 60 max.. .a-c.. 
624.0.08 —0.26 in... 0.26in. .. 58 max...a-c.. 
102.. 0.1—0.8in. •• 0.3 in. .. 43 max...a-c.. 
42.. 0.2 in. ., 0.2 in. .. 60 max.. .a-c.. 

49.; 0.096 in. .. 0.096 in.. .110 max., .a-c.. 


. .d-c. .Air, Oj, N*, CO 2 . .Spherical segments (10 cm. diameter) 
..d-c.. . . 


Guye and Guye. 

Guye and Guye. 

Guye and Guye. 

Fessenden. 


Ceruti. 


.15..1906.. 

.16..1906,. 

..15..1905.. 


4..1909, 


Wien...49. .1909. 

Hayoshi... 


Hayashi. 

Hayashi. 

Hayashi.. 

Guye and Stancescu. 

Guye and Mercier. 

Guye and Mercier... 

Guye and Mercier. 

Guye and Mercier. 

Hammershaixnb and Mercier.. 


..26,.1914.. 

..26..1914.. 
..26..1914.. 
..25..1914.. 
.19..1917.. 
,.16,,1920.. 


.16..1920..23.I 
.16..1920..34.9 
.23..1921.. !♦. 


86 . 

. 86. 

. <>-0.2 mm. 

. <^0.2 mm. 

63 . 

. 63. 

* <^0,2 mm. 

. *^0.2 mm. 

53 . 

. 68. 

. M).2 mm. 

. *^0,2 mm 

12 . 

. 12. 

. 0.083 in. 

.0.083 in. 

102 . 

1.6. 

* 0.1—6.8 mm. 

.0.1 mm. 

40 . 

25.. 0.03—0.22 mm.. 

.0.156 mm. 

60 . 

80. 

.0.03-0.22 mm.. 

.0.125 mm. 

15 . 

16. 

ic) 

* ic) 

21 .. 

21. 

8 mm. 

3 mm. 

70 .. 

70. 

.0.62—1.82 mm.. 

. 1.82 mm.. 

70 .. 

60..0.62-1.82 mm.* 

. 1.08 mm.. 

30 .. 

30. 

0.58 mm. 

. 0.58 mm.. 

70 .. 

70. 

0.65 mm. 

. 0.65 mm.. 

63 .. 

16. 

0,34—2.24 mm.. 

. 0.34 mm.. 

26 .. 

4.1., 

0.6-5 mm. . 

. 0.5 mm. . 

4.1 .. 

4.1.. 

5 mm. 

5 mm. . 


.23.1. 
.34.9.. 
. 1 .. 


1 mm. 
0.5 mm. 
0.6-6 mm. 


Hammershaimb and Mercier... .23.. 1921.. 4*.. 4.. 0.6-4.5 mm. 


Hammershaimb and Mef<^er... .23. .1921.. lO’i*. 
Hammershaimb and Mercier... .23.. 1921 50 . 
Hammershaimb and Mercier... .23.. 1921.. 66 . 

Hammershaimb and Mercier... .23.. 1921.. 60 . 

Guye and Mercier.. 17.. 1922.. 51 . 

Hammershaimb.22.. 1923.. 60 . 

Guye and Weigle.20.. 1923.. 22 . 

Guye and Weigle...20.. 1923.. 43 . 

Guye and Weigle...20.. 1923... 38 . 

Guye, Mercier, and Weigle.18.. 1925.. 40 .. 


10 0.5—2.6 mm . 


1 mm. 

. 0.5 mm. 
6 mm. 

4.5 mm. 

2.5 mm. 


19 

12 

19 

> 40 max. 
(b) 

13.5 

24.6 

ic) 

48 max. 

117 

110 

41 

70 

35 

54 

53 , 

52 , 

43 
18 


H 2 . .Spherical segments (10 cm. diameter) 

N 2 Platinum wires (0.2 mm. diameter) 

CO 2 , O 2 ,. Platinum wires (0.2 mm. diameter) 

H 2 ‘.. Platinum wires (0.2 mm. diameter) 

Air . .Sewing needles (point-point) 

CO 2 .. Sewing needles (point-point) 

Air . .Sewing needles (point-point) 

Air . .Various kinds of points 

CO 2 . .Aluminum wires (0.09375 in. diameter) 
rounded ends 

Air, N 2 , O 2 .. Platinum wires (1 mm. diameter) 

H 2 .. Platinum wires (1 mm. diameter) 

CO 2 .. Platinum wires (1 mm. diameter) 

Air .. Flat plate condenser. [First applica¬ 
tion of compressed gas.] 

Air .. Planes (4 cm. diameter) 

Air . .Gold plated spheres (16 mm. diameter) 
Air .. Platinum plated spheres (16 mm. 

diameter) 

Air ..Spheres (0.3176, 0.636, 2.,54 cm. di¬ 
ameter) 

Air, CO 2 .. Condenser (6 concentric cylindrical 
plates) 

Air, N 2 . .Magnesium spheres (1 cm. diameter) 

CO 2 . .Magnesium spheres (1 cm. diameter) 

d-c..N 2 andH 2 mixed. .Gold spheres (1 cm. diameter) 

(d) ., Gold spheres (1 cm. diameter) 

CO 2 ,. Gold plates (14 mm, diameter) 

CO 2 . .Planes (46 mm. diameter) 

. Calottes (150 mm. radius of curvature) 

. Calottes (30 mm. radius of curvature) 

.. Calottes (15 mm. radius of curvature) 
..13 sets of electrodes ranging from 
points to planes 
.9 sets of eledtrodes 


.d-c.. 
.d-c.. 
.d-c.. 
.a-c.. 

..d-c.. 

.. d-c.. 
..d-c.. 

. .d-c.. 

>.a-c.. 

.d-c.. 

.d-c.. 


.d-c.. 
.d-c.. 
.d-c.. 


,. d-c., 

, .d-c.. 
. .d-c.. 
. .d-c.. 

.d-c.. 


Palm..... 

Palm. 

Goodlet, Bdwards, and Perry. 

Reher. 

Reher.. 


.84..1926.. 15 
.34..1926.. 15 
.14..1930.. 5 
.88..1931.. 26 
.38..1931.. 28 


BOlsterli.. 1..1931.. 17’>. 

Bdlsterli. 1..1931.. 20 . 


BOlsterli..... 1..1931. 


20 .. 


Zeicr.51..1932.. 116 .. 

Zeier.61.. 1932.. 48 .. 

Zeicr.61.. 1982.. 48 .. 


1. 

• 0.5-5 mtTt 

.. 0.5 mm. 

1 

0.6—6 mm, 

.. 0.5 mm. 

1. 

0.6-6 mm. 

.. 0,6 mm. 

6.5. 

0.5-5 mm. 

.. 0.5 mm. 

10. 

0.5-2.5 tntn 

.. 0.5 mm. 

22 

0.6 mm. 

.. 0.5 mtn. 

23, 

0.6-1 mm. 

.. 0.5 mm. 

20., 

0.6-1 mm. 

.. 0.5 mm. 

6.. 

0.6-6 mm. 

.. 0.5 nun. 

16.. 

2-8 mm. 

.. 8 mm. 

15.. 

2—8 mm. 

8 mm. 

6.. 

0-10 cm. 

.. 10 cm. 

2.. 

1-18 mm. 

2 mm. 

10.. 

0.6-4 mm. 

.. 2 mm. 

17.. 

0—6 cm. 

.« 6 cm. 

20.. 

3.2 mm. 

.. 3.2 mm. 

20.. 

3.2 mm. 

•. 3.2 mm. 

6.. 

0.1-5 mm. 

.. 0.4 mm. , 

6.. 

0.2-5 mm. 

.. 0.6 mm. . 

48.. 

0.8-0.6 mm. 

.. 0.5 mm. . 


69 . ,d-c. 

69 ..d-c. 

75 ..d-c. 

80 ..d-c. 

62 ..d-c. 

80 ..d-c. 

24 ..d-c. 
54 ..d-c. 

60 ..d-c. 

66 ..d-c, 

220 max.. .a-c.. 
255 max...a-c.. 
100 eff ..a-c.. 
110 eff ..a-c.. 
105 eff ..a-c.. 

200 eff .,a-c.. 
60 eff .. a-c.. 

.. 13 eff ..a-c.. 

100 ..d-c.. 

80 ..d-c.. 

70 ..ii-c.. 


CO 2 

CO 2 

CO 2 

Nt 

N2 . 

N 2 

N2 

Na 

Na ' 
CO 2 

Na 

CO 2 

COa 

Na 

COa 

Na 

COa 

Air 

Air 

Air 

Na 

Na, COa 

He 

Air 

Air 

Air 


.. 8 sets of electrodes 
. .Spherical segments (16 mm. diameter) 
.. Planes (10 mm. diameter) 

.. Planes (45 mm. diameter) 

. .Spherical segments (16 mm. diameter) 

. .Spherical segments (16 mm. diameter) 
. .Spherical segments (15 mm. diameter) 
. .Spherical segments (16 mm. diameter) 
. .Spherical segments (16 mm. diameter) 
.. Spherical segments (16 mm, diameter) 

.. Planes (103 mm. diameter) 

.. Planes (108 mm. diameter) 

. .Rods (V* in. diameter), rounded ends 
. .Planes (about 6 to 8 in. diameter) 

. .Spheres (16 mm. diameter) 

.. Needle gap 

..Concentric cylinders (26.4 and 31.8 
mm. diameter) 

..Concentric cylinders (26.4 and 31.8 
mm. diameter) 

> .Spheres (15 mm. diameter) 

.Spherical segments (300 mm, diameter) 

.Sphere (2 mm. diameter)—segment 
(300 mm. diaineter) 


* tm constant at value stated, 
(o) Very small; not specified. 
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W Arbitrary oaita. (e) Results show gradients as a lunctioa ot pressure, (d) Air, Ns. O., CO., H,. and ifluminatiag gas. 
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To understand the behavior of the cur¬ 
rent it is necessary to know that nor¬ 
mally cosmic rays, radioactive radiations, 
and photoelectric action are constantly 
producing ions and electrons in the gas, 
at the electrodes, and at the walls of the 
container if there are any. At low volt¬ 


ages the current is produced by the move¬ 
ment of these charge carriers, under the 
action of the electric field, to the elec¬ 
trodes. The satmation condition is 
reached when the charge carriers arrive 
at the electrodes at the same rate as that 
at which they are produced by the causes 


mentioned above, allowing of course for 
such effects as recombination. The cur¬ 
rent rises above the saturation value 
when the electric field is able to cause a 
multipl 3 ang of the charge carriers in the 
gas and at the electrodes. This multi¬ 
plying action increases rapidly with 


Tabic I (Continued). Index to Former Studies of Breakdown at Pressures Above Atmospheric 
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2eier.61.. 1932.. 116 .. 


2eler...51.. 1932 

Zeier.61.. 1932 

Zeier.61.. 1932 


0.2-4 mm. .. 0.6 mm. 


48. 0.8 mm. 


61.. 1932.. 29 . 1.2 mm. 

61.. 1932., 48 .. 48.. 0.3-0.5 mm. 0.5 mm. 


Palm...33.. 1934. 


Goldman and Wul. 

Goldman and Wul. 

Goldman and Wul. 

Goldman and Wul. 

Goldman and Wul. 

Goldman and Wul. 

Goldman and Wul. 

Goldman and Wtil. 

Goldman and Wul. 

Goldman and Wul. 

Goldman and Wul. 


...12..1934.. 17 

...12..1934.. 17 

...12..1934.. 17 

...12..1934.. 17 

...12..1934.. 17 

...13..1936.. 25 

...13..1935.. 25 

...13..1935.. 26 

»..13..1935.. 31 
...13..1936.. 31 

...13..1936.. XJ 


Finkelmann.11.. 1937., 20 .. 

Finkelmann.11,. 1987.. 19 .. 

Finkelmann.11.. 1937.. 21 .. 

Finkelmann.11., 1937.. 11 .. 

Finkelmann... 11.. 1937.. 16 .. 

Finkelmann..11.,1937.. 8 .. 

Finkelmann.11., 1987.. 13 .. 

Finkelmann...11.. 1937.. 6 .. 

Finkelmann.....11. .1937.. 10 .. 

Kodine and Herb.. .40.. 1937., 6 .. 

Hudson, Hoisington, andRoyt, .29.. 1937.. 7 .. 

Hudson, Hoisington, undRoyt. .29.. 1937.. 7 .« 


56.5 . 
48 . 

. 6.. 

0.2-4 mm. 

a. 0.6 mm. 

90 ..d-c.. 

76 . ,d-c 

COi 

CO# 

48 . 

. 6.. 

0.1-f^3 mm. 

.. 0.6 mm. 

70 ..d-c.; 

CO# 

39 . 

. 39.. 

0.6 mm. 

., 0.6 mm. 

• 68 . «d-c. a 

Air and Ns m 

26 . 

. 14.. 

1-16 mm. 

.. 1 mm. 

.280 max., .a-c.. 

Ns 

23 . 

. 18.. 

1-8 mm. 

.. 1 mm. 

.290 max...a-c.. 

COs 

10*. 

. 10.. 

6.5 mm. 

.. 6.5 mm. 

.376 max.. .a-c.. 

Ns 

16.7*. 

.15.7.. 

18.5 mm. 

.. 18.6 mm. 

.446 max.. .a-c.. 

N# 

14*. 

. 14.. 

23.6 mm. 

. .23.6 mm. 

.556 max*, .a-c.. 

Ns 

14*., 

. 14.. 

6.4 mm. 

,, 6.4 mm. 

.228 max., .a-c.. 

N# 

17 

. 17.. 

8-17.6 mm. 

..17.6 mm. 

. 80 max.. .a-c.. 

Ns 

17 .. 

. 13., 

1-10 mm. 

.. 5 mm. 

. 130 ..d-c.. 

Ns 

17 .. 

> 17.. 

1-60 mm. 

.. SO mm. 

. 160 ..d-c.. 

Ns 

17 .. 

9,. 

8.7-10 mm. 

.. 3.7 mm. 

. 116 ..(s) ., 

Ns 

17 ., 

6.. 

3.7-10 mm. 

., 6 min. 

. 160 

Ns . 

25 .. 

26.. 

10 mm. 

.. 10 mm. 

• 65 ..d-c,. 

Ns 

26 .. 

26.. 

10 mm. 

.. 10 mm. 

. 130 .. d-c.. 

Nc 

26 .. 

26.. 

10 mm. 

.. 10 mm. 

. 60 max.. .a-c.. 

Ns 

31 .. 

31.. 

10 mm. 

.. 10 mm. 

.* 60 max.. .a-c,. 

Ns 

31 ., 

31.. 

10 mm. 

.. 10 mm. 

. 36 max.. .a-c.. 

Ns 

Up to 48.. 

Up to 20 mm. 

. 160 ..a-c.. 

Ns 

20 .. 

9.. 

2-20 mm. 

.. 7 mm* 

and d-c 
.375 max.. .a-c,. 

Ns 

20 .. 

^ 7.. 

1-20 mm. 

.. 7 mm. 

.375 max,. .a-c.. 

CO* 

20 .. 

8.. 

1-20 mm. 

., 7 mm. 

.400 max.. .a-c.. 

Air 

20 .. 

^14.. 

1-20 mm. 

.. 10 mm. 

.380 max.. .a-c.. 

Hs 


.. Spheres (15 mm. diameter) 

. .Spherical segments (300 mm. diameter) 
. .Segment (300 mm. ^aineter)—plane 
.. Sphere (2 mm. diameter)—segment 
(300 mm. diameter) 

. .Spheres (15 mm. diameter) 

. .Spherical segments (300 mm. diameter) 
., Spheres (2 mm. diameter) 
id..Spheres ^6 mm. diameter) 

.. Planes (108 mm. diameter) 

.. Planes (108 mm. diameter) 

.. Concentric cylinders (38 and 61 mm. 
diameter) 

.. Concentric cylinders (133 and 170 mm. 
diameter) 

.. Concentric cylinders (160 and 197 mm. 
diameter) 

..Concen^c cylinders (26.4 and 31.8 
mm. diameter) 

..Point (platinum wire 0.435 mm. 
diameter)—^plane 

..Negative point (platinum wire 0.435 
mm. diameter)—plane 
..Positive point (platinum wire 0.436 
mm. diameter)—^plane 
..Positive point (platinum wire 0.435 
mm. diameter)—plane 
..Negative point (platinum wire 0.435 
mm. diameter)—plane 

.. Positive point (platinum wire 0.436 
mm. diameter)—plane 
..Negative point (platinum wire 0.436 
mm. diameter)—^plane 
..Point (platinum wire 0.436 mm. 
diameter)—plane 

..Point-plane. Temperature ■■ 1S®C, 
..Point-plane. Temperature ** 100®C. 

. .Various odd shapes (all unsymmetrical 
saps) 

. .Brass plates (13.6 cm. diameter) 

.. Brass plates ^3.6 cm. diameter) 
..Brass plates (13.6 cm. diameter) 

.. Brass plates (13.5 cm. diameter) 


19.. 9.35 mm. ..9.36 mm. . .250 max.. .a-c.. Air, Ni, COj ..Concentric cylinders (180 and 199.4 

* mryi , diameter) 

21.. 9.36 mm. ..9.36 mm. . .166 max... a-c.. H» ..Concentric cylinders (180 and 199.4 

mm. diameter) 

11.. 19.8 mm. ., 19.3 mm. . ,370 max.. .a-c.. Air, Nj, COj ..Concentric cylinders (159.8 and 199.4 

mm. diameter) 

16.. 19.3 mm. .. 19.8 mm. . .360 max.. .a-c.. , H* ..Concentric cylinders (159.8 and 199.4 

mm, diameter) 

8., 29mm. . .29mm. . .380 max...a-c.. Air, N*, CO* ..Concentric cylinders (140.0 and 199.4 

mm. diameter) 


..9.86 mm. ..250 max...a-c.. Air, Ni, COj 


19.3 mm. 
29 mm. 


.9.36 mm. . .165 max...a-c.. 


.. 19.3 mm. .. 360 max.,. a-c. 


13.. 29 mm. 

6.. 39.7 mm. 

10.. 39.7 mm. 

3.. 2-10 mm. 

7.. 8 mm. 
7.. 8 mm. 


.. 29 mm, . ,376 max.. .a-c., H 2 
..30.7 mm. . .376 max.. .a-c.. Air, N*, CO# 
..39.7 mm. . .366 max.. .a-c.. H# 


6 mm.. ;. 
3 mm. .. 

3 tntn. , , 


100 ..d-c,. 

150 ..d-c.. 

98 ..d-c.. 


..Concentric cylinders (140.0 and 199.4 
mm. diameter) 

..Concentric cylinders (119.2 and 199.4 
mm. diameter) 

..Concentric cylinders (119.2 and 109.4 
mm. diameter) 

. .Brass spheres (6 cm. diameter) 

.. Brass spheres (5 cm. diameter) 

. .Brass spheres (6 cm. diameter) 


* « constant at value stated. 

W Impulse. (/) Various mixtures of CO. and air. (g) Various mixtures of CClrif, and air. (») Various mixtures of SOi and air. 
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voltage at voltages just below the igni¬ 
tion value. At the ignition voltage the 
current ceases to depend on external 
sources of ionization; it becomes self- 
sustaining. 

A complete analysis of the problem in¬ 
volves accurate knowledge about all the 
possible methods of producing charge 
carriers either at the electrodes or in the 
gas, about the manner in which these 
carriers are moved through the gas as a 
result of diffusion and the influence of the 
electric field, and finally about the man¬ 
ner in which they may disappear. At the 
present time it is recognized that new 
carriers may be produced by a number of 
methods, but adequate quantitative 
knowledge about most of these is not yet 
available. 

Plausible ionization processes in the gas 
are: (1) ionization by electron impact; 

(2) ionization by positive-ion impact; 

( 3 ) photoelectric action; ( 4 ) ionization 
by metastable atoms and excited atoms; 

( 5 ) multistage ionization (all types); 

(6) ionization by neutral atoms; (7) 
thermal ionization. 

The anode need not be considered be¬ 
cause electrons coming from it would im¬ 
mediately return. The possibility of the 
emission of positive ions from the anode 
appears remote and, so far, is not supr 
ported by experiment. 

Clearly the difficulty is not one of find¬ 
ing a conceivable process by which the 
charge carriers can be multiplied, but 
rather one of finding which of the many 
available ones are important. There is 
general agreement that the action of 
electrons in the gas is the important or 
primary process. This is the a process. 

It assumes that one electron produces a 
new ion pairs in traveling one centimeter 
through the gas. Now if an electron 
leaves the cathode, new ones will be 
g^erated in geometrical progression, 
giving rise to an electron avalanche; 
the number of electrons in the avalanche 

d 

J'adx 

is € after the distance d to the 
anode has been traversed. Experi¬ 
mental tests have shown that the current 
rise just preceding the initial discharge 
c^ot be accounted for by the ^ mecha¬ 
nism alone. 

The ^ mechanism assumes that the 
positive ions ionize neutral gas molecules 
^ they move to the cathode and that one 
ion in moving one centimeter produces 
new ion pairs. On the assumption that 
only the a. and /S processes are active, an 
equation may be derived which is able to 
describe the current rise before the initial 
discharge. The equation furthermore 
predicts an infinite current for a certain 
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combination of the variables a, /8, and d, 
or for a certain combination of pressure, 
voltage, and electrode separation. The 
relationship of variables predicting un¬ 
limited ciurent flow has been interpreted 
to be the condition necessary for the ini¬ 
tial discharge, and has been found to be 
in agreement with experimental values. 
The self-sustaining current which ac¬ 
companies the initial discharge is es¬ 
tablished when the ions produced by one 
electron are able to produce one electron. 

An alternate possibility is the 7 mecha¬ 
nism which assumes that the positive 
ions liberate electrons when they strike 
the cathode, and that 7 electrons are 
emitted by each positive ion. This as- 
stunption with the a mechanism also 
allows the current before the initial dis¬ 
charge to be described and the ignition 
voltage to be predicted. 

It happens that there are kill other 
mechanisms which when taken with the 
a process will allow the predischarge cur¬ 
rent to be described and the initial 
voltage to be predicted. They are the 
action of photons in the gas or at the 
cathode, and the action of metastable 
atoms in the gas or at the cathode. The 
most generally accepted one is the rj 
mechanism which assumes that photons 
liberate electrons from the cathode and 
that rj electrons are liberated by each 
photon. Of course it is also possible to 
satisfy the current and voltage require¬ 
ments with a combination of two or more 
of the secondary processes. 

The multiple solution difficulty arises 
from the fact that, in all equations, a 
dictates the principal behavior of the 
current rise in that it governs exponen¬ 
tials whereas the other quantities play a 
less dominating role. The experimental 
data are not especially precise and do not 
permit a distinction to be made between 
the various equations. 

From the standpoint of understanding 
the elementary physical processes that 
are at work, it is evident that little can be 
concluded from considering only the pre¬ 
discharge current rise and the initial 
voltage. Since it has already been men¬ 
tioned that one of the features of the 
present work is the measurement of cur¬ 
rent above atmospheric pressure, it might 
at first seem that this is misdirected effort. 
However, the currents which can be de¬ 
scribed by the equations mentioned above 
are not the currents measured in this 
study; the currents measured here are 
self-sustaining values. 

Additional information has been ob- 
t^ed from other sources, such as the 
time necessary to initiate the self-sus¬ 
taining condition, photographs of the 
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Figure 3, Pressure vessel and generator 


early stages of breakdown, direct experi¬ 
ments which study the individual ele¬ 
mentary processes, and the experience 
with all the various types of gas dis¬ 
charges. The evidence seems to indicate 
that many of the proposed mechanisms 
are either absent or that they are too rare 
to consider in the ordinary sparking 
phenomenon. At present it is believed 
that the important ones for the common 
gases are the a, 7, and 17 processes, with 
the additional consideration of field dis¬ 
tortion due to space charge. For long 
sparks in mixed gases sucli as lightning 
strokes, or for self-sustaining discharges 
from isolated electrodes, it appears that 
photo-ionization in the gas becomes im¬ 
portant as well. Here it seems necessary 
to have the electrons regenerated in the 
gas rather than at the electrodes, as they 
are with the y and 97 processes. 

To date the theory has been concerned 
principally with explaining breakdown at 
pressures which do not exceed atmos¬ 
pheric. At higher pressures one might 
expect to find new processes at work; 
a discussion of this possibility will be in¬ 
cluded with the results. 

Apparatus 

The experiments presented in this paper 
were made in a special portable pressure 
vessel having an internal diameter of 13 
inches and an inside length of 42 inches. 

Electrical Engineering 





The tank was fabricated by welding to¬ 
gether standard outside diameter pipe 
and steam fittings. It had two hand 
holes near the center and each contained 
a window. The tank was so suspended 
on its portable truck that all the opera¬ 
tions, including assembly, could be man¬ 
aged readily by one person. Figure 3 
shows the complete vessel and the gen¬ 
erator in the operating position. 

The high direct potentials (up to one- 
half million volts) as obtained from a Van 
de Graaff generator, were introduced 
into the pressure chamber through a 
solid Textolite bushing which was forced 
into a tapered nozzle at the upper end of 
the tank. The bushing extended 15 
inches into the container and 66 inches 
outside. 

The electrodes used for producing uni¬ 
form fields were turned from ordinary 
cold-rolled steel. They had a flat section 
2 inches in diameter and edges formed by 
using a constantly decreasing radius of 
curvature. The maximum diameter of 
each electrode was 7 Vie inches. Figure 
4 shows a sectional view of the three 
types of electrodes that were used. Ex¬ 
perience showed that the distribution of 
sparks over the flat area was uniform and 
that the sparks were practically all con¬ 
fined to this area. For this reason it was 
assumed that the electrodes produced a 
satisfactory uniform field. 

The low-potential electrode was sup¬ 
plied with a ball and socket joint which 
permitted the electrodes to be made 
perfectly parallel at any time simply by 
forcing them together. This electrode 
was moved by a fine screw which allowed 
the electrode separation to be known to 
within 0.001 inch. The technique used 
eliminated back lash, and stretching of 



. Figure 4. Electrode configurations: uniform 
field/ concentric cylinder, point to plane 


the tank was readily corrected for by ad¬ 
justing the scale. An ordinary spark plug 
was used as a bushing for leading the 
current through the tank wall; the leads 
both inside and outside the tank were 
shidded. 

The needle-point-to-plane configura¬ 
tion was realized by repladng the low- 


potential electrode of the system de¬ 
scribed above with a 30-degree cone 
having a phonograph needle set in its 
point. 

Copper was used for making the 
cylindrical dectrodes for constructional 
reasons. In each case the iimer electrode 
was attached to the conductor running 
through the bushing and terminated in an 
aluminum sphere which insured that the 
highest gradient would occur in the test 
section. The outer cylinders were hdd 
between spim flanges which were at 
ground potential, the cylinder was in¬ 
sulated from the flanges. The whole 
S 3 rstem was hdd in position by four ad¬ 
justable screws directed radiaUy against 
the tank wall from each flange. This 
allowed the cylinders to be made per¬ 
fectly concentric. Experience showed 
that the distribution of sparks within the 
length of the outer cylinder was per¬ 
fectly uniform and the insulating feature 
made it possible to measure the current 
flow to the outer cylinder. 

Four sets of cylindrical dectrodes were 
employed and each of these had a ratio 
of diameters as nearly equal to e as it was 
possible to obtain them. The combina¬ 
tions of diameters used were V 2 inch and 
IV 16 inches; V^ inch and 2Vie inches; 
iVs inches and 3 inches; and 1V 2 inches 
and 4 inches. The outer cylinder was 6 
inches long in all cases. 

Gas was obtained in commerdal tanks 
and was dried by passing it slowly 
through a five-foot tower filled with 
Drierite and then through phosphorus 
pentoxide. The moisture inevitably 
trapped in the vessel was removed by 
placing a container of phosphorus pent- 
oxide in the tank and circulating the en¬ 
closed gas for a period of 10 or 12 hours. 
As the results will show, air was generally 
employed, though two tanks of nitrogen 
and one of helium were used in some 
special experiments. 

The voltage measurements were made 
with a special resistor consisting of 960 
10-megohm units coimected in series and 
encased in a suitable Textolite container 
filled with insulating oil. A microam¬ 
meter (accuracy one-half of one per cent) 
was u^d for measuring the resistor cur¬ 
rent. Numerous tests indicated that this 
voltage measuring S 3 rstem certainly gave 
an accuracy of two per cent, and probably 
of one per cent. The meter was used 
within a grounded case and was pro¬ 
tected from surges by the usual system 
of a neon bulb and a suitable series re¬ 
sistance. The long lead to the resistor 
was completely shielded. 

The current to the low-potential elec¬ 
trode was measured with a multiple-range 
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semisuspension meter which was used in 
a grounded case with surge protection 
and shielded leads. Currents as small as 
0.005 microampere were detectable with 
this instrument. 

The pressure was measured with two 
Crosby steam gauges, one measuring pres¬ 
sures to 200 pounds and the other to 1,000 
pounds. 

The following simple and definite pro¬ 
cedure was always followed in taking ob¬ 
servations. The potential was increased 
in a step-wise fashion from a value defi¬ 
nitely below the minimum voltage at 
which the gap would break down, until 
a spark was produced. The increments 
approximated one per cent or two per 
cent, and voltage was held constant for 
one minute at each step. The value at 
which breakdown occurred and also the 
current flowing just before breakdown 
were recorded. The procedure was re¬ 
peated until about ten readings were 
available for averaging. 

Although the technique employed is 
time consuming, it was felt that it pro¬ 
duced the desired results. The readings 
of any one group sometimes differed from 
the average by as much as ten per cent, 
but the average was generally reproduc¬ 
ible to within two to five per cent. The 
large amount of scattering occurred only 
at the higher pressures, where the time 
lag becomes excessively large; at low 
pressures, where the lag is small, the 
measurements can be taken a good deal 
faster and more accxirately. Inasmuch as 
the breakdown generally consisted of a 
single spark, and this of short duration 
because of the small capacity of the 
generator, no trouble was experienced 
from the arc effect such as Reher^ re¬ 
ports. 

Some of the workers who have made 
measurements at high pressures have 
used ultraviolet radiation, Xrays, or 
radioactive radiations on the cathode to 
cut down the time lag. Such devices were 
not used in this work, as it was desired 
to study the currents existing normally 
without added sources of ionization. 

Results 

Uniform Field 

The results for the uniform field may 
well be introduced by considering figures 
5 and 6. The first of these shows values 
of breakdown voltage as a function of 
electrode separation for various constant 
pressures. Clearly the voltage increases 
almost linearly with the separation at 
any ptessure. Figure 6 shows the values 

38. For all numbered references, see list' at end 
of paper. 
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of breakdown voltage as a function of 
pressure for various fixed separations. 
Here the voltage increases linearly with 
the pressure for the first eight or ten at¬ 
mospheres and then more and more slowly 
as the pressure is raised still further. At 
600 pounds the voltage is less than 60 
per cent of what it would be if the linear 
rise had continued throughout the entire 
range. As other workers have observed 
at smaller spadngs, the Paschen law does 
not apply above about ten atmospheres. 

The above results were obtained from 
a single sample of carefully dried air. 
The measurements were repeated for 
three other samples of air, and it was 
found that the results are reproducible 
to within a few per cent when proper care 
and precautions are taken to have all 
essential conditions the same. 

However, it is possible to get break¬ 
down voltages widely different from those 
that have bedi presented. For example, 
by simply sanding the flat part of the 
dectrodes the breakdown voltage at the 
higher pressures can be reduced by a 
factor of three or four. At the lower 
pressures the reduction is smaller, but 
even at one or two atmospheres it may 
be as much as 25 per cent for the first 
few sparks. 

The detrimental effect of roughening 
the dectrodes can be overcome by pro¬ 
longed sparking. At low pressures the 
voltage rises rapidly with the first few 
sparks and quickly attains a maxiini im 
value. At higher pressures the maximtun 
voltage is not attained until several 
hundred, or possibly thousands of sparks 
have passed. The benefidal result from 



sparking may be termed dectrical con¬ 
ditioning of the electrodes and the meas¬ 
urements so far presented apply to com¬ 
pletely conditioned dectrodes. The re¬ 
sults for such dectrodes were found to be 
independent of the polarity of the genera¬ 
tor or of the sample of air; they were the 
same when measurements were made with 
ascending or descending pressures. 

Figure 7 shows the effect of electrode 
conditioning on the breakdown voltage 
for a one-fourth-inch separation. The 
upper curve applies to well-conditioned 
dectrodes, and the two lower curves to 
roughened dectrodes; roughening has 
reduced the breakdown voltage by a 
factor of only two in this case. The two 
remaining curves apply to dectrodes 
which have been partially conditioned. 
Both show the significant fact that con¬ 
ditioning is completed at the lower pres¬ 
sures before it is at the high ones. The 
curve which exhibits a maximum is of 
interest in that it shows how a carefully 
taken set of measurements may yidd 
entirdy misleading results. A consider¬ 
able amoimt of conditioning was effected 
during the taking of these measurements 
because a number of spacings were stud¬ 
ied at each pressure; only the results for 
the one-fourth-inch separation are given. 
The different points on this peaked curve 
therefore correspond to different amounts 
of electrode conditioning. This is not 
true for the other curves because thdr 
points were taken in quick succession 
using only one separation. The peak oc¬ 
curred because an amount of conditioning 
sufficient to compensate for the 100- 
pound reduction in pressure accrued 
between the time the one-fourth-inch 
point was taken at 600 pounds and the 
time the corresponding point was tak-pn 
at 600 pounds. The anomalous results 
obtained by Ceruti,^ where he fotmd 
breakdown voltages increasing faster 
than dther pressure or separation, may 
well have been caused by conditioning 
phenomena. 

The conditioning process is evidently 
an electrode phenomenon. To verify 
this the sample of gas was changed (pres¬ 
sure — 500 pounds) when conditioning 
was partially complete and again when 
fully complete; in ndther case was the 
breakdown voltage affected. Further¬ 
more it seems that it is the irregularities 
on the electrodes which are responsible 
for the reductibn in breakdown voltage; 
the sparking presumably bums off the 
irregularities. A compelling reason for 
believing this is that at small spacings 
tiny flashes can generally be seen on the 
surface of rough dectrodes at the instant 
of sparking. They disappear by the 
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time the conditioning process is com¬ 
pleted, That the irregularities involved 
are extremdy small is evidenced by the 
fact that no surface was produced which 
did not need some conditioning; the most 
satisfactoiy one was made by using the 
finest sandpaper, then crocus cloth, and 
finally buffing with rouge on a doth 
whed. 

Other investigators have also men¬ 
tioned that the breakdown voltage is 
augmented by operation of the apparatus; 
Wien^® gives numerical values indicating 
a 20-per-cent improvement with use. 
Evidently a variety of results can be ob¬ 
tained for a given set of conditions with 
any apparatus and it is, therefore, neces¬ 
sary when reporting results to specify 
definitely the conditions under which they 
were taken. It is not unreasonable to 
suppose that part of the lade of agree¬ 
ment among the results of the different 
workers may arise from this source, since 



the magnitude of the conditioning effect 
may be large. 

The present procedure of quoting fully 
conditioned values may be misleading. 
It was done because these were the only 
values which were found to be repro¬ 
ducible. From an engineering standpoint 
it would seem that they are much too 
optimistic. From the standpoint of 
making comparisons with other results 
it leaves something to be desired because 
the amount of conditioning possible with 
each apparatus is presumably different. 

But how can tiny irregularities on the 
surface of the large dectrodes produce 
such a reduction in the breakdown volt¬ 
age? In order to understand this it is 
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necessary to know the important physical 
aspects of the breakdown mechanism at 
higher pressures. A knowledge of these 
processes is also necessary to explain the 
results obtained with fully conditioned 
•electrodes and the reason for the failure 
•of Paschen's law here. 

It was mentioned earlier that in the 
ordinary sparking phenomenon for the 
common gases the important mechanisms 
are probably the so-called a, 7 , and 17 
processes, with the additional considera¬ 
tion of field distortion due to space 
charge. Photoionization was also men- 



Fisure 7. Effect of electrode conditioning 
on the breakdown voltage for plane electrodes 
in air at one-fourth-inch spacing 


tioned for long sparks in mixed gases. 
These processes are doubtless also at 
work at the higher pressures. 

It has been suggested that the role of 
space charge becomes increasingly im¬ 
portant as the pressure is raised and that 
the field distortion produced by it is the 
reason for the failure of Paschen’s law at 
higher pressures. The assumption is 
that at pressures bdow ten atmospheres 
the effect of space charge is small and the 
fidd is uniform.. The density of the space 
charge increases with the pressure and at 
about ten atmospheres it is sufficient to 
cause the gradient at the cathode to rise 
above the average gradient; at this time 
the breakdown voltage ceases to rise 
linearly with the pressure. Indeed, the 
hypothesis seems plausible, but it does 
not explain the detrimental. effect of 
dectrode roughening. Surdy it teaches 
that the breakdown is initiated in the 
overstressed cathode region and that only 
the cathode irregularities are of impor¬ 
tance. Roughening only one electrode 
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should, therefore, introduce a polarity 
effect. This experiment was carried out 
and it was found that sanding the sur¬ 
face of one dectrode reduced the break¬ 
down voltage for both polarities by ap¬ 
proximately the same amount. 

The space-charge hypothesis may be 
modified to explain the lowering from 
roughnesses by assuming that self-sus¬ 
taining point discharges are set up on the 
minute surface irregularities. Since a 
discharge of this type may exist on either 
a positive or a negative point, the detri¬ 
mental effects are not restricted to rough¬ 
nesses on the cathode. Lowering from 
points on the cathode could be caused by 
the space charge as explained above. 
Lowering from points on lie anode might 
be due to the chaining of electron ava¬ 
lanches as discussed with the results for 
the point-to-plane configuration. 

The existence of point discharges seems 
more reasonable when the current flow 
is considered. Figure 8 shows the cur¬ 
rent-voltage characteristic for plane dec- 
trodes at various stages of the condition¬ 
ing process (one-fourth-inch separation, 
600-pounds pressure). The actual nu¬ 
merical values should not be depended 
upon because they vary a great deal. 
It will be observed that this character¬ 
istic always has the shape one would ex¬ 
pect for a point discharge. Further, it is 
difficult to account for current of this 
magnitude without assuming that a self- 
sustaining discharge exists; it definitely 
cannot be accounted for on the basis 
that it is the normal predischarge current 
which was discussed in connection with 
figure 2 . 

The point-discharge assumption is also 
consist^t with the fact that roughnesses 
are less effective in producing voltage re¬ 
ductions at low pressure. Here the 
mean free path is longer than at high 
pressure, and only a few irregularities 
are of sufficient magnitude to permit the 
discharge to be established. The first 
few sparks remove these and conditioning 
is complete. At higher pressures, where 
the mean free path is reduced, point dis¬ 
charges can take place from smaller ir¬ 
regularities. Those are probably more 
numerous, making it necessary to pass 
many sparks before the conditioning is 
complete. 

That the current-voltage characteristic 
retains its shape and the current its ap¬ 
proximate magnitude throughout the 
conditioning process is also in harmony 
with the hypothesis. For very rough 
electrodes the discharges easily take 
place from the big irregularities and only 
a relatively low voltage is required. 
When the larger irregularities are removed 
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Figure 8. Effect of electrode conditioning 
on the .current flow between plane electrodes 
(air at 500 pounds, one-fourth-inch spacing) 


a higher voltage is required for the dis¬ 
charge, and the curve for the current is 
shifted along the voltage scale as was 
shown. 

The point-discharge, hypothesis is fur¬ 
ther fortified by a second method of con¬ 
ditioning the electrodes. It was found 
that conditioning could be effected by 
maintaining the voltage just below the 
breakdown value for rdativdy long peri¬ 
ods of time. Conditioning amounting to 
perhaps 80 per cent of that realizable by 
sparkmg could be produced in 20 or 30 
hours. The self-sustaining point dis¬ 
charge tends to remove the irregularity 
on which it was formed, and in these long 
periods this could produce a goodly 
amount of conditioning. It also seems 
probable that this method would not be 
capable of carr 3 dng the conditioning as 
far as the sparking process would carry it. 

The space-charge hypothesis and the 
modification of it that has been suggested 
are not the only plausible processes which 
apply to breakdown at high pressures. 
It has also been suggested that Paschen’s 
law fails because the gradient at the 
cathode becomes so high that field emis¬ 
sion initiates breakdown. At ten at¬ 
mospheres, where the law begins to fail, 
the average gradient is somewhat less 
than 0.4 X 10® volts per centimeter. 
The actual gradient is modified by the 
presence of space charge as well as by 
surface irregularities, and it may be pos¬ 
sible under existing conditions that field 
emission becomes an important process. 
This hypothesis is easily able to account 
for the reduced breakdown voltages 
found with the roughened electrodes. 
But it certainly demands that roughnesses 
on the cathode are the important ones, 
and therefore that a polarity effect should 
exist. The absence of such an effect 
appears to be an irreconcilable contradic¬ 
tion of the hypothesis. 

Another possibility is that the effect of 
the high field enters by lowering the 
potential barrier at the cathode, thus 
facilitating the escape of electrons. 
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Figure 9. Breakdown voltages for cylindrical 
electrodes in air (inside cylinder positive and 
negative) 


Either the y mechanism, which assumes 
that positive ion bombardment of the 
cathode regenerates primary electrons, 
or the Iff mechanism, which assumes that 
photoelectric effects at the cathode re¬ 
generate the initial electrons, could be 
aided by such a field. Certainly this 
would occur at gradients lower than the 
values which are necessary for cold emis¬ 
sion and the resultant lowering would set 
in gradually. This hypothesis, like that 
for field emission alone, is admirably 
suited to explain lowering of the break¬ 
down voltage by irregularities on the 
cathode, but fails to account for the ab¬ 
sence of a polarity effect. 


sparks occurred at a somewhat reduced 
voltage. This is understandable if one 
supposes that minute irregularities are 
produced on the surface either by rusting 
action or by the settling of dust particles 
on the surface. 

Concentric Cylinders 

The results for the four sets of cylin¬ 
drical electrodes are shown in figure 9. 
The smallest pair of cylinders showed a 
clear-cut polarity effect at the high pres¬ 
sures. The larger ones showed a decided 
polarity effect, and in addition the meas¬ 
urements for them were especially un¬ 
certain for the positive polarity (inside 
cylinder positive). For this case there 
seemed to be no definite breakdown volt¬ 
age which could be reproduced. At the 
higher pressures the values ranged from 
about 60 to 80 or more per cent of the 
breakdown voltage for the negative polar¬ 
ity. In this respect the behavior of the 
cylinders was somewhat like that of the 
positive point-to-plane configuration. 
This might be expected since the cylinders 
present a less severe case of a nonuniform 
field. A conditioning effect was also 
present; however, the improvement with 
sparking was often suddenly terminated 
by a burst of sparks and a great reduction 
in the breakdown voltage. The voltage 
usually improved with further operation, 
but the lowering was ultimately repeated. 
This behavior suggests that the sparking 
did not always improve the electrodes, 
but sometimes damaged them. For the 
negative polarity the cylinders behaved 
like plane electrodes with regard to condi¬ 
tioning. 

It is sometliing of a surprise to find that 


Throughout the experiments tiny 
flashes could be observed on the inner 
cylinder at the instant of sparking. As 
with the plane electrodes, currents were 
associated with roughened surfaces and 
the current was reduced by conditioning. 

Table I shows that only two experi¬ 
menters have previously studied break¬ 
down as a function of pressure for con¬ 
centric cylinders and that both have used 
alternating potentials. The polarity effect 
reported here is evidently new. The re¬ 
sults of Finkelmann,^! which show that 
the alternating voltage increase above ten 
atmospheres is small for air and Na, agree 
with those reported here for direct poten¬ 
tials. 

Needle Point to Plane 

For the needle-point-to-plane arrange¬ 
ment only a few typical results can be in- 



Rgure 10. Voltages to produce specified 
currents in air with point-to-plane electrodes 
spaced one-fourth inch 


Of the h3;^otheses which have been pre¬ 
sented, only one seems to be consistent 
with the observations relating to the 
voltage lowering with rough electrodes 
and the current flowing between them. 
But this does not mean that the point- 
discharge h 3 ^othesis is to be used alone. 
Indeed it is able to explain only the 
voltage lowering due to irregularities 
and does not account for the failure of 
Paschen’s law that is observed at higher 
pressures with fully conditioned elec¬ 
trodes, unless it is assumed that the 
dectrodes can never be entirely free from 
irregularities which are important at the 
higher pressures. There is some evi¬ 
dence to support even this assumption 
ixL that it was found that there was dways 
some current flow at high pressures prior 
to sparking. 

Another phenomenon that was ob¬ 
served at low as well as high pressures is 
that after a delay of ten hours or more it 
was generally found that the first few 


the positive polarity supports the smaller 
voltage at high pressures. The field emis¬ 
sion hypothesis, the modification of it, 
and the space charge assmnption, all in¬ 
dicate that the reverse ought to be true. 
The point discharge proposition is again 
the only one of those proposed which 
seems to agree with the experimental re¬ 
sults. 

In the present case of a nonuniform 
field the self-sustaining discharge must 
always be formed on the inner cylinder. 
Thdi to account for the polarity effect ob¬ 
served, it is necessary to assume that at 
high pressures the positive point is some¬ 
what more effective in producing voltage 
lowering than the negative point. One 
might also conclude that its action is 
somewhat more erratic since measure¬ 
ments for the positive case were always 
characterized by some uncertainty. This 
is in agreement with the results obtained 
for needle points, which will be discussed 
in the following section. 


eluded. Measurements were made on a 
number of gas samples for the electrode 
spacings, one-fourth inch, one-half inch, 
one inch, and two indies. Quantitative 
results will be given only for air and for 
one spacing. 

The results for the needle-point-to- 
plane arrangement can best be introduced 
by considering figure 10. Here the volt¬ 
ages required to spray definite currents of 
10 , 30, and 100 microamperes are plotted 
as a function of pressure for both polari¬ 
ties of the point. It will be observed that 
the voltage does not increase as rapidly 
as the pressure and that it is not greatly 
different for the two polarities. Also, the 
curves for positive polarity do not extend 
above 200 pounds per square inch. The 
reason is that above this pressure a steady 
point discharge cannot be maintained 
from a positive point; a spark occurs in¬ 
stead. The curves for the negative point 
are arbitrarily stopped at 300 pounds; 
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they extend to 600 pounds, and no doubt 
beyond. 

That a critical pressure exists is shown 
in another way in figure 11. Here the 
upper ciurves represent the sparking volt¬ 
age for a positive point and the lower 
curves show the normal current flow just 
before sparking occurs. The voltage rises 
until a pressure of about 100 pounds is 
reached, then it becomes uncertain and 
may have any value between the two 
curves shown, finally at 150 pounds drop¬ 
ping suddenly to the initial potential 
curve. The initial potential is the voltage 
at which the point discharge and, there¬ 
fore, appreciable current flow start. The 
current curve behaves in a somewhat simi¬ 
lar manner. Two important exceptions 
are tliat it falls to zero above the critical 
pressure and that it exhibits a peak at low 
pressures. It will also be observed that 
the critical pressure is not 200 pounds as 
it was for the set of curves shown in 
figure 10. The reason is that the former 
results apply to a new needle point, 
whereas thcvse apply to one that had been 
dulled by use. The dull point was em¬ 
ployed because it does not change ap¬ 
preciably with a reasonable amount of 
sparking. It is a significant fact that the 



Figure 11. Voltage and current character¬ 
istics for positive-point-to-plane electrodes 
spaced one-fourth inch in air 


critical pressure is lower for a dull point 
than for a new one. 

The sudden rise in the current curve 
at very low pressures is associated with a 
change in the appearance of the visible 
discharge. At atmospheric pressure a 


dull point maintains a glow just at the tip 
of the needle, though sometimes a faint 
beam extends across to the cathode. 
When the pressure is increased a few 
pounds, the discharge (usually a glow but 
sometimes a brush) suddenly lengthens 
and the current rises. At first it extends 
across to the cathode, but it shortens and 
the current drops rapidly as the pressure 
is further raised. With still higher pres¬ 
sures the current again increases but the 
dimensions of the discharge continue to 
diminish. The-shortened discharge takes 
on a variety of forms and each gives a 
different result; hence measurements are 
difficult to reproduce. 

Visual observation of the sparks from 
a positive point revealed that they behave 
in a peculiar way. At low pressures they 
pass straight across the gap. This con¬ 
tinues to the 100-pound point, which 
marks the start of the uncertain measure¬ 
ments. At this pressure the sparks do 
not always follow the shortest path but 
are spread out. The spreading becomes 
more pronounced as the pressure rises 
until the critical pressure is reached, then 
it becomes very slight again. Thus, 
spreading of the sparks seems always 
to be associated with uncertain measture- 
ments. 

The photographs in figure 12 illustrate 
the type of results that can be obtained; 
the spreading was observed for all spac- 
ings. Each exposure shows a number of 
single sparks spaced about one-fourth or 
one-half noinute. It will be observed that 
the sparks leave the point at many differ¬ 
ent angles and some travel a short dis¬ 
tance in the direction away from the plane 
electrode. Some of the photographs sug¬ 
gest that the sparks never follow the 
shortest path when the spreading is mani¬ 
fest. The possibility could be investi¬ 
gated by making simultaneous observa¬ 
tions from different angles, but this was 
impossible with the apparatus used. 

The results for a didl negative point are 
shown in figure 13. The voltage curves 
are typical of all that were obtained for 
negative points. The current curves for 
other conditions, however, sometimes 
exhibited a minimum value. Sparks from 
a negative point always followed the 
shortest path and the steady discharge 
always existed as a glow of approximately 
constant size. 


The current-voltage characteristic for 
both positive and negative points was 
studied as a function of pressure. It was 
found that for either polarity the shape 
was substantially independent of pres¬ 
sure. Figure 14 shows the results for a 
one-half-inch separation; six sets of data 
are plotted for the positive point (0, 15, 
30, 50, 100, and 150 pounds pressure), 
and five sets of data are given for the 
negative point (0, 100, 200, 300, and 400 
pounds). When reduced to a percentage 
basis the curves for different pressures 
are in surprising agreement. In making 
the computations the breakdown volt¬ 
age was taken to be the 100 per cent volt¬ 
age and the normal current flow corre¬ 
sponding to a voltage just below the 
breakdown value was taken to be the 100 
per cent current. 

The results that have been given for 
the positive point can be understood by 
considering the space charge left by the 
electron avalanche as it moves toward 
the point. At low pressures the density 
of the space charge in the avalanche path 
is too low to cause significant field dis¬ 
tortion. Furthermore the ions are quickly 
moved out of the avalanche path by diffu¬ 
sion. As the pressure increases, the den¬ 
sity of space charge in the avalanche path 
rises and diffusion decreases with the re¬ 
sult that at higher pressures the field 
does become distorted by space charge 
and the ions remain in the path of the 
avalanche for relatively long periods of 
time. Under these conditions the space 
charge filaments constitute new points 
toward which other electron avalanches 
may be directed. The pressure at which 
the spark spreading starts is that for 
which the space-charge filament is dense 
enough to direct electron avalanches to 
itself. The fact that the space charge 
concentration remains for a relatively 
long time permits the effective electrode 
configuration to be built up in peculiar 
forms through a series of successive ava¬ 
lanches, and thus when the spark occurs 
it is led to the point over long and irregu¬ 
lar paths. The measurements are un¬ 
certain because the electrode configura- 


Figure 12. Spark spreading for positive-* 
point-to-plane electrodes spaced one inch 
in air 
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Fisure 13. Voltage and current character¬ 
istics for negative-point-to-plane electrodes 
spaced one-fourth inch and one-half inch 
in air 


tion is tiiicertain. That the pressure at 
which the uncertain phenomenon begins 
is lower for the larger electrode separa¬ 
tion is understandable. The large num¬ 
ber of ions in the interspace reduces the 
actual field in the vicinity of the point 
with the result that ion filaments of re¬ 
duced density are able to direct electron 
avalanches toward themselves. 

The above hypothesis readily accounts 
for the observed behavior of the sparks 
in the unstable region, but it does not 


order to follow the strongest field. Since 
they would all tend to avoid taking the 
shortest path, this would explain the 
photographs that show no short paths. 
In this connection it would be helpful to 
establish whether or not any of the sparks 
follow the shortest path. 

The existence of a critical pressure may 
also be explained on a space charge basis. 
Normally the geometric field of a point- 
to-plane arrangement is such that the 
point discharge is stable. But as the 
pressure is raised the amount of space 
charge in the interspace is increased and 
this makes the actual field more nearly 
uniform. Finally the tendency of the 
space charge to make the field uniform 
overcomes the stabilizing nature of the 
geometrical arrangement to such a degree 
that a stable discharge cannot be main¬ 
tained. 

It has been mentioned that a negative 
point does not exhibit the uncertain re¬ 
gion or the critical pressure which has 
been discussed. This can be under¬ 
stood since the electron avalanche in¬ 
herently spreads as it moves away from 
a negative point and therefore does not 
permit filaments with a high space-charge 
density to be realized. Also the field at 
the apex of the needle is increased by 
the space charge and not diminished. 

In order to test the thermal ionization 
hypothesis the studies so far described 


The spreading of the sparks was smaller 
for nitrogen and for helium mixed with 
three per cent nitrogen than it was for air. 
But for equal partial pressures of the two 
gases the sparks spread as much or more 
than they did for air. 

An experiment by Goldman and WuF* 
for pure nitrogen at 100 degrees centi¬ 
grade showed that the critical pressure 
at this temperature was greater than it 
was at 13 degrees centigrade. About 
half of the rise they observed was due to 
the change in the density of the nitrogen 
with temperature. An increase was still 
manifest and this was probably largely 
caused by the increased diffusion at the 
higher temperatures. Their results were 
also in harmony with the thermal-ioniza¬ 
tion hypothesis. 

One bit of interesting information that 
came out of this study of points is that 
the dissociated oxygen which resulted 
from the discharge caused a very rapid 
rusting of the electrodes and tlie tank 
walls. A brown dusty appearance could 
be detected after very few hours* opera¬ 
tion. The deposit was collected for some 
time and analyzed spectrographically. 

It was found to be principally iron, nickel, 
and chromium, with traces of impurities 
likely to be found in the metal. 

The results of this section indicate that 
additional difficulties would be encoun¬ 
tered if electrostatic generators of the belt 


explain how the chance medianism is 
suddenly te rmin ated by the appearance 
of a stable behavior. A possible explana¬ 
tion of this critical pressure is the occur¬ 
rence of thermal ionization of the gas. 
At high pressures the large amount of 
heat energy developed by the avalanche 
is not effectively removed through dif¬ 
fusion and thennal conductivity. The 
temperature in the avalanche path rises 
with pressure until it becomes sufi&dent 
to dissociate and ionize the gas molecules 
and when this happens a new t 3 q)e of 
sparking mechanism presumably sets in. 
The point discharge causes, through 
I^ogressive thermal ionization, the effec¬ 
tive point to be projected toward the 
cathode until breakdown results. On 
this sort of basis it is reasonable that the 
sparking potential should coincide with 
the initial potential, and that scattering 
of the measurements and uncertainty 
of the spark path should cease. 

pother possible interpretation of the 
l^sitive point bdiavior is that the space 
charge near the point reduces the gradient 
at the apex, as previously suggested, until 
the actual gradient there is less than the 
^dient in the radial direction from the 
ade of the needle. When this happens 
the sparks leave the needle radially in 
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for air were repeated for nitrogen, again 
for helium with three per cent nitrogen, 
and finally for a mixture containing equal 
partial pressures of the two gases. The 
ions involved in the breakdown are nitro¬ 
gen ions in all these cases. Since the 
helium has more than six times the ther¬ 
mal conductivity of nitrogen, the helium- 
nitrogen mixtures carry the heat energy 
out of the avalanche paths more rapidly 
than nitrogen. The nitrogen ions also 
diffuse more readily through helium than 
through nitrogen. Because of these two 
effects, thermal ionization in helium- 
nitrogen mixtures should not begin at 
as low a pressure as in nitrogen alone. 

The experiments showed definitely that 
the critical pressure is much higher for 
the helium mixtures than for nitrogen. 
The results for a one-fourth-inch spac¬ 
ing showed that the critical pressure was 
190 pounds for pure nitrogen, approxi¬ 
mately 500 pounds for helium mixed with 
three per cent nitrogen, and 350 pounds 
when equal partial pressures of the two 
g^es were used. Similar results were ob¬ 
tained for other spadngs. Either thennal 
conductivity or diffusion or both would 
cause the rekilts for equal partial pres¬ 
sures of the two gases to fall midway be¬ 
tween the others as they do. 
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type were to be operated in compressed 



Figure 14. Current-voltage characteristics for 
point-to-plane electrodes In air at various 
pressures 


gases at pressures above the critical pres¬ 
sure. It appears that the opereting re¬ 
quirement which specifies that the two 
parts of the belt be equally and oppositely 
charged cannot be met when positive 
charge cannot be sprayed oh the belt. 
The results also reveal theoretic^ in¬ 
formation which is of interest in the study 
of breakdown at high pressures. This is 
of importance since evidence is at hand 
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to indicate that the point discharge is 
of particular significance in all high- 
pressure breakdown, especially when 
rough electrodes are employed. 

Conclusions 

Breakdown measurements made with 
plane electrodes were found to be greatly 
reduced by surface roughnesses, the per¬ 
centage of reduction increasing with pres¬ 
sure. Both visual observations and cur¬ 
rent measurements lend strong support 
to the belief that the lowering is brought 
about by point discharges proceeding 
from the irregularities. Prolonged spark¬ 
ing was found to reduce the detrimental 
effect of roughening. Experiments dem¬ 
onstrated that this beneficial effect is 
definitely not brought about by changes 
produced in the air sample. Both the 
effect of electrode roughnesses and the 
conditioning phenomenon are of real 
practical importance. The significance 
of electrode roughnesses at high pressures 
may make measurements under labora¬ 
tory conditions appear too promising. 

The cylindrical electrode arrangement 
showed a definite and surprising polarity 
effect; the measurements were lower 
and more uncertain when the inside 
cylinder was positive. Further, it was 
not possible to realize complete condi¬ 
tioning for the larger cylinders. Applica¬ 
tions of compressed gas using a cylindrical 
arrangement should naturally employ a 
negative polarity on the inner cylinder 
when possible. This may be accomplished 
in the case of a d-c cable, but not of 
course in the common condenser applica¬ 
tion where alternating potentials are 
used. 

With the needle-point-to-plane elec¬ 
trode configuration the two polarities 
yielded entirely different results. The 
voltage and current for a positive point 
increased with pressure for the first few 
atmospheres, then became indetennihate, 
and ultimately a critical pressure was 
reached at which the voltage fell to the 
initial potential value and the current to 
zero. In the pressure region where the 
measurements were indefinite the path 
that the spark followed was uncertain. 
Above the critical pressure the spark 
path again became regular and the volt¬ 
age was definite. The results for a nega¬ 
tive point showed no irregularity. 

The critical pressure for nitrogen and 
for air was substantially the same, ap- 
proximatdly 200 pounds; for hdium 
mhced with three per cent nitrogen it 
increased to about 500 pounds; for equal 
partial pressures of the two gases it 
amounted to 350 pounds. 
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Discussion 

G. C. Noiiken (General Electric Company, 
Pittsfield, Mass.): Alvin H. Howell is to 
be commended on his review of the past 
work done on the dielectrics of high-pres¬ 
sure gases. Likewise* on his own work 
which has extended the combined voltage- 
pressure range to a considerably higher 
value than has previously been recorded. 

It is of practical importance to compare 
the bre^down strength of air at high pres¬ 
sures with the breakdown strength of other 
typical high-voltage insulation. The im- 
portent thing that shows up in such a com¬ 
parison is that whereas the d-c breakdown 
of compressed air expressed in volts per 
mil is constant for different spacings as 
shown by Mr. Howell’s figure 6, the dielec¬ 
tric strength in volts per mil of solid and 
liquid dielectrics drops off very rapidly 
with increased spacing. (The breakdown 
strength of solid insulation varies about as 
the two-thirds power of the spacing.) In 
making three typical comparisons we find 
that the d-c breakdown strength of five- 
mil thickness of good solid insulation is 
over three times higher than the same thick¬ 
ness of compressed air at 600 pounds pres¬ 
sure; the d-c breakdown strength of one- 
half-inch good solid insulation is slightly 
stronger than a half-inch of air at 500 pounds 
pressure; while 0.1 inch of transil oil is only 
about one-third the strength of air at 600 
pounds pressure with d-c applied voltage. 
These comparisons would undoubtedly be 
much different on the basis of alternating 
or unpulse voltages instead of direct volt¬ 
age, or if the comparisons were made with 
other than parallel plate electrodes. It ap¬ 
pears that if high-pressure gas is to be used 
as a dielectric, it wiU be in the ultrahigh- 
yoltage field, where the insulation spacing 
IS an mch or more. 

In 1936, I made some tests on the corona 
c^ent on a point-to-plane gap in air. I 
observed that the corona current, when the 
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point was negative, was composed of a 
series of high-frequency current pulses 
which involved frequencies higher tfiqn 
1,000 kilocycles. These current pulses 
built up very rapidly and then fell off ex¬ 
ponentially to zero. The frequency of occur¬ 
rence of these pulses was quite regular and 
increased with the applied voltage. With 
a positive point, a pulsating corona current 
occurred at the first Initiation of corona, but 
at slightly higher voltage, the corona current 
changed to a steady state. These pulsating 
corona currents point to the important part 
which space charge has on the mechanism 
of breakdown. I would like to ask Mr. 
Howell if he observed this pulsating-corona- 
current phenomena in his tests, and if so, 
would the microammeter which he used re¬ 
cord correctly the average value of these 
high-frequency currents. 

I have observed the critical pressure in 
the breakdown versus pressure curve of 
sharp-edged gaps; similar to that shown in 
Mr. Howell’s figure 11. 

One test setup consisted of rod gaps tested 
with 60-cycle voltage in nitrogen. The 
critical pressure for that arrangement was 
140 pounds per square inch gauge, and was 
not typified by such an abrupt discontinuity 
in the voltage breakdown curve as is shown 
in figure 11. 


G* W. Dunlap (General Electric Company, 
Schenectady, N. Y.): Mr. Howell has done 
a very creditable piece of work and his paper 
presents valuable additions to the growing 
fund of information about the dielectric 
strength of gases at pressures above atmos¬ 
pheric. 

Several questions arise and perhaps some 
related findings from the experience of the 
writer in a similar investigation may be 
pertinent. 

The comments about the mechanism of 
breakdown are quite interesting and throw a 
new light on this phase of the subject. A 
better understanding of this mechanism is, 
of course, vital to the application of gases 
under pressure to the insulation problem. 
Regarding this point, the following ques¬ 
tions might be answered. 

Does not the same mechanism account for 
the departure from the Paschen relation 
with '’uniform fields” as well as the critical 
pressure effect found with the point plane? 
It would seem to be a matter of degree. 

Inasmuch as all the tests reported were 
made with direct current, it is possible that 
the full importance of space charge is not 
appreciated. This effect is' more apparent 
when voltages with different time-amplitude 
ch^cteristics are appHed. For example, 
a six-centimeter rod gap in nitrogen at four 
atmospheres absolute was found to have a 
breakdown value of about 160 kv with 60- 
cycle voltage and a value of only 120 kv for 
a IV 2 X 40 positive impulse. This is, of 
course, directly opposite to the usual rela¬ 
tion between impulse and 60-cycle break¬ 
down. 

In the study of dielectric breakdown it is 
well to be careful in drawing conclusions 
about the mechanism of breakdown on the 
basis of currente flowing before breakdown. 
Insulation studies in general have shown a 
decided lack of correlation between such 
current conditions and the actual break¬ 
down. 

Also can atoms remain in a metastable or 
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excited state long enough to effect the 
strength of a given volume of gas for a time 
in the order of tens of seconds? In tests 
where positive impulse voltages were ap¬ 
plied to sphere and rod gaps in gases under 
pressure it was found that the strength of a 
given gap depended to some extent on the 
preceding voltage application. Almost in¬ 
variably the application of an impulse at 
some level within the range of voltages that 
could produce breakdown would cause a 
fiashover if there had been a fiashover on 
the previous application. Conversely, if 
there had been no fiashover on the preceding 
application, the same voltage would be 
withstood and the voltage could be raised 
to the upper limit before a breakdown would 
occur. Impulses were applied at intervals 
of approximately one-half minute so this 
phenomenon is not satisfactorily explained 
by the usual conceptions of ionization by 
impact or electric or thermal stress. 

Concerning the effect of roughening the 
electrodes, was any relation noted between 
the amount of effect and the spacing of the 
electrodes? It seems reasonable that the 
presence of small points could produce 
changes of the magnitude reported. Ex¬ 
perience of the writer in corona studies 
seemed to indicate a measurable effect from 
irregularities of microscopic size on bare 
copper cables for high-voltage transmis¬ 
sionlines. 

Figure 11 of the paper shows a maximum 
breakdown voltage at 160 pounds though 
the conclusions give a value of 200 pounds. 
Was any relation noted between the critical 
pressure and electrode spacing? For stand¬ 
ard on^half-inch square rod gaps in nitrogen 
the writer found breakdown voltage maxima 
at four atmospheres absolute for both posi¬ 
tive impulse and 60-cycle voltages. There 
was some indication that this critical pres¬ 
sure decreased with increasing gap lengths. 

The attack on metal parts mentioned as 
due to di^ociated oxygen should be re¬ 
membered if application is to be made where 
frequent breakdowns could occur. Similar 
trouble has been experienced where gases 
of complex molecular structure have been 
used. The use of an inert gas such as nitro¬ 
gen obviates this difficulty. 

In the engineering application of gases 
under pressure it is important to remember 
the wide range of dielectric strengths ob¬ 
tained by varying such factors as the field 
configuration and the polarity of applied 
voltage. This is emphasized by the results 
given by Mr. Howell. It is impossible to 
design gas-insulated apparatus on the basis 
of a pressme-breakdown curve for one gap. 


Victor Siegfried (Worcester Polytechnic 
Institute, Worcester, Mass.); Mr. Howell 
has presented a fine piece of work on a very 
important line of research, and is to be com¬ 
mended on the thoroughness with which 
the investigation was made. Many of the 
fratures of high-pressure gaseous insulation 
have been determined and the limits within 
which devriopments may be expected for 
an application of gas under pressure for in¬ 
sulation are shown to be elastic but high as 
compared with practice up to the present. 
Mr. Howell’s discussion of the effects noted 
with regard to conditioning of electrodes is 
p^icularly appropriate. It is obvious 
that for any commercial development of 
long lengths of cable, little or no condition- 

Electrical Engineering 



ing effect will be realized and that the real 
practical limit is established by results for 
rough electrodes, as shown in figure 7 of 
his paper. 

An investigation of pressure relations 
with gas for a dielectric at Worcester Poly¬ 
technic Institute has shown similar results 
to Mr. Howell’s, in that for unconditioned 
electrodes, there is a distinct disagreement 
between points on the breakdown curve 
taken with increasing pressure and those 
taken with pressure decreasing. The trends 
are quite definite, and it seems to make little 
difference as to the order in which the tests 
are made. The specimen used is a concen¬ 
tric cylinder with a ratio of outer to inner 
diameter of about four, flashed over with 
alternating potentials, and of a length so 
that previous sparking of the gap produces 
little conditioning, since as soon as one spot 
becomes conditioned, another point takes 
the arc under approximately the same con¬ 
ditions as the first. This gives rise to the 
belief that the effect is more than an elec¬ 
trode effect entirely, yet it is difficult to 
understand how the gas can be affected 
directly by the direction of pressure change. 

^ The factor of time seems to play no part, 
as the gas can be left at any pressure for a 
length of time on either curve and still show 
a wide separation between rising and falling 
pressure values. The investigation of this 
phenomenon would help in arriving at the 
practical limits for gas-pressure insulation. 

I would like to suggest another point of 
significance from the practical side of the 
discussion. The ratio of cylinder diameters 
at very near to 6, as used by Mr. Howell, 
gives results which will seldom be achieved 
except under laboratory conditions. The 
interesting values of this ratio are those 
slightly above e, since the corona-free break¬ 
down given by the curves in this paper is a 
very special type of spark-over. Further 
work of the same caliber as Mr. Howell’s 
should be undertaken with a wide range of 
cylinder diameter ratios. Results from 
such a set of tests may help to clear up some 
of the baffling phenomena observed and 
possibly improve the test procedure to a 
point where observations will not be af¬ 
fected by sudden bursts of violent sparking, 
since some corona will be present to initiate 
slow discharge before complete breakdown 
ensues. 

Mr. Howell has attempted to explain 
many of his results from fundamental con¬ 
cepts, but has had to throw out many pos¬ 
sible explanations because tliey do not fit 
one observation, namely, the lack of dif¬ 
ference in breakdown voltage for a reversal 
of polarity. I do not see how the polarity 
can be definitely biased for plane electrodes, 
and for cylinders the results are already 
counter to polarity theory; so that my 
own feeling is that there may be more to 
Mr. Howell’s explanations than he has 
allowed on the basis of the one key observa¬ 
tion. I hesitate to suggest that his work 
is in error, for I can certainly do no better 
than he has done, but it may be that the 
sensitivity of the measurements does not 
permit easy detection of a polarity effect 
which may be present. 


R. C. Buehl (Massachusetts Institute of 
Technology, Cambridge): The excdlent 
paper of Mr. Howell naturally raises the 
question of the extension of the results to 


higher pressures and alternating voltages. 
In this connection, two questions are of 
importance, namely: 

1. Does the breakdown approach a definite maxi¬ 
mum with increase of pressure, or continue to rise 
at a slower rate than at low pressures? 

2. Will electrodes condition themselves or de¬ 
teriorate when breakdown measurements are made 
with alternating voltages from a transformer so that 
each breakdown is followed by a short-time arc? 

The answer to these questions for plane 
electrodes is contained in measurements on 
nitrogen with 60-cycle alternating current 
made by the author in 1935 with the ap¬ 
paratus sketched in figure 1 of this discussion 
but not previously published. The nitrogen 
was partly purified by passing over magne¬ 
sium heated to 400 degrees centigrade and 
through a trap cooled by solid CO 2 . Errors 
due to time lag were eliminated by irradiat¬ 
ing the gaps with ultraviolet radiation from 
an iron arc but this had no appreciable ef¬ 
fect on the breakdown voltages except to 
make them more consistent. A resistance 
of 1.8 megohms was used as a series resist¬ 
ance to protect the electrodes from exces¬ 
sive pitting. After a breakdown, the volt¬ 
age was removed in a fraction of a second by 
a relay. 

The breakdown voltages are plotted 
against pressure in figure 2. Below 16 at¬ 
mospheres there was little spread in the 
breakdown measurements, all the values 
falling within two per cent of the average, 
so that the electrodes seem to have been 
satisfactorily conditioned. This condition¬ 
ing required about 50 breakdowns. Above 
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this pressure, the spread on the breakdown 
voltages became much greater, becoming 
as great as 15 per cent in some cases, the 
spread being shown by the shaded areas in 
figure 2. In general, each successive break¬ 
down voltage would tend to be higher than 
the previous one until a maximum was 
reached but occasionally an arc would ap¬ 
pear to damage the surface so that the 
following breakdown measurements would 
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Figure 2. Breakdown voltages for nitrogen 
with plane electrodes at various constant 
separations 


be at the bottom of the spread. Conse¬ 
quently, with the apparatus employed, the 
condition of the electrodes appeared to be 
continually changing in the range from 16 
to 46 atmospheres. An interesting phe¬ 
nomenon was observed, namely, that sparks 
which lasted only a fraction of a half cycle 
often occurred at the lower breakdown volt¬ 
ages. These conditioned the electrodes so 
that the following breakdown voltage was 
always considerably higher. 

Above 45 atmospheres the spread in the 
breakdown voltages again became small 
except that the sparks of short duration 
mentioned above occurred occasionally at 
voltages below those necessary to cause a 
repeated breakdown during each half cycle. 
These low breakdown voltages are not 
shown in figure 2. Since the extrapolations 
of the curves from high pressures coincide 
with the minimum breakdown values ob¬ 
served between 16 and 45 atmospheres, it 
appears that the irregularities on the elec¬ 
trodes—either points or active regions of 
low work function—become more important 
at high pressures, and their effects cannot 
be removed as readily by breakdown above 
45 atmospheres as below. Above 45 atmos¬ 
pheres the breakdown voltage increases 
about linearly with the pressure but the 
rate of increase of breakdown voltage with 
pressure is only about one-fifth that at 
atmospheric pressure. This corresponds 
roughly to the ratio of the slope of the curves 
for rough electrodes at high pressures to the 
slope for conditioned electrodes at atmos¬ 
pheric pressure given by Mr. Howell in his 
figure 7. From this it would seem that sur¬ 
face irregularities, which act as points of 
local discharge or sources of dectrons, play 
an important role in determining the break¬ 
down voltages at high pressures. Although 
the mechanism of breakdown at high pres¬ 
sures is probably different from that at 
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atmospheric pressure, the surface irregulari¬ 
ties probably control the breakdown volt¬ 
age and largely mask the effect on the break¬ 
down voltage of a change in the mechanism 
of breakdown. 


E, W* Bavis (Simplex Wire and Cable 
Company, Cambridge, Mass.): The author 
has (mrried out a most careful investigation 
of this subject and has gathered together a 
very good background of past experimental 
work. 

The art of cable manufacture is moving 
forward quite rapidly and a very large num¬ 
ber of new t 3 ^es of cables use or contem¬ 
plate using pressure-type insulation to ob¬ 
tain increased dielectric streng^ and greater 
reliability. This present paper dealing as 
it does with gas should be of some value for 
gas-filled cable and of considerable use for 
future cable design for high-voltage d-c 
transmission. 

The experiments with cylinders are of 
particular interest to us and it is hoped that 
future work with cylinders of varying ratio 
of B to d will be tried and also that tests 
with alternating potential will* be made. 
The choice of a fixed ratio of Did « € was 
perhaps a wise one for this initial work. 
Breakdown tests of cables having varying 
ratios of D/d do not follow the theoretical 
formula for large ratios of D/d (over value 
of e) and as yet no good explanation has 
been offered. 

Minimum stress, maximum stress, cur¬ 
rent density (pyroelectric effects), and 
corona-type formula have been offered vdth- 
out much success. In connection with thf«i 
problem we are interested in the erratic be¬ 
havior of concentric cylinders having the 
inside one positive and also with the pro¬ 
nounced polarity effect found which is ap¬ 
parently new. If this polarity effect is pro¬ 
nounced it is conceived that for alternating 
voltage there may be some rectifying action 
taking place which would allow the building 
up of space charges and explain the reason 
why corona-type formula apply fairly well 
to cables insulated with solid-type dielec¬ 
trics. 

The author is to be congratulated on 
avoiding many of the pitfalls in dielectric 
strength tests which sometimes lead to er¬ 
roneous conclusions. 


A. H. Howell: The gentlemen who have 
offered discussions have presented valuable 
materi^ and the writer wishes to express 
appreciation for these contributions. 

Mr. Buehl's results with alternating 
voltages appear to be in agreement with 
those for direct potentials reported in the 
present paper. It is especially helpful to 
have available these quantitative results 
from his work. 

^ The comments of Mr. Davis are especially 
sig^ficant because of his close association 
with the commercial aspects of insulation 
problems. 

Nonken has made interesting com¬ 
parisons of the didectric strengths of typical 
solids and liquids with those presented for 
compressed gases. Hegarding the question 
he raises concerning the possible pulsating 
nature of the currents that were observed, 
this was not checked and there were no ob¬ 
servations indicating that the current pos¬ 
sessed this pulsating quality. The micro- 
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HE RECENT occurrence of several 
serious switch-house fires has oc¬ 
casioned an imusual interest in the mat¬ 
ter of bus protection. Acting upon the 
belief that a comprehensive survey of 
modem practices in such protection would 
be of some benefit to those interested, 
the relay subcommittee of the AIEE pro¬ 
tective devices committee and the relay 
subject committee of the Edison Electric 
Institute electrical equipment committee 
jointly prepared and circulated a rather 
extensive questionnaire on the subject. 

It is the purpose of this report to pre- 


Paper number 39-19, recommended by the AIBB 
committee on protective devices, and presented at 
the AIEB winter convention, New York, N Y, 
January 23-27, 1939. Manuscript submitted 

November 3, 1938; made available for preprinting 
December 10, 1938. 

♦ A report prepared under the auspices of the relay 
subcommittee of the AIEB protective devices 
committee and the relay subject committee of the 
Edison Electric Institute electric^ equipment 
committee by J. H. Neher, chairman of the AIEB 
relay subcommittee and engineer in charge of relay 
deng^n for the Philadelphia Slecttic Company, 
Philadelphia, Pa,, and H. L. Wallau, chairman of the 
Em electrical equipment committee and electrical 
engineer of the Cleveland Electric Illuminating 
Company, Cleveland, Ohio. 


sent factual data on the principal types 
of bus protective schemes as reported by 
the 34 companies replying to the question¬ 
naire, and also to present a discussion of 
the design features involved as indicated 
by the replies to specific questions asked 
and collateral data supplied. 

Classification of Bus 
Protective Schemes 

In order to obtain as much uniformity 
as possible in the scope of the replies 
solicited, the three principal types of bus 
protection were de&ed as follows in the 
questionnaire: 

A, Differential Protection, The bus pro¬ 
tective relay is operated from a differential 
connection of current transformers located 
in all sources to and feeds from the bus and 
therefore distinguishes between bus and 
external faults by virtue of its connection. 

This system offers protection against phase 
faults, ground faults, or both, dependent' 
upon the use of phase relays, the use of a 
neutr^ relay only, or of the latter in com¬ 
bination with phase relays. 



ammeter used would be expected to read 
correctly the average value of high-fre¬ 
quency pulsating currents. 

The suggestion of Mr. Dunlap that the 
mechanism underlying the critical pressure 
effect for a positive point-to-plane electrode 
arrangement may account for the departure 
from the Pascheu rdation with uniform 
fiel^ at higher pressures seems reasonable. 
This is not necessarily true since numerous 
physical processes are at work in the break- 
doTO of a gas, and as yet there is insufficient 
evidence to determine whether the one re¬ 
sponsible for the critical pressure phenome¬ 
non is wholly responsible, partially re¬ 
sponsible, or not at all responsible for the 
failure of the Paschen relationship. 

It has been suggested tliat metastable 
atoms may not play a part in the breakdown 
when the time lag is of the order of tens 
of seconds. Whether or not metastable 
atoms are important in the breakdown of a 
gas is determined not by the time lag, but 
rather by whether they live long enough to 
travel from the point where they were 
created to the point where they regenemte 
electrons (the cathode) which contribute to 
the discharge. 

A de finit e answer to the question concern¬ 
ing the magnitude of the effect of electrode 
roughening for different electrode separa¬ 
tions was not obtained in the present study. 
The question was raised but not explored. 
The few results obtained did not show much 
of an effect with separation. 

The ^ect of electrode spacing on the 


critical pressure has been raised. The 
critical pressure for a given positive point 
was practically independent of spacing for 
the spacings used (up to two inches). It 
was observed that the particular point used 
affected the critical pressure, the pressure 
being lower for a dull point than for a 
sharp one. However, the pressure at which 
spark spreading and uncertain measure¬ 
ments began was lower for the larger spac- 
mgs. 

The r^narks of Mr. Dunlap concerning 
the effect of the gaseous products of break¬ 
down on the apparatus and of the importance 
of such factors as field configuration and 
polarity in design jure most significant. 

Mr. Siegfried raises the question of a 
polarity effect with plane electrodes. The 
polarity effect was expected only for the ar¬ 
rangement of one conditioned electrode and 
one rough electrode. On the assump'tion 
that breakdown is initiated at the cathode 
(aCnd is not influenced by the condition of 
the anode) as it is with some of the sug¬ 
gested mechanisms, such a gap ought to 
exhibit breakdown voltages corresponding 
to rough electrodes when the rough electrode 
is the cathode and breakdown voltages cor¬ 
responding to conditioned electrodes when 
the conditioned electrode is the cathode. 
This difference in voltage would easily be 
detected and was the effect expected. 

The results of Mr. Siegfried^s own work 
are very interesting and it is helpful to have 
the comments from his practical point of 
view. 
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S» Fault Bus Protection, The normally 
grounded parts in the station are inter- 
coimected throughi a “fault bus” which is 
connected to the station ground through 
one or more current transformers in such 
a manner that currents due to ground faults 
occurring on the bus or associated equip¬ 
ment must pass through this fault bus and 
operate a bus protective relay connected to 
the above mentioned current transformers. 
As indicated, this system offers protection 
only against faults involving ground. 

C, Partial Differential Protection, The 
bus protective relay is connected to current 
transformers located in one or more of the 
sources to the bus. Operation on external 
faults is prevented by: 

1. utilizing an overcurrent relay with a time 
setting selective with the rest of the system protec¬ 
tion under the prevailing conditions. 

2. Utilizing a distance relay with a definite ohmic 
pickup set above the value of reactors located in 
the sources to or feeds from the bus; or a distance 
relay with a time-distance characteristic set sdec- 
tively with the rest of the system protection. 

This system offers protection against phase 
faults, ground faults, or both, according to 
type, and connections of the relays em¬ 
ployed. 

Numerical Data 

The numerical data obtained from two 
general questions covering the main con- 
structural and operational features of the 
installations a-e given in table I. Because 
of wide variations in the number of in¬ 
stallations reported by individual com¬ 
panies, there have been incorporated both 
tlie number of reporting companies and 
of installations of each class reported. 
In general, no effort has been made to 
minimize the discrepancies appearing in 
the tabulation because of incomplete de¬ 
tail in the replies. 

Of the total installations, three com¬ 
panies reported 61 per cent and six com¬ 


panies reported 81 per cent of the type A 
installations; three companies reported 
62 per cent of the type B installations, 
while the type C installations were much 
more uniformly distributed among the 
reporting companies. 

On the basis that all similar applica¬ 
tions were installed at the earliest date 
listed by the reporting company and ap¬ 
plied to the total bus sections so reported, 
it appears that type A installations have 
been in use for 11 years, type B for 10 
years, and type Cfor 7 years to the begin¬ 
ning of 1938. It will be noted that this 
has a tendency to exaggerate their actual 
age. 

Group phase bus construction is used 
in 93 per cent of the sections equipped 
with type A and in 87 per cent of those 
equipped with type C protection. The 
type B fault bus systems are primarily 
favored for use with indoor installations, 
some 82 per cent being so reported. The 
margin of the isolated phase installations 
over the group phase for type B is not 
as great as might be expected. 

The voltage ranges were selected to 
emphasize the grouping points of the 
numbers of reported installations. 

In respect to the type of faults pro¬ 
tected against, the answers were tabu¬ 
lated as specified on the individual re¬ 
turns, except that type B installations 
were listed under “ground faults” only. 
In some cases they were specified in the 
“both” category and undoubtedly these 
installations will function properly for 
phase-to-phase faults involving ground. 
This is probably true of all the installa¬ 
tions listed under “ground faults.” Both 
A and C types of protection may have 
installations listed in the “both” cate¬ 


gory with the same thought in mind. 

As regards the matter of system ground¬ 
ing, practically all cases involving an iso¬ 
lated neutral apply to distribution sub¬ 
stations. The majority of the fault bus 
installations are used in connection with 
limited ground currents since most are 
installed in generating stations where 
this is a standard practice. 

The balance current relays employed 
are principally of the percentage-differ¬ 
ential type. Distance relays are of the 
impedance type. 

One company lists 172 type A instal¬ 
lations with instantaneous overcurrent re¬ 
lays. Sixty-six percentage-differential re¬ 
lays listed under “balance current” in 
type A installations are in use by another 
company. 

It is apparent that the type of current 
transformer used depends primarily on 
the type of bus construction. The hush- 
ing type is heavily favored with the differ¬ 
ential class of protection since most of the 
protected buses are of the outdoor type. 
In the case of the fault bus type of pro¬ 
tection, most installations are indoors, 
which makes the wound type of trans¬ 
former convenient. 

The “combination” group contains ex¬ 
amples of aU possible groupings of the 
three principal classifications. 

Four companies reporting about 300 in¬ 
stallations practically all of the differen¬ 
tial type, use the term “excellent” to in¬ 
dicate performance in lieu of numerical 
data. 

Causes of Incorrect Operations 

This information is sufficiently im¬ 
portant to justify the indusion of more 


Table I. Summary of the Constructional and Operational Features of the Bus Protective Installations Reported 


Type of Btts Construction 

. Total Installations Type of Station - Voltage of Protected Bus Protection Against 

_ ___ Group Phase Isolated Phase (Range In Kilovolts) - 

Pro- Gener- Trans- Uistri- *- - - Phase Ground 

Classification Existing posed ating mission hution Indoor Outdoor Indoor Outdoor 2-P 11-22 33-88 110-220 Faults Faults Both 


A Differential.26/ 803.. 9 / 38 . . 20 / 172 . .21/379.. 14/288.. 16/246. ,24/533.. 6/ 49.. 1/10. .6/100. .22/338. .14/252. .14/163.. 9/266.. 8/ 47. .22/484 

B, Fault bus.11/ 197.. 2/ 5.. 9/132.. 7/ 42.. 4/ 28.. 6/ 75.. 5/ 16.. 7/ 90..1/22. .1/ 6.. 9/166.. 4/ 24.. 2/ 6...12/198. 

C, Partial differen- 

^ 9/ 132.. 4/37.. 7/ 62.. 6/ 63.. 3/ 64.. 7/ 77.. 8/ 70.. 3/ 21..1/ 1..2/ 32., 8/104.. 1/ 4.. 4/ 29.. 4/ 53.. 2/ 24.. 8/ 90 

TotalsV.’. .*.’.’. .32/1132. .16/80. .28/366. .27/474. .16/370. .22/397. .27/618. .14/160. .2/33. .7/138. .28/607. .16/280. .17/187. .10/319. .18/260. .25/674 


Type of Relay Protection 


Type of Grounding System Overcurrent 

Re- Isolated Indue- Instan- 

Solid Resistor actor FTeutral tion taneous Both 


Type of Current Transformer Number of 

-^^- Operations 

Balanced Dis- Combi- - 

Current tance Bushing Through Wound nation Total Incorrect 


A, Differential.20/416. 

B, Fault bus.6/62. 


15/333.6/87.. .11/258... 8/386.. .3/ 41., .16/160.. .1/ 4.. .21/613., .10/121 

6/121,..!/ 8..... 4/ 14... 7/ 91...3/ 94. 2/ 39... 2/ 61 


10/ 62...6/30...13/166.,.10/32 
7/ 97...1/ 3...10/ 65... 6/16 


C. Partial differen¬ 
tial.. 7/92. 

Totals.22/669. 


. 6/ 39...2/ 4...2/10... 4/ 63. 
.16/493.. .3/12., .6/97.. . 16/326. 


2/ 26...1/ 4... 3/ 47...2/19... 5/ 69... 4/ 37... 4/ 37. 3/ 4... 1/ 1 

14/602.. .7/139.. .16/197., .3/23...21/721... 13/209.. .19/186.. .7/33.. ,22/214,. .16/48 


Notb: The figures to the left of the oblique bars designate the number of reporting companies while those to the right of the oblique bars designate the number . 
of bus sections reported. 
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detaU from the individual returns. 


Number of 

Incorrect 

Operations 


Causes 


8 

4 

1 

5 


Incorrect wiringf. 

Errors in routine testing, such as ap* 
plymg potential to the ground bus. 

Differential relay failure. 

Improper appHcation, principally fail¬ 
ure^ to consider current transformer 
ratio changes under high fault cur¬ 
rents. 


. Construction errors. In one case this 
was a matter of poor contact and in 
another construction men inadvert¬ 
ently cut into an operating bus pro¬ 
tective setup and the third was 
caused by vibration from construc- 
Uon on an adjacent panel. 

FaUure of bushing current transformers. 

Balance circuit grounded. 


1.Auxiliary relay failure. 

®.Faulty insulation of fault busses. 

Other cases of this are mentioned. 

^ ®.Minor miscellaneous causes. 

Several’* . .Unbalance created by d-c transients at 
the time of a fault. 


Maintenance 


Maintenance of bus protective systems 
is quite evenly divided between the 
“negligible” and “reasonable” categories. 
No reporting companies consider the 
maintenance of their present bus protec¬ 
tive systems as “heavy.” 

The usual maintenance periods re¬ 
ported by the various companies are as 
follows: 

3 months—^reported by 3 companies with 
71 installations 

6 months—reported by 11 companies with 
480 installations 

12 months—^reported by 15 companies with 
434 installations 

24 months—^reported by 2 companies with 
157 installations 


tective systems, intended to promote a 
discussion of certain features fundamental 
in their designs, and the following dis¬ 
cussion has been prepared from the re¬ 
plies. Outlines are also included of 
special bus protective schemes which are 
believed to be of general interest. 

Differential Bus Protection 

(a) Current Transformer Considera¬ 
tions, The highest ratio of fault current 
to current-transformer rating varies con¬ 
siderably and attains the remarkably high 
value of 126 to 1. The conservative limit 
of 10 to 1 or less is used by five companies 
reporting 316 installations. The most 
commonly used limits are within the 
range of 11 to 20 to 1. Twelve companies 
report 300 installations in this group. 
The 21 to 30 to 1 class has a substantial 
representation consisting of 138 instal¬ 
lations reported by seven companies. 

Higher limits are used by three com¬ 
panies reporting 66 installations which are 
probably permissible because of special 
conditions. A conservative trend is clearly 
indicated by a consideration of proposed 
installations. These show that the limit¬ 
ing ratios will be lowered by five com¬ 
panies and raised by one and will exceed 
20 to 1 in one case only. 

Eight companies reporting 264 instal¬ 
lations include an accuracy limitation in 
current-transformer specifications. Clas¬ 
sification of these is difficult since most of 
the specifications are not complete and 
lack agreement. The limits range from 
0.5 per cent to ten per cent at ten times 
rating. 

Nineteen companies reporting 646 in¬ 
stallations use standard transformers with 


Included in the above tabulations are 
some companies with a relatively large 
number of installations which divide them 
into two categories in order of importance 
and provide maintenance accordingly. 

A 6- and 12-month interval, is so used 
by three companies with 227 installations. 
Two companies with 277 installations use 
12 - and 24-month maintenance periods. 

Four companies reporting 287 instal¬ 
lations provide some or all of these in¬ 
stallations with instruments on which the 
condition of the balance is read three 
times daily. 

Several companies provide tripping 
tests and/or inspections at intervals be¬ 
tween the normal maintenance periods 
given above. 

Design Features 

A number of specific questions were 
asked in reference to the three main pro¬ 


commercial accuracies. However, a grow¬ 
ing consciousness of the accuracv factor 
is apparent as three of the latter com¬ 
panies now include some specification of 
accuracy in proposed installations. 

Opinion favors the independent ground¬ 
ing of current transformers. Eighteen 
companies reporting 307 installations fol¬ 
low this practice. Seven companies re¬ 
porting 394 installations use a common- 
ground, generally located at the relay 
panel and providing a convenient point 
to megger the relaying circuits. 

One company reporting 179 installa¬ 
tions uses a single ground for all installa¬ 
tions except those on 4.8-kv busses which 
use independently grounded current 
transformers. Of particular interest is 
the fact that these ground connections, 
in recent practice, are made up of a 
300-ohm resistor with a parallel gap. 
TOs reduces the hazard of a false opera¬ 
tion if the circuit is accidentally grounded 
and at the same time is believed to afford 


adequate safety to personnel and equip¬ 
ment. 

With a single exception no inclination 
to change existing practice is indicated 
in the proposed instdlations. 

A relatively even division of opinion 
exists on the permissibility of utilizing 
current transformers of different ratios 
equated by autotransformers with 14 
companies reporting 288 installations 
subscribing to this practice and 12 com¬ 
panies reporting 623 installations avoid¬ 
ing it. Of the latter, two companies use 
balancing transformers if a transformer 
bank is included in the protection. Bal¬ 
ancing transformers are all of the auto- 
transformer type with the exception of 
those used by three companies who prefer 
the tapped two-winding type. 

It is evident that balancing transform¬ 
ers should preferably be avoided when¬ 
ever possible, but sufficient evidence ex¬ 
ists to indicate that it is perfectly feasible 
to use them if the situation requires. 

If protection against ground faults only 
is provided existing current transformers 
are generally used according to reports 
from nine companies with 175 installa¬ 
tions. Separate current transformers are 
used by three companies reporting 11 in¬ 
stallations. Both types are used by one 
company reporting 9 installations. 

The preference is decidedly for the 
common neutral return where existing 
current transformers are used. This is 
the practice of six companies reporting 
155 installations as compared to three 
companies reporting 20 installations, 
which make use of insulating current 
transformers in the individual neutral 
circuits. No nonmagnetic conduit is 
used in any installation. 

Proposed installations of this type 
favor the use of existing current trans¬ 
formers and are quite evenly divided be¬ 
tween insulating current transformers and 
the use of the common neutral return. 

A very general freedom from open- 
circuit current-transformer troubles is in¬ 
dicated by the fact that 19 companies re¬ 
porting 464 installations find it unneces¬ 
sary to make any provision to check for 
this condition, except by reading the 
various currents at the time of the peri¬ 
odic relay check. 

Three companies reporting 124 instal¬ 
lations make use of fault detectors in 
series with the differential relay. This 
permits of an alarm indication in case the 
differential relay alone should operate due 
to an open current transformer. 

Three companies reporting 197 instal¬ 
lations use one-ampere ammeters in the 
neutral drcuits which are read three times 
daily. A similar check is made by one 
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company using the harmonic-restraint 
type of relay by means of a low-reading 
high-resistance a-c voltmeter connected 
across the internal current transformer 
of the relay. 

Twenty companies reporting 640 instal¬ 
lations test for a short-circuited condi¬ 
tion in the current transformers at the 
time of the relay check, usually annually. 
The procedure is divided between the 
companies which read load current values 
in the various branches of the differential 
circuit and the companies whidi apply 
an external voltage to determine the im¬ 
pedance of the circuit. 

One company reporting 110 installa¬ 
tions applies to the relay daily a potential 
which is too low to cause it to trip. The 
value of the resulting current will deter¬ 
mine an open- or short-circuited condition. 
Another company reporting 11 installa¬ 
tions makes a monthly tripping test with 
a small transformer just adequate to trip 
the relay under normal conditions. 

Five companies reporting 61 installa¬ 
tions make no check for short circuits fol¬ 
lowing initial installation, 

(6) Differential Relays, Phase differen¬ 
tial relays are usually set above maximum 
load current of any circuit, according to 
13 companies reporting 631 installations, 
and settings range as high as three times 
this value. Seven companies reporting 
63 installations set phase relays below 
maximum load values. 

In the case of neutral relays, the situa¬ 
tion is reversed with 2 companies report¬ 
ing 17 installations with settings above 
the maximum load and 11 companies 
reporting 413 installations using settings 
below this value. 

Considering both neutral and phase 
relays which are set below maximum load 
values, 12 companies reporting 343 in¬ 
stallations find it uimecessary to make 
any provision to prevent tripping due to 
accidental opening of a current trans¬ 
former. On the other hand, six companies 
reporting 98 installations use fault detec¬ 
tors in series with differential relays to 
prevent the occurrence of faulty trippings 
on this account, and one company uses 
percentage differential relays for the same 
purpose. 

Both schools of thought find results 
satisfactory since the majority of the pro¬ 
posed installations involve no change in 
practice. 

Percentage differential relays are em¬ 
ployed in 107 installations reported by 
13 companies. Considerable diversity 
of opinion exists as to the most desirable 
grouping of current transformers. 

Four companies reporting 77 installa¬ 
tions group sources to one winding of the 


relay and loads to the other. This num¬ 
ber includes the largest user of percentage 
differential relays for bus protection, a 
company with 66 installations. Similarly 
two companies with 7 installations use 
three-winding differential relays and 
group sources to one winding, loads to 
another, and bus ties to the third. 

Two companies with 11 installations 
connect the principal source or sources to 
one winding and other sources and loads 
to the second. One company with 4 in¬ 
stallations groups both sources and loads 
to each winding. Three companies with 
6 installations include transformer banks 
in the differential protection and naturally 
group current transformers according to 
potential of the bank windings. 

{c) Prevention of Relay Operation on 
Transients, Eleven companies reporting 
483 installations make no intentional pro¬ 
vision to prevent operation of the differen¬ 
tial relay on through faults due to transi¬ 
ents set up in the differential circuits by 
iron satiuation in the current transform¬ 
ers. It is of interest to note that all of 
this group with the exception of two com¬ 
panies reporting 238 installations make 
use of induction relays which inherently 
introduce some time delay. 

The largest user of instantaneous relays 
for bus protection, reporting 182 instal¬ 
lations, keeps the ratio of fault current 
to current transformer rating within the 
conservative limits of ten to one. This 
should be of considerable assistance in 
providing for an iron-saturating transient. 
The remaining 16 reporting companies 
make provision for this factor in a number 
of ways. 

Ten companies provide time delay in 
one form or another. Three companies 
use high relay settings while three com¬ 
panies provide high capacity or special 
transformers. Transient shtmts are in 
use by one company and the harmonic 
restraint type of relay is installed for this 
purpose by another. 

iff) Effect of Abnormal Setups on Pro¬ 
tective System, As to means provided to 
maintain the effectiveness of bus protec¬ 
tion when the “normal” circuit setup is 
temporarily changed, practice is evenly 
divided on the need for such protection. 
Fifteen companies report 362 installations 
with no provision for this eventuality.^ 
Comments from this class indicate that 
many remove entire groups of equipment 
from service for maintenance and others 
include current transformers from all 
possible connections. Other companies 
operate with inadequate protection if the 
weather is favorable. 

Eight companies reporting 187 instal¬ 
lations follow the practice of opening the 


trip circuit of the differential relay manu¬ 
ally in case of an abnormal setup. 

A small group of three companies re¬ 
porting the substantial number of 249 
installations use auxiliary switches on 
disconnecting switches which opcrjxte to 
open the trip circuit of the dillerciUiul re¬ 
lay in case the normal switching setup is 
disturbed. In some cases one company 
switches current circuits to rebalance the 
protective system for the abnormal setup. 

An interesting treatment of this prob¬ 
lem is provided at one high-capacity 
generating station. Ten generator and 
step-up bank units feed into the 110-kv 
bus. Considerable flexibility is required 
for various combinations of units and out¬ 
going lines. Each section of the doxible 
bus system is split into independent sec¬ 
tions of variable lengths. To provide 
protection for these varying lumibers of 
busses, the currents of all units and out¬ 
going lines are combined through a differ¬ 
ential overcurrent relay. The operation 
of this relay applies potential to a trip¬ 
ping bus. The individual switches on the 
incoming and outgoing feeds arc then 
tripped by the individual phase and 
ground fault detectors with the potential 
from the tripping bus, thus making the 
protection independent of any possible 
grouping of circuits. An opex'ation of the 
differential relay alone provides an alarm. 

Fault Bus Protection 

Most of the existing installations were 
built integral with the station. Eight 
companies so report 76 installations. 
Four companies report 35 installations 
added later. Three companies with a 
large group of 70 installations specify both 
categories without providing a detailed 
breakdown of the installations. 

The preponderance of fault t)us instal¬ 
lations with special insulation is note¬ 
worthy. Four companies report 98 indoor 
installations and two companies report 
26 outdoor installations with special insu¬ 
lation. Two compatiies report 8 uictab 
clad installations which naturally fall in 
tliis group. Natural conci*etc insulation 
is used by tlxree companies reporting 45 
indoor installations and two companies 
reporting 5 outdoor installations. 

The importance of adequate insulation 
for satisfactory fault bus operation is ob¬ 
vious. In one case a group of 4 installa¬ 
tions was discontinued and another group 
of 12 installations reinsulated after a 
series of faulty operations due to inade¬ 
quate insulation. 

Practically all installations are tested 
initially with various high voltage and 
current values. Seven companies report 
166 installations which are checked for in- 
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sulation in periods var 5 dng from four 
months to two years. Wiere the insula¬ 
tion is high a Hgh-voltage test is made 
and where it is relatively low a check of 
the current through the relay is made and 
compared with the total supplied at the 
test point. Two companies reporting 20 
installations make no regular insulation 
tests. 

In all cases the setting of the relays is 
based on the minimum anticipated fault 
current, together with a desirable factor 
of safety. In some installations using 
natural concrete insulation it has been 
found necessary to determine the percent¬ 
age of fault current which appears at the 
relay for the various faults. 

For similar reasons it has been found 
necessary at times to determine the maxi¬ 
mum stray currents flowing through a re¬ 
lay for faults in adjacent sections in order 
to provide a setting in excess of this value. 

Although two cases of faulty operation 
have been experienced due to accidental 
contact of low-voltage circuits, in general, 
this eventuality is not considered to be a 
serious hazard and no provision is made 
for preventing relay operation under this 
condition. 

As a whole, experience with fault bus 
installations is considered satisfactory and 
further applications are in order for the 
reporting companies. 

This approval is qualified for one group 
of 4 installations which were decommis¬ 
sioned because of inadequate natural con¬ 
crete insulation. Another group of 12 
installations was reinsulated after a series 
of faulty operations and are now sched¬ 
uled to be dianged over to a combined 
differential and fault bus scheme. It is 
thought that future installations would 
be of this order. 

A number of companies experienced in¬ 
sulation difhculties with initial installa¬ 
tions of the fault bus S 3 rstem, but felt that 
the condition was now satisfactory and 
that additional installations are in order. 

Partial Differential Protection 

Where distance relays are utilized, 
these are of the impedance type, employing 
wye-connected currents and phase-to- 
phase voltages for protection against 
phase faults or phase-to-neutral voltages 
for protection against ground faults. 

Fault detectors are used in practically 
all installations. These consist of in¬ 
stantaneous overcurrent phase or ground 
relays, residi^-voltage rdays, and poly¬ 
phase directional or directional ground 
relays polarized by station neutral cur¬ 
rent 

No especial difiBiculty is apparently 
experienced in providing an adequate 


safety factor in the settings of the im¬ 
pedance relays if arcs of reasonable lengths 
are considered. 

Special Bus Protective Schemes 

Two companies propose to install bus 
protection by a scheme, based upon the 
“directional comparison*' method of pilot 
protection of lines. The scheme provides 
a directional ground relay on every bus 
tie and feeder and an overcurrent relay 
in the neutral of the generator. The trip¬ 
ping is initiated by the operation of the 
neutral overcurrent relay and the trip 
circuit is routed in series tlurough the front 
contacts of all directional relays on in¬ 
coming circuits and the back contacts of 
all directional relays on outgoing circuits. 

If the outgoing circuits have no source 
of ground current backfeed, overcurrent 
relays may be substituted for directional 
relays. 

One company reports seven installa¬ 
tions in which both incoming and out¬ 
going circuits from the bus are provided 
with impedance relays. The incoming 
impedance relays are provided with a 
slight time delay and can be kept from 
functioning to trip all incoming circuits 
by the operation of the instantaneous 
impedance relays on the outgoing circuits. 

General Considerations 

(o) Hazards of Inadvertent Relay Opera¬ 
tion* Twenty-nine reporting companies 
believe that the advantages to be ob¬ 
tained from bus protection are adequate 
to justify the hazard of an incorrect opera¬ 
tion. Two companies feel that no possi¬ 
bility of load loss should be incurred. 

A large majority of existing installa¬ 
tions are arranged to trip on the operation 
of any differential relay alone. This 
group indudes 850 installations reported 
by 23 companies. Ten companies report 
65 proposed installations in this classi¬ 
fication. 

Ten companies reporting 288 existing 
installations require or favor the use of 
some checking device such as a fault 
detector which must operate in addition 
to the differential relay before tripping 
can be accomplished. Twenty-tluree 
proposed installations reported by four 
companies will likely be in accordance 
with this policy. 

One installation on an important 230- 
kv application makes use of two com¬ 
pletely separate sets of differential pro¬ 
tective equipment, induding the current 
transformers. Both sets of rdays must 
function to dear the bus. Either set 
operating alone will provide an alarm 
only. 

The requirement of this safeguard ap¬ 


pears universal with the partial differen¬ 
tial type of installations. 

A preponderance of existing and pro¬ 
posed installations favor the use of a 
single multicontact rday for tripping as 
opposed to the use of a separate auxiliary 
rday for each switch tripped. Twenty 
companies report 757 installations follow¬ 
ing this practice while 11 companies re¬ 
porting 437 installations use a number of 
auxiliary trip relays. Among some of 
these latter companies it is evident that 
the consideration involved was not a mat¬ 
ter of prindple, but the fact that a pre¬ 
ferred type of auxiliary rday did not have 
a suffident number of contacts in a single 
unit. 

(&) Supervision of Trip Circuit* About 
one-half of the companies reporting on 
about two-thirds of the installations use 
supervision of the tripping circuit through 
the differential relay and the remainder 
do not. It is probable that many of the 
latter did not consider the supervision of 
the trip circuit of the oil switch alone as 
bdonging to this dassification and it 
is certain that a considerable number of 
the former group did include these cases. 

Several companies use complete super¬ 
vision of the differential trip circuit if it 
is routed through a number of relays or 
through interlocks on disconnecting 
switches. 

(c) Equipment Tripped and Locked Out 
The conunon practice is to trip all 
switches on the bus, as 25 companies so 
report 895 installations. Six companies 
reporting 107 installations trip all feeds 
to the bus only. Two companies report¬ 
ing 22 installations trip ordy the major 
feeds to a bus. 

, One company reporting 13 cases of 
partial differential protection for ground 
faults trips only the sources of ground 
current feed to the bus. 

The last three companies referred to 
also report 220 installations which were in¬ 
cluded in the first group with all switches 
to be tripped. 

Breaker closing circuits are not gen¬ 
erally locked out by the operation of dif¬ 
ferential relays. Twenty-four companies 
with 796 installations report against this 
practice. However, out of this group, 
eight companies with 407 installations 
use hand reset auxiliary rdays and since 
rdays of this type are commonly used in 
oil-switch control practice, it is probable 
thht many other similar cases were not 
considered within the scope of the ques¬ 
tion. 

Six companies reporting 107 installa¬ 
tions follow the practice of loddng out the 
breaker dosing circuit with a differential 
relay operation. Three companies allow 
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company using the harmonic-restraint 
type of relay by means of a low-reading 
high-resistance a-c voltmeter connected 
across the internal current transformer 
of the relay. 

Twenty companies reporting 640 instal¬ 
lations test for a short-circuited condi¬ 
tion in the current transformers at the 
time of the relay check, usually annually. 
The procedure is divided between the 
companies which read load current values 
in the various branches of the differential 
circuit and the companies which apply 
an external voltage to determine the im¬ 
pedance of the circuit. 

One company reporting 110 installa¬ 
tions applies to the relay daily a potential 
which is too low to cause it to trip. The 
value of the resulting current will deter¬ 
mine an open- or short-circuited condition. 
Another company reporting 11 installa¬ 
tions makes a monthly tripping test with 
a small transformer just adequate to trip 
the relay under normal conditions. 

Five companies reporting 51 installa¬ 
tions make no check for short circuits fol¬ 
lowing initial installation. 

(b) Differential Relays. Phase differen¬ 
tial relays are usually set above maximum 
load current of any circuit, according to 
13 companies reporting 531 installations, 
and settings range as high as three times 
this value. Seven companies reporting 
63 installations set phase relays below 
maximum load values. 

In the case of neutral relays, the situa¬ 
tion is reversed with 2 companies report¬ 
ing 17 installations with settings above 
the maximum load and 11 companies 
reporting 413 installations using settings 
below this value. 

Considering both neutral and phase 
relays which are set below maximum load 
values, 12 companies reporting 343 in¬ 
stallations find it unnecessary to make 
any provision to prevent tripping due to 
accidental opening of a current trans¬ 
former. On the other hand, six companies 
reporting 98 installations use fault detec¬ 
tors in series with differential relays to 
prevent the occurrence of faulty trippings 
on this account, and one company uses 
percentage differential relays for the same 
purpose. 

Both schools of thought find results 
satisfactory since the majority of the pro¬ 
posed installations involve no change in 
practice. 

Percentage differential relays are em¬ 
ployed in 107 installations reported by 
13 companies. Considerable diversity 
of opinion exists as to the most desirable 
grouping of current transformers. 

Four companies reporting 77 installa¬ 
tions group sources to one winding of the 


relay and loads to the other. This num¬ 
ber includes the largest user of percentage 
differential relays for bus protection, a 
company with 66 installations. Similarly 
two companies with 7 installations use 
three-winding differential relays and 
group sources to one winding, loads to 
another, and bus ties to the third. 

Two companies with 11 installations 
connect the p^iiincipal source or sources to 
one winding and other sources and loads 
to the second. One company with 4 in¬ 
stallations groups both sources and loads 
to each winding. Three companies with 
5 installations include transformer banks 
in the differential protection and naturally 
group current transformers according to 
potential of the bank windings. 

(c) Prevention of Relay Operation on 
Transients. Eleven companies reporting 
483 installations make no intentional pro¬ 
vision to prevent operation of the differen¬ 
tial relay on through faults due to transi¬ 
ents set up in the differential circuits by 
iron saturation in the current transform¬ 
ers. It is of interest to note that all of 
this group with the exception of two com¬ 
panies reporting 238 installations make 
use of induction relays which inherently 
introduce some time delay. 

The largest user of instantaneous relays 
for bus protection, reporting 18^ instal¬ 
lations, keeps the ratio of fault cuiTent 
to current traiisformer rating within the 
conservative limits of ten to orye. This 
should be of considerable assistance in 
providing for an iron-saturating transient. 
The remaining 16 reporting companies 
make provision for this factor in a number 
of ways. 

Ten companies provide time delay in 
one form or another. Three companies 
use high relay settings while three com¬ 
panies provide high capacity or special 
transformers. Transient shunts are in 
use by one company and the harmonic 
restraint type of relay is installed for this 
purpose by another. 

(d) Effect of Abnormal Setups on Pro¬ 
tective System. As to means provided to 
maintain the effectiveness of bus protec¬ 
tion when the “normal” circuit setup is 
temporarily changed, practice is evenly 
divided on the need for such protection. 
Fifteen companies report 362 installations 
with no provision for this eventuality. 
Comments from this class indicate that 
many remove entire groups of equipment 
from service for maintenance and others 
include current transformers from all 
possible connections. Other companies 
operate with inadequate protection if the 
weather is favorable. 

Eight companies reporting 187 instal¬ 
lations follow the practice of opening the 


trip circuit of the differential relay manu¬ 
ally in case of an abnormal setup. 

A small group of three companies re¬ 
porting the substantial number of 249 
installations use auxiliary switches on 
disconnecting switches which operate to 
open the trip circuit of the differential re¬ 
lay in case the normal switching setup is 
disturbed. In some cases one company 
switches current circuits to rebalance the 
protective system for the abnormal setup. 

An interesting treatment of this prob¬ 
lem is provided at one high-capacity 
generating station. Ten generator and 
step-up bank units feed into the 110-kv 
bus. Considerable flexibility is required 
for various combinations of units and out¬ 
going lines. Each section of the double 
bus system is split into independent sec¬ 
tions of variable lengths. To provide 
protection for these vai'ying numbers of 
busses, the currents of all units and out¬ 
going lines are combined through a differ¬ 
ential overcurrent relay. The operation 
of this relay applies potential to a trip¬ 
ping bus. The individual switches on the 
incoming and outgoing feeds are then 
tripped by the individual phase and 
ground fault detectors with the potential 
from the tripping bus, thus making the 
protection independent of any possible 
grouping of circuits. An operation of the 
differential relay alone provides an alarm. 

Fault Bus Protection 

Most of the existing installations were 
built integral with the station. Eight 
companies so report 75 installations. 
Four companies report 35 installations 
added later. Three companies with a 
large group of 70 installations specify both 
categories without providing a detailed 
breakdown of the installations. 

The preponderance of fault bus instal¬ 
lations with special insulation is note¬ 
worthy. Four companies report 98 indoor 
installations and two companies report 
26 outdoor installations with special insu¬ 
lation. Two companies report 8 metal- 
clad installations which naturally fall in 
this group. Natural concrete insulation 
is used by three companies reporting 45 
indoor installations and two companies 
reporting 5 outdoor installations. 

The importance of adequate insulation 
for satisfactory fault bus operation is ob¬ 
vious. In one case a group of 4 installa¬ 
tions was discontinued and another group 
of 12 installations reinsulated after a 
series of faulty operations due to inade¬ 
quate insulation. 

Practically all installations are tested 
initially with various high voltage and 
current values. Seven companies report 
165 installations which are checked for in- 
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I N June 1938, the New York, New 
Haven and Hartford Railroad placed 
in operation six new 3,600-horsepower 
a-c d-c passenger locomotives of the 
same general type as the ten 2,800-horse¬ 
power engines which were put in service 
in 1931, but incorporating numerous im¬ 
proved features to give considerably 
increased performance to meet the more 
exacting demands of modem high-speed 
transportation. 

Motive power equipment, for the elec¬ 
trified main-line .service of the New 
Haven Railroad, presents many prob¬ 
lems, decidedly different from any other 
metropolitan district railroad electrifica¬ 
tion in this country, which are of in¬ 
terest to the design and to the applicar 
tion engineer. It is the purpose of this 
paper to point out the special require¬ 
ments that had to be met, to give a brief 
description of the locomotive and of its 
equipment and to show by records of 
service tests how the engines are applied. 

New Haven Requirements 

Tlie new locomotives were designed 
primarily for operation in the New 
Haven's normal express passenger serv- 


reported installations has experienced an 
operation and 22 per cent of these have been 
incorrect. 

Messrs. Sonneman and Dodds have com¬ 
mented on this operating record which would 
seem to be very disappointing. As they 
have pointed out, in a large number of 
cases the reasons given for incorrect opera¬ 
tions are such that if proper care had been 
taken In making and maintaining the instal¬ 
lations, these operations would not have oc¬ 
curred. 

In regard to the matter of incorrect opera¬ 
tion due to transients, it must be realized 
that the present intense interest in such 
matters is only a little over a year old, and 
was just starting at the time that the 
questionnaire was circulated. It is reason¬ 
able to assume therefore that when fuller 
knowledge is available in this respect, a 
number of changes wiU have to be made in 
existing installations of bus protection. 


ice, as represented by a maximum 
duty of 1,200 tons trailing (16 80-ton 
Pullman cars) between Grand Central 
Terminal or Pennsylvania Station, in 
New York City, and New Haven, Conn., 
with three intermediate stops. 

A-C D-C Operation 

From Grand Central to Woodlawn 
Junction, about 12 miles, operation is 
over the New York Central’s 660-volt 
d-c third-rail system. From Woodlawn 
to New Haven (60 miles), power is sup¬ 
plied from an 11,000-volt single-phase 
overhead contact system. Trains are 
operated also from Pennsylvania Station 
to New Haven (76 miles) over the Hell 
Gate Bridge route, operating on an 
11,000-volt single-phase supply through¬ 
out. The requirement of ttod-rail opera¬ 
tion necessarily complicated the equip¬ 
ment as combination a-c d-c units had to 
be provided. _ 

Paper number 39-21, recommended by the AIEE 
committee on transportation, and presented at the 
AIEE winter convention, New York, N. Y., 
January 23-27, 1939. Manuscript submitted 

October 28, 1938; made available for preprinting 
December 12, 1938. 

Fblix Konn is a designing engineer in the trans¬ 
portation department of the General Electric Com¬ 
pany at Brie, Pa.; F. H. Craton is a commercial 
engineer in the same department. 


Mr. Dodds has questioned the figures 
given for ages of the various types of pro¬ 
tective systems. We wish to point out that 
the word “average* Vas unintentionally omit¬ 
ted in this coimection. The figures given 
represent average ages computed on the 
assumption that aU installations of the same 
type reported by any company were in 
service at the earliest date reported. 

Mr. Bancker's point in respect to the use 
of multigrounded current transformers is 
well taken and although no incorrect opera¬ 
tions were reported as a result of this, never¬ 
theless it seems that this practice should be 
avoided. 

In conclusion we wish to express our 
thanks to the engineers of the 34 reporting 
companies who filled out the rather long 
questionnaire and particularly to Mr. Tesar 
of the Cleveland Illuminating Company who 
examined the returns and compiled the data 
on which this report has been based. 


Axle Loading Restrictions 

The Park Avenue Viaduct in New 
York City presents another problem 
in the design of New Haven locomotives. 
This structure has specially restrictive 
loading limitations which could not be 
exceeded. 

Speed Restrictions 

Numerous speed restrictions which are 
necessitated by junctions, drawbridges, 
and curves, make the demands upon the 
equipment more than ordinarily severe 
by requiring many accelerations. An 
examination of the speed charts for ex¬ 
press service between Pennsylvania Sta¬ 
tion and New Haven, induded in this 
paper, shows the saw-tooth nature of the 
resulting operation. 

Grade Operation 

From a grade standpoint, the Hell 
Gate Bridge route to the Pennsylvania 
Station is more severe than the run over 
the New York Central tracks to the 
Grand Central Station. On the east- 
bound run over this route the road climbs 
from 76 feet below sea level in the East 
River Tunnel to 150 feet above sea level 
over Hell Gate Bridge within a distance 
of 5.6 miles, equivalent to an average 
grade of 0.76 per cent and with a maxi¬ 
mum grade of 1.60 per cent. Westbound 
over Hell Gate, there is a uniform average 
grade of 1.18 per cent for two miles. 

Seasonal Variations 

The New Haven’s passenger traffic is 
markedly affected by seasonal conditions. 
During July and August, week-end travd 
to the summer colonies on Long Island 
Sound puts heavy demands on the local 
service between New Haven and New 
York, while at the same time through 
traffic is boosted greatly by the vacation 
movements to New England. 

New Locomotives 

It will be realized, from these special 
conditions of the New Haven system, 
that the new locomotives had to be suit¬ 
able for: 

Severe normal duty 
Still higher seasonal peak duty 
A-c d-c operation 
Limited axle loading 

To meet these conflicting requirements, 
it was imperative that advantage be 
taken of every possible increase in ma¬ 
terial utilization to realize the mfl-rir n um 
peiformance possibility of the locomotive. 
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Performance Capacity 

Whereas the continuous capacity of 
tlie new locomotives is only 800 horse¬ 
power greater than tliat of the 0351-0360 
engines, tlieir peak output of 7,600 horse¬ 
power exceeds by 2,800 horsepower the 
corresponding figure for tliese earlier 
engines. 

This considerable increase in peak 
performance capitalizes this most im¬ 
portant asset of electric locomotives in 
general: their ability to draw abundant 
energy from tlie external power supply 
and transform it into excess performance 
by virtue of their overload capacity. 
This permits handling loads in excess of 
normal, on certain trains, without altera¬ 
tion of schedule time and, within limits, 
without detracting from the life of the 
equipment. 

Because of this intermittent character 
of the maximum service, a locomotive 
designed specifically to handle the peak 
load continuously would be larger, and 
more expensive than warranted. On 
the other hand, to assign locomotives 
continuously to duty demanding more 
than their normally rated capacity is a 
questionable application, although it is 
being done d^berately in some cases 
with older equipments and with apparent 
success. However, to take advantage of 
the overload capacity of a locomotive to 



Figure 2. Surplus power available for rapid 
acceleration 


handle infrequent peaks, is unquestion¬ 
ably justified and allows realization of 
the maximum usefulness of a given loco¬ 
motive. 

The overload capacity of these electric 
locomotives is also normally used in 
everyday service to maintain high sched¬ 
ule speeds by quickly accelerating the 
train to the maximum permissible speed 
after slowdowns. 

This is brought out in figure 2 which 
compares the maximum performance 
characteristic of these new engines with 
that corresponding to 3,600-horsepower 
axle output. The shaded area, repre¬ 
senting extra capacity made available 
to the electric locomotive by the external 
power supply, will increase two- to three¬ 
fold the rate at which the train will be 
brought back to top speed, thereby pro¬ 
curing faster service and a better utiliza¬ 
tion of the track capacity. 

Heating and Commutating Capacity 

The ability of the generating, trans¬ 
mission, and contact system to supply 
the surplus power required for peak per¬ 
formance, must be matched by the 
ability of the locomotive equipment to 
transform it efl&dently and reliably into 
mechanical energy. To this end, ade¬ 
quate heating capacity has been provided 
in all parts of the electrical equipment. 
Also, ample commutating capacity has 
been built into the traction motors so 
that they can transmit these high out¬ 
puts without excessive duty on the com¬ 
mutators and on the brushes. In fact, 
the consideration of commutation in¬ 
fluences the design and determines the 
size of the traction motors to a far greater 
extent than the heating capacity re¬ 
quirement, because the commutating 
capacity is largely determined by the 
fundamental constants of the motor, 
while the heating capacity can be in¬ 
creased by the t^e of more ventilating 
air. Thus, conservative commutating 
conditions can only be secured by con¬ 
servative design constants and the six 
twin-armature 12-pole traction motors 
with which these locomotives are equipped, 
are especially favored in this respect. 


Control of 

Commutating Performance 

With the basis thus laid for safe com¬ 
mutating conditions, special attention 
was given to obtaining an accurate con¬ 
trol of the traction motor commutation 
throughout the entire load range. 

Reduced exciting field strength is used 
in the new locomotives to minimize the 
sparking at starting, up to approximatdy 
ten miles per hour, at which speed the 
exciting fidd shunt is disconnected by 
the action of a phase-angle type relay. 

Two commutating fidd settings are 
available in the new locomotives as in 
the earlier 0351-0360 units, but a new 
connection of a phase-angle type rday 
was developed to control the changeover 
from the low-speed to the high-speed 
commutation setting. The performance 
of this rday is truly matched to the motor. 
It ignores such variables as line voltage 
and whed diameter and its internal diar- 
acteristics insure that the change in 
commutating field connection is deter¬ 
mined soldy by the two factors, current 
and speed, whidi together determine the 
commutating condition, thereby result¬ 
ing in the minimum commutator and 
brush maintenance. 

To further insure as complete a con¬ 
trol of commutation as possible, three 
indicating lights are provided, which 
light up in sequence as the various fidd 
contactors function and thus furnish the 
operating crew with a continuous check 
on the correct performance of the motor 
control equipment (figure 3). 

Finally, periodic inspections and grad¬ 
ings established by the appearance of the 
commutators provide a timely warning 
m case some abnormal conditions might 
tend to increase the commutation duty. 

Ventilation 

With the size of the traction motors 
largdy determined by considerations of 
commutation, the amount of ventilating 
air was fixed by the requirement of meet¬ 
ing the 3,600-horsepower continuous rat¬ 
ing of the locomotive and this, in turn, 
determined the pressxure available for the 
ventilation of other parts of the equip- 
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Figure 3. Operation of indicating iights 

ment. Out of the total amount of air re¬ 
quired on the locomotive, the traction 
motors use 61 per cent and the trans¬ 
former, the blower motors, and the motor 
control units divide the remaining 39 
per cent. 

Because the ventilating horsepower re¬ 
quirement increases as the third power of 
tie amount of ventilating air, it is very 
important that the amount of air to be 
supplied to each piece of equipment be 
accurately determined and adjusted. 

Commutator-Type Blower Motors 

Commutator-type blower motors as 
used on the New Haven locomotives are 
especially favorable to a dose adjustment 
of the ventilating horsepower. They 
can be designed for the most suitable 
blower speed and the availability of 
various voltage taps on the transformer 
secondary gives the possibility of a final 
adjustment after all the equipment is 
tested and assembled. Commutaitor type 
blower motors also lend themselves to 
considerable energy savings by being 
operated on a lower voltage tap at a re¬ 
duced speed, consequently at consider¬ 
ably less power, when full ventilation is 
not required. Thus, when the New 
Haven locomotives are energized but 
idle, the blower speed is reduced by 30 
per cent resulting in a 65 per cent saving 
in blower kilowatt demand. 

Service Tests and Records 

Shortly after these locomotives were 
delivered, a series of road tests was con¬ 
ducted by the New Haven Railroad to 
verify performance in revenue service or 
with special test trains operating on regu¬ 
lar passenger schedules. 

Very complete records were secured by 


having several observers take readings 
every minute (or as frequently as was 
necessary) of speed, motor current, line 
voltage, controller notch, location, kilo¬ 
watt-hours, etc. In addition, a con¬ 
tinuous graphic record was taken of the 
motor current, which was used through¬ 
out these tests as a measure of the locomo¬ 
tive tractive effort available at the wheels. 
This is equivalent to using the series- 
excited traction motors as d 3 niamometers, 
thus procuring with hardly any prepara¬ 
tion an accurate record of the locomotive 
tractive performance. 

Since the train speed variations take 
place gradually, it is possible to obtain a 
very good record of it without a recording 
instrument. With these two records, 
tractive effort and speed, synchronized 
by timing watches, the locomotive horse¬ 
power can be readily plotted as shown 
on the accompanying charts. 

The same data have been plotted in a 
condensed, but perhaps more striking 


form, in the “minute-by-minute'* rec¬ 
ords. These records can be taken 
directly by one observer, who reads motor 
current and speed every minute, on the 
minute, or can be plotted from the con¬ 
tinuous records if such have been ob¬ 
tained. Each double reading is trans¬ 
cribed as a speed-tractive effort point, 
which takes its place in the locomotive 
performance range. 

The interesting feature of these records 
is that each little dot has the same weight 
as any other little dot, in so far as the time 
element is concerned and any grouping of 
points indicates a zone where the engine 
is operated a large fraction of tlie time. 

Records in both the continuous and the 
“minute-by-minute” form are shown for 

Figure 4. Continuous record/ train number 
367 with 15 earS/ New Haven to Woodlawn 

Blackened areas show use of horsepower in 
excess of continuous rating 



TIME 525 62S 6^ 612 6!5 6^2 6S5 629 62? 6l? 64:5 659 655 722 72? 7i9 7*5 7?? 7?? 7 S Ak 
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Performance Capacity 

Whereas the continuous capacity of 
the new locomotives is only 800 horse¬ 
power greater than that of the 0351-0360 
engines, their peak output of 7,600 horse¬ 
power exceeds by 2,800 horsepower the 
corresponding figure for these earlier 
engines. 

This considerable increase in peak 
performance capitalizes this most im¬ 
portant asset of electric locomotives in 
general: their ability to draw abundant 
energy from the external power supply 
and transform it into excess performance 
by virtue of their overload capacity. 
This permits handling loads in excess of 
normal, on certain trains, without altera¬ 
tion of schedule time and, within limits, 
without detracting from the life of the 
equipment. 

Because of this intermittent character 
of the maximum service, a locomotive 
designed specifically to handle the peak 
load continuously would be larger, and 
more expensive than warranted. On 
the other hand, to assign locomotives 
continuously to duty demanding more 
than their normally rated capacity is a 
questionable application, although it is 
being done deliberately in some cases 
with older equipments and with apparent 
success. However, to take advantage of 
the overload capacity of a locomotive to 



Figure 2. Surplus power available for rapid 
acceleration 
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handle infrequent peaks, is unquestion¬ 
ably justified and allows realization of 
the maximum usefulness of a given loco¬ 
motive. 

The overload capacity of these electric 
locomotives is also normally used in 
everyday service to maintain high sched¬ 
ule speeds by quickly accelerating the 
train to the maximum permissible speed 
after slowdowns. 

This is brought out in figure 2 which 
compares the maximum performance 
characteristic of these new engines with 
that corresponding to 3,600-horsepower 
axle output. The shaded area, repre¬ 
senting extra capacity made available 
to the electric locomotive by the external 
power supply, will increase two- to three¬ 
fold the rate at which the train will be 
brought back to top speed, thereby pro¬ 
curing faster service and a better utiliza¬ 
tion of the track capacity. 

Heating and Commutating Capacity 

The ability of the generating, trans¬ 
mission, and contact system to supply 
the surplus power required for peak per¬ 
formance, must be matched by the 
ability of the locomotive equipment to 
transform it efliciently and reliably into 
mechanical energy. To this end, ade¬ 
quate heating capacity has been provided 
in all parts of the electrical equipment. 
Also, ample commutating capacity has 
been built into the traction motors so 
that they can transmit these high out¬ 
puts without excessive duty on the com¬ 
mutators and on the brushes. In fact, 
the consideration of commutation in¬ 
fluences the design and determines the 
size of the traction motors to a far greater 
extent than the heating capacity re¬ 
quirement, because the commutating 
capacity is largely determined by the 
fundamental constants of the motor, 
while the heating capacity can be in¬ 
creased by the use of more ventilating 
air. Thus, conservative commutating 
conditions can only be secured by con- 
seivative design constants and the six 
twin-armature 12-pole traction motors 
with which these locomotives are equipped, 
are especially favored in this respect. 

Konn, Craton New Haven Locomotives 


Control of 

Commutating Performance 

With the basis thus laid for safe com¬ 
mutating conditions, special attention 
was given to obtaining an accurate con¬ 
trol of the traction motor commutation 
throughout the entire load range. 

Reduced exciting field strength is used 
in the new locomotives to minimize the 
sparking at starting, up to approximately 
ten miles per hour, at which speed the 
exciting field shunt is disconnected by 
the action of a phase-angle type relay. 

Two commutating field settings are 
available in the new locomotives as in 
the earlier 0351-0360 units, but a new 
connection of a phase-angle type relay 
was developed to control the changeover 
from the low-speed to the high-speed 
commutation setting. The performance 
of this relay is truly matched to the motor. 
It ignores such variables as line voltage 
and wheel diameter and its internal char¬ 
acteristics insure that the change in 
commutating field connection is deter¬ 
mined solely by the two factors, current 
and speed, which together determine the 
commutating condition, thereby result¬ 
ing in the minimum commutator and 
brush maintenance. 

To further insure as complete a con¬ 
trol of commutation as possible, three 
indicating lights are provided, which 
light up in sequence as the various field 
contactors function and thus furnish the 
operating crew with a continuous check 
on the correct performance of the motor 
control equipment (figure 3). 

Finally, periodic inspections and grad¬ 
ings established by the appearance of the 
commutators provide a timely warning 
in case some abnormal conditions might 
tend to increase the commutation duty. 

Ventilation 

With the size of the traction motors 
largely determined by considerations of 
commutation, the amount of ventilating 
air was fixed by the requirement of meet- 
ing the 3,600-liorsepower continuous rat¬ 
ing of the locomotive and this, in turn, 
detemined the pressure available for the 
ventilation of other parts of the equip- 
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Table 1. 0361-0366 Locomotives for the New York/ New Haven and Hartford Railroad 
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Figure 6. Minute-by-minute record of speed- 
tractive effort performance. New Haven to 
Stamford with nine intermediate stops; train 
number 367 with 15 cars 



Figure 7. Minute-by-minute record of speed- 
tractive effort performance. New Haven to 
Pennsylvania Station* with stop at Bridgeport; 
20-ear test train 

* Readings beyond Hell Gate not included 


two trains which emphasize the outstand¬ 
ing performance made possible by the 
overload capacity of the new locomotives 
(figures 4 to 7), 

Train No. 367 is a high-dass commuter 
train, operating between New Haven and 
Grand Central Terminal, New York. 
On certain days in the summer, the 
amount of traffic makes it desirable to 
handle 16 cars against a normal of 8 to 
12 cars. This peak requirement demands 
that the locomotive be operated at the 
equivalent of 22 per <^nt continuous over¬ 
load for one hour to meet the scheduled 
time. 

Figures 4 and 6 show the records of 
such a run, illustrating the use of reserve 
horsepower and overload capacity. 
Operation of this sort is approaching the 
performance of multiple-unit car equip¬ 
ment, energy consumption being 60.5 


Type. 

Nomenclature. 

Dimensions 
Weights—pounds: 

Total—^fully loaded. 

On drivers. 

Per driving axle—average. 

On guiding. 

Per guiding axle—average. 

Mechanical parts. 

Electrical equipment. 

Maximum safe speed—miles per hour. 
Punning gear. 

Cab construction. 

Traction motors: 

Number and type. 

Volts—maximum per armature. 

Method of drive. 

Gear ratio and wheel size. 

Tractive effort at 25 per cent ad.... 
Locomotive rating—continuous: 

Tractive effort—^pounds. 

Speed—miles per hour. 

Horsepower. 

Maximum available horsepower. 

Control: 

Alternating current. 

Direct current. 

Main transformer. 

Ventilation. 

Blower motors. 

Compressors. 

Train heating equipment. 


.11,000-volt a-c, 660-volt d-c high-speed passenger 
.2 - C + C - 2 432/270, 6GEi4622i4, 11,000/660 volt 
See figure 1 

.433,200 

.272,400 

. 45,400 

.160,800 

. 40,200 

.269,400 

.163,800 

. 93 

.2 — C + C — 2 wheel arrangement, cast steel trucks, 
plain journals 

.Streamlined, double end, all welded, outside truss type 

.6(?EA622i4 twin armature 

. 300 

. Gear, quill and spring cup 
.78/23 «* 3.39; 56 inches 

. 68,100 

A-C D-C 

.24,100 26,900 

. 56.0. 30,6 

. 3,600 2,840 

. 7,600 5,500 

, Electropneumatic, single unit, three circuit, single motor 
combination with 19 running notches 
.Electropneumatic, single unit, series-parallel with two 
running notches 

.Forced-flow forced-cooled synthetic-liquid type 
.Forced to all equipment by two combination blower- 
cleaners 

.Two two-speed a-c, one-speed d-c commutator type, 
forced ventilated, each with overhung control generator 
Two a-c d-c commutator type, sclf-ventilatecl, 100 cubic 
feet per minute displacement each 
Oil-fired steam boiler 


watt-hoiirs per ton mile for the frequent- engine is comparable witli that of an in¬ 
stop portion of the run. It is interesting temal power engine of at least 5,400- 

to note how much of the time the loco- horsepower axle output, and yet tlie 

motive is operating on notch 19 or the average horsepower is within the loco- 

maximum available output curve. motive 3,600-horsepower continuous rat- 

To arrive at suitable maximum tonnage ing. 
ratings, the tests already mentioned were This again emphasizes the outstanding 
conducted. Figures 6 and 7 show the feature of these electric locomotives, the 

records of a train composed of 20 Vuil- abifity to make use of the overload ca- 

mans, 1,756 tons traihng, between New padty of their electrical equipment to de- 

Haven and Pennsylvania Terminal, with liver surplus performance making posable 

one stop, Bridgeport, in either direction, fast schedules which can be rigidly main- 

The use of the high available capacity tained because of the margin of power 

above the rating of 3,600 horsepower, as available to take care of any abnormal 

wen as the toge amount of time spent on conditions. The accompanying data are 

notch 19 win be noted. The frequent offered as concrete examples of these 

slowdowns and the use of peak perform- performance possibilities of modem elec- 

ance for rapid acceleration from the trie motive power, 

bottom to the top speed are also evident. 

It can be seen from these records that 

the perfonnance of this 3,600-horsepower FisureB. Loeomoflve with train 
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Discussion 

Sidney Wifliington (New York, New Haven 
and Hartford Railroad Company, New 
Haven, Conn.): This interesting paper 
presents the importance of qualifying elec¬ 
tric locomotive horsepower rating figures 
to co-ordinate them with the service to be 
performed by the equipment. The quan¬ 
tity given in the paper indicating a maxi¬ 
mum horsepower of 7,600, while undoubt¬ 
edly permissible on such service as that of 
the New Haven, might well be too high a 
figure in connection with service on some 
other electrified territory. 

The advantages in thermal capacity of the 
motors are obvious in this connection, in 
permitting short-time overloads. It is to 
be noted that in the overload rating of 
equipment under the circumstances de¬ 
scribed, the capacity not only of the main 
traction motors, but of the transformers, 
preventive coils, etc., must be taken into 
account. In this connection, a comparison 
of the characteristics of such equipment 
with the characteristics of the Diesel loco¬ 
motive is of interest. A Diesel engine rated 
at 3,600 horsepower would have no over¬ 
load capacity normally, and while the 3,600 
horsepower would be generally available 
under all conditions, it could not be exceeded 
even for short periods. It is, therefore, 
impossible to compare, witliout qualifica¬ 
tion, the ratings of such locomotives as 
those described in the paper and Diesel- 
electric equipment. 

The modem control for single-phase 
motors in providing excess voltage taps, 
permitting thus the utilization of increased 
horsepower ratings at liigher speeds, is one 
of the most notable advances in the art of 
locomotive design in recent years. 


E. W. Brandenstein (General Electric Com¬ 
pany, Erie, Pa.): You have heard Mr. 
Ronn tell us that these a-c locomotives are 
so designed, from a heating and commutat¬ 
ing standpoint, that they will absorb the 
huge blocks of power furnished by the trans¬ 
mission and distribution system. 

Now what do these overload capacities 
give us from a practical operating and eco¬ 
nomic standpoint ? Mr. Korni has explained 
that the total number of locomotives re¬ 
quired for passenger service depends upon 
a few peak days throughout the year. On 
those days the train length can be increased 
from, say, 12 cars to as high as 20 cars, 
thereby taking care of a possible 60 per cent 
increase in passenger traffic. That is not 
enough to accommodate passenger peaks 
which come on football days, holidays, in¬ 
auguration, etc. To take care of these 
peaks, it is necessary to add many trains 
and locomotives in spite of the increase in 
train length from 12 to say 20 cars. 

Here is a real traffic overload problem. 
A 60 per cent increase in train weight, with 
the same high schedule speed, is not enough. 
How are we to take care of the additional 
trains required without increasing the total 
number of passenger engines? I will tell 
you. This overload and commutating 
capacity solves the problem for us. We 
will resort to our freight locomotive pool 
for the additional passenger engines re¬ 
quired. The peak freight traffic and peak 
passenger traffic do not, fortunately, come 


on the same. day. '*Oh,” you will say, “you 
can’t do that. In order to do a thing like 
that you must have a universal engine, one 
that is good for slow freight and also high¬ 
speed passenger traffic.” That is exactly 
what this overload and commutating ca¬ 
pacity does for us. Let me illustrate it. 

The Pennsylvania Railroad have a group 
of 70-mile-per-hour engines which are 
purely freight locomotives. They have 
another group which are 100-mile-per-hour 
engines that are used only in passenger 
service. There is still a third group of 90- 
mile-per-hour engines which are used in 
either freight or passenger service, depend¬ 
ing upon whether the traffic peak is pas¬ 
senger or freight. Last October, when there 
was a peak in freight service, a large number 
of these 90-mile-per-hour engines was in 
freight service. During the recent holidays, 
a high percentage of the 90-mile-per-hour 
engines was in passenger traffic. The same 
engines which were hauling 4,500 flat ton 
coal trains in October were handling the 
high-speed passenger trains in December. 
You can readily appreciate that these 90- 
mile-per-hour universal engines are re¬ 
sponsible for a great decrease in the total 
number of passenger and freight engines 
required. 

What does this high overload and com¬ 
mutating ability give us ? 

1. Faster schedules. 

2 . Heavier trains at these fast schedules. 

3. A universal engine. 

What does this mean from an operating 
and economic standpoint? 

1. Fewer engines. 

2. Lower capital expenditure. 

3. Lower fixed charges by virtue of the lower 
capital expenditure. 

4. Lower maintenance costs by virtue of fewer 
locomotives. 

In Other words, gentlemen, I believe this 
overload capacity for this type of motive 
power is completely changing the com¬ 
plexion of railway electrification. 


P. H. Hatch (New York, New Haven and 
Hartford Railroad Company, New Haven, 
Conn.): One of the inherent features of 
electric equipment operating from an ex¬ 
ternal power supply is the ability to operate 
for short periods considerably in excess of 
continuous ratings. There is nothing new 
in this, and the immediate extent to which 
such overload operation can be carried is 
usually limited only by weight on driving 
wheels and the ability of the electrical ap¬ 
paratus to stand the overloading. There 
is, however, a long term factor which may 
be decidedly limiting. This is the cost of 
maintenance. If overloading is carried to 
the point where its advantages are offset 
or exceeded by cost of additional main¬ 
tenance, then the overload characteristic 
of electrical equipment can be a liability 
rather than an asset. 

In the paper under consideration, the 
authors describe at considerable length 
instances of short-time overloading of the 
new locomotives, but except for rather 
general paragraphs on heating and com¬ 
mutating capacity, very little is said about 
the effect of overloading on maintenance of 
the equipment. 

To make the story complete, it would be 
interesting to know specifically what has 


been done to obtain high overload capacity. 
With a locomotive of fixed mfl-vimiim axle 
loading, was such capacity obtained by in¬ 
crease in ventilation, additional iron and 
copper, by improvement in design, or by a 
combination of any of these? Was a defi¬ 
nite overload capacity planned on, or was 
the determination of this left for road tests 
or service experience? Has any relation¬ 
ship been established between overloading 
and life of apparatus, or is this, too, left for 
determination in service? 

Providing the high overload capacity is 
not seriously at the expense of maintenance, 
it unquestionably has very great possibili¬ 
ties in the design of electric locomotives. 
These possibilities, it is believed, warrant a 
full and complete discussion of the 
employed to obtain such capacity. 


Felix Konn and F. H. Craton: We agree 
with Mr. Hatch that, from the standpoint of 
heat i ng as a limitation, electrical equip¬ 
ment has always had overload capacity at 
speed. We wish to point out, however, 
that, in the single-phase locomotives which 
were built up to about ten years ago, full 
advantage could not be taken of this feature 
because the output of the earlier types of 
traction motors (of the resistance-lead or 
doubly-fed type) was decidedly limited by 
destructive sparking at the brushes, es¬ 
pecially at the higher speeds. 

To overcome this limitation, a new type 
of single-phase traction motor was de¬ 
veloped, offering not only very favorable 
commutating characteristics (by virtue of 
the low flux made possible by a large num¬ 
ber of poles), but also the possibility of con¬ 
trolling the commutating performance over 
a wide range of speeds and currents, es¬ 
pecially at high speeds and high horse¬ 
powers. 

As pointed out by Mr. Withington, the 
possibility of wide range control of the 
traction motor voltage which is fundamental 
in single-phase locomotives—but which had 
to be held in check with the earlier types of 
motors—found a vigorous outlet in the 
modem single-phase traction motors which 
permit the modem single-phase locomotives, 
in which full advantage has been taken of 
their inherent fitness for “overvoltage” 
and “overload” operation, to deliver the 
higher speeds and horsepowers demanded 
by progressive transportation. 

Mr. Brandenstein has brought to your 
attention some of the tremendous service 
advantages of these modem engines which 
operators have been quick to recognize and 
to develop. The ample horsepower re¬ 
serve and the inherent flexibility of this 
type of locomotive offer many more pos¬ 
sibilities in faster schedules with heavier 
trains and fewer locomotives and the way 
is open for further advances for still better 
and faster service to the public and the in¬ 
dustry. 

In emphasizing the importance of quali¬ 
fying electric-locomotive horsepower-rat¬ 
ing figures to co-ordinate them with the 
service to be performed by the equipment, 
Mr. Withington has brought out a glaring 
deficiency in our present practice of rating 
electric locomotives primarily on the basis 
of their continuous capacity. 

Undoubtedly the use of the continuous 
rating provides a very definite “yardstick” 
for one of the features which determine the 
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Continuous Processing for Automobile 
Tire Fabrics 


these textile raw materials pass continu¬ 
ously through production lines and com¬ 
binations of machines, as indicated in 
figure 1, to emerge as the four finished 
stocks. 


By G. E. CASSIDY 

NONMEMBER AIEE 

P ROGRESS is evident to an unusual 
degree in the fabric-processing opera¬ 
tions at the new automobile-tire plant of 
the Ford Motor Company.* The fabrics 
and rubbers which are run through these 
operations to form the rubber-fabric 
structures used in building the automobile 
tire pass through processes and machinery 
which clearly reflect the continuous pro¬ 
duction idea developed by the automobile 
industry. The electricd equipment in 
this plant introduces ideas which make 
the drives fundamentally different from 
those in general use.t 
In these processing operations four 
types of rubber-fabric structures are pro¬ 
duced: (1) ply stock, the material for 
the plies in the tire, (2) breaker strip 
stock, which goes between the plies and 
the tread, (3) chafer stock, used between 
the pHes and the side walls, and (4) bead 
stock, from which strips stirrounding the 
beads are made. 

Fabric for the ply stock originates in a 
creel room from which 1,500 to 1,600 
separate cords are guided from spools into 
parallel positions to form a broad sheet 


W. A. MOSTELLER 

NONMEMBER AIEE 


of cords without weft. Fabric for the 
breaker stock is the same as that for ply 
except that the cords are farther apart 
and the sheet, prepared at textile mills, 
is in the form of a woven fabric having a 
weft of very small threads. Fabrics for 
the chafer and bead stocks are special 
square-woven fabrics similar to duck in 
construction. From these starting points, 


Paper number 39-42, recommended by the AIEE 
committee on industrial power applications, and 
presented at the AIEE winter convention, New 
York, N. y., January 23-*27, 1939. Manuscript 
submitted November 18, 1988; made available 
for preptintincT December 20, 1938. 

G. E. Cassidy is employed by the General Electric 
Company at Schenectady, N. Y.; W. A. Mos- 
TBLLBK is employed by the same company at 
Detrmt, Mich. 

♦ Because of the numerous advanced manu¬ 
facturing ideas which it embodies, this $0,600,000 
plant located at the Ford Motor Company's 
Rouge Plant, Dearborn, Mich., is of exceptional 
engineering interest throughout. Operations are 
designed to keep materials moving steadily for¬ 
ward from the moment the bales of crude rubber 
are cut up and started on their way through 
plMticators, mixers, mills, and so on, until the 
finished tires emerge from final inspection. A 
description of the complete plant is in the India 
Rubber Worlds June 1, 1938. 

t Acknowledgment is made of assistance from E. P. 
Wait, J. T. Mortley, and A. J. Walrath of the Ford 
Motor Company in the development of these drives. 


value of an electric locomotive. So many 
of the other features (such as commutating 
capacity or overload capacity) are open to 
varying interpretations that it is very com¬ 
forting to find in the continuous rating of an 
dectric locomotive a feature which can be 
rigidly determined and which can form a 
definite basis of comparison. 

However, the continuous rating should 
be supplemented by a service rating taking 
into account the peak capacity, say, 7,600 
horsepower, of the locomotive which is 
more nearly representative of the amount 
of work which the locomotive do fhati 
the continuous rating, say, of 3,600 horse¬ 
power. 

Mr. Hatch has asked if a definite over¬ 
load capacity is jdanned on. We will 
answer that "^e peak capacity of th^ loco¬ 
motive is actually the most important 
factor in the design of the locomotive and 
that this consideration far outweighs the 
continuous capacity in the design of the 
various parts of the equipment. 

To safeguard the use of the peak capacity 
in service, improvements in design and 
manufacture have been backed up by a 
careful system of checks in the testing, as¬ 
sembly, and servicing of these locomotives 


to insure, as much as possible, that, year in 
and year out, these equipments will deliver 
their high outputs under the conditions 
most favorable for the life of the equipment. 

As ^a result of this increase in service 
capacity and of the efforts made to secure 
the best service performance, the modem 
single-phase locomotives are covering more 
and more mileage every year and vrith low 
maintenance cost per mile. 

Mr. Withington also brings out the dif¬ 
ficulty of comparing a Diesd-electric loco- 
mptive and an electric locomotive, both 
of which have a continuous rating of 3,600 
horsepower measured at the driving wheels. 
The Diesel electric will deliver continuously 
3,600 horsepower at the wheels and will 
never be able to exceed this output. The 
electric locomotive we have discussed will 
deUver 3,600 horsepower at the wheels con- 
tmuously and up to 7,600 horsepower for 
short periods of time. The difference in 
accelerating performance between the two 
types of locomotive, which is illustrated in 
fipre 2 of our paper, will be further em¬ 
phasized by the greater weight of the Die¬ 
sel electric locomotive which will require a 
greater part of its output for its own pro¬ 
pulsion. 


From an electrical standpoint, the 
drives may be segregated into those for 
(1) main calendering operations, (2) bias¬ 
cutting operations in which the previously 
rubberized fabric is cut on the bias, and 
(3) slitting and coating operations in 
which some of the bias-cut material is 
slit into strips and further treated with 
rubber. The main calendering opera¬ 
tions present most of the electrical prob¬ 
lems associated with the several drives 
and these problems may, therefore, be 
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Figure 1. Diagrem of sequence of processing 
operations 

In production line number 1 the parallel cords 
from the creel are dipped In liquid rubber 
passed through a dryer, and then through 
four-roll calender which simultaneously adds 
rubber to both sides of the sheet. The 
calendered sheet passes through a cooler and 
then, with a liner to prevent sticking, Is rolled 
up on a mandrel. The roll is transferred to a 
cutter where the fabric Is cut on the bias and 
sent to the tire builders. In building up the 
tire the several plies are laid with the bias In 
alternate directions 

In production line number 2 the fabrics pass 
through two calenders Instead of one, the 
first calender working one side of the material 
and the second calender the other. The 
bias-cut material is spliced end-to-end on the 
splicing table. If the slit material passes 
through the final calenders a layer of rubber Is 
laid on It at each calender 

This paper discusses production line number 2 
through the wind-up 
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Figure 2. Schematic diagram of the armature 
and field circuits for the main calendering 
operations 

described by considering one of the main 
calendering drives, schematically illus¬ 
trated in figure 2. 

Requirements of 
Main Calendering Line 

The production speed to be 6 to 36 
yards per minute with the design of the 
drive such that the top speed can be raised 
ultimately to 60 yards. Operation to 
be continuous at any speed within the 
range. While starting, stopping, and 
operating at any rate of production, posi¬ 
tive and automatic speed regulation to 
be maintained between machine sections. 

Equipment to be such that production 
combinations are available as follows: 
(1) material through the entire sequence 
of operations, or through this sequence 
with any one or more of the machine sec¬ 
tions by-passed, (2) equipment operating 
as two independent drives, one drive con¬ 
sisting of calender number 1 and the sec¬ 
tions ahead of it and the other conristing 
of calender number 2 and the sections fol- 
loTring. In this setup, also, it must be 
possible to by-pass individual sections. 

Equipment to be such that any com¬ 
bination of skim-coatmg or frictioning 
can be obtained on the calenders. By 
way of explanation, skim-coating con¬ 
sists of working rubber onto the surface of 
the fabric while frictioning consists of 
working rubber down into the structure 
of the fabric. The calenders have three 
equal-diameter rolls. The motor on each 


calender drives the middle roll which in 
turn drives the two outer rolls through 
gearing. The fabric passes between the 
middle and one of the outer rolls. When 
the middle and outer rolls are geared so 
that the roll surface speeds are equal, the 
fabric, which passes through the calender 
at the roll surface speed, is skim-coated. 
When the outer rolls are geared to rotate 
slower than the middle roll, say in the 
ratio two to three, the fabric takes the 
speed of the slower outer roll and 
is frictioned. Therefore, for a g^ven 
fabric production speed, assuming a fric- 
tioning ratio of two to three, the driving 
motor operates 60 per cent faster when 
frictioning than when ^m-coating. 

Lastly, calenders to be reversible; 
quick stopping to be available during 
starting and running as a safety require¬ 
ment; all control operations to be mag¬ 
netic and to be actuated from simple 
controlling stations. 

Constant or 

Adjustable-Voltage Drives? 

Prevailing practice for calendering 
drives is to use adjustable-speed motors 
operated from a constant-voltage d-c 
plant system, frequently three-wire to 
permit doubling speed ranges by means 
of two armature voltages. 

In the present instance, the adjustable- 
voltage or Ward-Leonard system of drive 
appeared to be particularly suited to the 
requirements. The smooth, relatively 
stepless, and rapid acceleration possible 
with this form of drive, the ease with 
which it lends itself to wide ranges in pro¬ 
duction speeds, its effectiveness where 


it is desired to maintain a controlled 
speed relation between separately driven 
machines, its flexibility in making the de¬ 
sired several combinations of the driven 
machines—all pointed to its adoption. 
In addition it offered an effective method 
of safety stopping, new to the rubber in¬ 
dustry, namdy, regenerative braking in¬ 
stead of the heretofore used dynamic 
braking. 

A cost study of the two systems showed 
the adjustable-voltage system to be eco¬ 
nomically sotmd. In fact, a-c distribution 
and d-c adjustable-voltage drives proved 
less costly by an important margin than 
the common practice of d-c substation 
generation, d-c distribution, and con¬ 
stant-voltage drives.*" 

Driving Equipment 

Most of the basic elements of the drive 
are shown in the sketch, figure 2. The 
generators are of standard shunt-wound 
construction, liberally rated and with a 
low saturation factor to enhance regen- 

* It should be noted that this statement refers to 
a new plant in which economic questions ore not 
influenced by existing equipment. "V^th a con¬ 
stant-voltage system already established the same 
economic balance would not necessarily hold. 

In the present instance, the , cost of three-wire 
motor-generator sets, duplicated to insure con¬ 
tinuity of service, high-voltage a-c switchgear, 
three-wire d-c switchgear and distribution, and 
constant-voltage driving motors and control were 
compared with that of high-voltage a-c switchgear, 
step-down power transformers, low-voltage a-c 
switchgear and distribution, and adjustoble-yoltage 
motor-generator sets, motors, wd control. A, two- 
wire constant-voltage d-c pow^ system to take care 
of certain constant-voltage drives which would 
otherwise receive power from the main three-wire 
system was also incduded in the latter. Ko account 
was taken of possible differences in operating 
efficiency or improved production. 

It may be of interest to note that having adopted 
the adjustable-voltage system, future expansion 
continues to be economical and, because of flexi¬ 
bility, is easily accomplished. 
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Figure 3. Motor^opurated generator, calen¬ 
der motor, and preset speed rheostats with 
multiple limit switches and interconnecting 
clutch mechanism 


erative braking and stable operation at 
low speeds. The exciter is compound 
woimd and supplies all control-circuit 
power as well as excitation. 

The motors are also shunt wound. 
They are selected with due regard to the 
fact that the adjustable-voltage drive is a 
constant-torque drive while the calender¬ 
ing operations require somewhat 
torque as speed is reduced. In the pres¬ 
ent instance full armature voltage is at¬ 
tained at approximately half of full pro¬ 
duction speed so that the drive is constant 
horsepower from full to half production 
speed and constant torque below half 
production speed. This results in a nor¬ 
mal torque rating over the entire operat¬ 
ing range that is amply above that re- 
qmred by the load. Due regard also is 
given to the relatively greater armature 
resistance of the small motors in that they 
are selected to have sufSdent capacity 
to prevent them from breaking down at 
low armature voltages from this cause. 

The control equipment consists of (1) 
main control board on which are moimted 
all the control elements that are not lo¬ 
cated at the. drives, (2) master control 
statiom placed at the calenders and at 
the wind-up for co-ordinated but inde¬ 
pendent control of the calendering and 
wmd-up operations, (3) an operations set¬ 
up panel, and (4) “gate’'-operated speed- 
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relation regulating rheostats placed be¬ 
tween the several sections. 

Besides the adoption of the adjustable- 
voltage system, the points of interest in 
the sketch (figure 2) are the setting up of 
the equipment for the required production 
operations, the control of production 
speed, the speed regulation between sec¬ 
tions, the regenerative braking, and the 
wind-up equipment. 



Figure 4. Typical main control panel. The 
relays on the bottom section control the setup 
operations ol the rheostats^ figure 3 


Setting-Up Operations 

To obtain the desired operating com¬ 
binations, power is supplied by two in¬ 
dependent generators. Figure 3 shows 
the two generator field rheostats with 
compound limit switches and with a 
clutching mechanism between the rheo¬ 
stats which permits independent or unit 
operation. Figure 4, which is typical of 
the main control panels, shows the rheo¬ 
stat setting-up relays. Figure 5 shows 
the master setting-up switches available 
to the operator. 

Referring to figure 5, two of the 
switches control field contactors for for¬ 
ward and reverse operations of the calen¬ 
ds. Several other switches cut indi¬ 
vidual sections in and out of service. 
Three switches operate in the manner 
shown on the index plate. 

Referring to the index plate, switch 
number 3 is placed in position A to oper¬ 
ate the two calenders and their respective 
sections independently. In this position 
switch number 3 declutches the two gen¬ 
erator rheostats so that they can be oper¬ 


ated independently and, as explained later 
sets up the two calender motors as the 
master motors of their respective sections. 

If it is desired to operate all sections 
together, say with skim-coating on each 
calender, switches number 1 and number 
2 are placed in position A and switch 
number 3 in position J5. Under this con¬ 
dition, as will be recalled, the relation 
between fabric speed and calender motor 
speed for the two calenders is the same. 
The generator rheostats, therefore, autc^- 
matically position themselves to give 
equal generator voltages and then clutch 
together. Calender number 1 becomes 
the master motor and calender number 2 
a following motor the same as the remaiu- 



Flgure 5. Master operations set-up panel. 
The Index plate on the panel gives the 
switching direction for the desired production 
operations 


Index Plate 1 

24*^ 

Train 

Switch Position 

1 Calender 

Switch 

Switch 
No. 2 

Switch 
No. 3 

No.1 

No. 2 

No.1 

Single 

Single 

A or B 

A or B 

A 

Skim 

Skim 

A 

A 

B 

Fric 

Skim 

B 

A 

B 

Fric 

Fric 

B 

B 

B 

Skim 

_ 1 , 

Fric 

A 

B 

B 


Complete train must be shut down before 
changing switch positions. 


ing motors. All of these setting up opera¬ 
tions are automatically accomplished with 
the rheostat relays and rheostat limit 
switches. 

Instead of the sldm-coating operation 
on both calenders assume that it is de¬ 
sired to skim-coat on the first calender 
and Action on the second. Under this 
condition, calender number 2 must 
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operate faster than calender number 1, in 
the ratio three to two for the frictioning 
ratio previously assumed. The generator 
rheostats, therefore, position themselves 
before clutching so that the voltage of 
generator number 2 is higher than that of 
generator number 1 in the ratio three to 
two. 

Control of Production Speed 

Starting, stopping, and speed control 
of the drive are accomplished with a stop- 
thread-run-hold master switch and a 
preset-speed rheostat, figure 6. Stopping 
may also be accomplished from several 
switches located about the driven ma¬ 
chinery. 

With the master switch in the stop 
position, generator excitation is removed 
and the generator rheostats assume the 
minimum generator voltage position. 
Turning the master switch to the thread 



figure 6. Master control desk with starting 
and stopping control stations, speed preset 
rheostats, and tachometers 


position applies field to the generators 
which brings the drive to minimum speed. 
During this opdration, full field is main¬ 
tained on all motors for a definite time to 
insure positive breakaway and starting. 
Turning the switch to the run position 
operates the generator rheostats to raise 
the generator voltages to full value and 
then to weaken the field of the master 
motor. 

The speed to which the generator rheo¬ 
stats bring the drive is determined by the 
setting of the preset-speed rheostat.^ This 
rheostat has a companion rheostat of 
duplicate characteristics built into the 
generator rheostat units. The voltage 
drops across these two rheostats are 
balanced agaixist each other and when 
they are equal, relays function to stop 
further travel of the generator rheostats. 


Thus, if the drive is stopped or slowed 
down, it will always return to the original 
production speed as determined by the 
setting of the preset-speed rheostat when 
the master switch is again turned to the 
run position. 

At any time during the speeding up or 
slowing down of the drive, the speed can 
be maintained constant by turning the 
master switch to the hold position. 

Upon stopping, the generator rheostats 
automatically assume the minimum gen¬ 
erator voltage position. The rate of 
travel on the rheostats is adjustable for 
either direction. It is made fast on the 
down stroke to prevent delay in restarting 
after a stop. 

Speed Regulation 
Between Sections 


Either the motor of calender number 
1 or of calender number 2 is the master 
motor, except when the calenders are 
operating independently, in which case 
both motors are masters. Whichever mo¬ 
tor is the master determines the speed 
of production. Referring again to figure 
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Rgure 7. Schematic diagram of typical gate 
or dancer roll for regulating motor speed 


the speed of the master motor. This is 
accomplished by gates or dancer rolls 
which operate motor field rheostats. This 
form of regulation has been used for many 
years, particularly in the rubber and 
textile industries. It is discussed briefly 
here to show how wdl it works in connec¬ 
tion with the adjustable-voltage drive and 
particularly where such a drive is operat¬ 
ing in conjunction with speed control by 
motor field. 

Figure 7 schematically illustrates a 
typical gate. Within its stops, the center 
roll is free to move up and down and in 
this travel it actuates the speed control 
element, in this case the field rheostat of 
the controlled motor. If the motor de¬ 
livering material to the gate delivers ma- 



Per Cent Difference 

Vards- 

Outputs 10 15 25 35 50 75 100 


60. .3 ..6 ..9 ..15 ..21 ..30 ..45 ..6Ci 
55. .2.7. .5.5. .8.2. .13.7. .19.2. .27 . .41 . .55 
50. .2.5..5 ..7.5..12.5..17.5..25 ..37 ..50 
45..2.2. .4.5..6.7. .11.2. .15.7.,22 ..33 ..45 


40..2 

.4 ..6 . 

.10 ..14 ..20 ..30 ..40 

35.... 
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8.7..12.2..17.5.,26 ..35 

30.... 

.3 ..4.5. 

7.5..10.5..15 ..22 ..30 

25.... 

.2.5..3.7. 

6.2.. 8.7..12.5..18.7..25 

20.... 

.2 ..3 . 

. 5 .. 7 ..10 ..15 ..20 

15.... 

.2.2., 

. 3.7.. 5.2.. 7.5..11.2..15 

10.... 


. 2.5.. 3.5.. 5 ., 7.5..10 

5. 


. 2.5., 3,7.. 5 


2, it will be seen that the generator rheo¬ 
stats are also master motor field rheostats, 
that is, the master motor speed is first 
raised by increasing armature voltage 
with constant motor field and then further 
raised by decreasing motor field with con¬ 
stant armature voltage. In other words, 
the master motor must operate at the 
speed corresponding to the setting of its 
generator-motor rheostat. 

All other motors are regulated to follow 


Figure 8. Tebuletion and curve to illustrate 
the stability of gate control 

In the tabulation, For a given yards output and 
percentage difference in speed between 
sections the figure applying gives the yards 
output for 100 per cent difference in speed. 
For example: yards output 50, speed differ¬ 
ence 10 per cent equals 5 yards output 100 
per cent difference. From the curve eight 
seconds are required for one foot gate travel 
at 5 yards 100 per cent difference 
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terial faster than the material leaves the 
gate the regulating roll will be lowered 
and conversely, if it delivers material 
slower, the roll will be raised. In either 
event, this motion is transmitted to the 
regulating rheostat to bring the motor 
speed to exactly that required. 

If the material to be worked has suffi¬ 
cient strength to permit passing through 
the gate without injury, if it will stand 
the required flexure, and if its surface 
can be permitted to come in contact with 
rolls or similar structures this form of 
regulation is one of the best. It is ex¬ 
tremely stable as indicated in figure 8 but 
more important its storage capacity per¬ 
mits momentary differences in speeds 
of relatively large magnitude which is 
valuable during starting and stopping or 
during momentary running disturbances. 
There is also no possibility of an ac¬ 
cumulated speed change to cause an ac¬ 
cumulation or deficiency of material be¬ 
tween the regulated sections. 

In the present drive, the gates perform 
three functions: (1) when the drive is 
not operating above full armature voltage 
speed, they operate merely as speed regu¬ 
lators to hold their respective sections in 
step,. (2) as the master motor speed is 
raised into the weakened field range, they 
take on the additional function of follow¬ 
ing up and correspondingly weakening 
the fields of their associated motors, and 
(3) when a calender is frictioning, the 
gate on its companion motor automati¬ 
cally strengthens the field of that motor 
to compensate for the increased armature 
voltage accompanying this operation. 

Between the two calenders there are 
two gate rheostats, one operating on each 
calender motor. The motor of calender 
number 1 is the master and the motor of 
calender number 2 is regulated to follow 
it for all operations except when friction- 
ing on calender number 1 and skim¬ 
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coating on calender number 2. For this 
particular operation, the motor of cal¬ 
ender number 2 is made the master be¬ 
cause this motor is operating below maxi¬ 
mum generator voltage after the motor 
of calender number 1 has gone up to 
weakened field speed. The generator 
and motor field rheostats do not produce 
an operating speed strictly proportional 
to their travel. When the two rheostat 
units are offset, the differences in char¬ 
acteristics of the offset positions are com¬ 
pensated for by the gate speed-regulating 
rheostat. Wide range regulation of the 
regulated motor is more effective in the 
weakened-field range than in the arma¬ 
ture-voltage range and the regulated 
motor is therefore set for this condition 
by making the motor of calender number 
2 the master. 

Regenerative Braking 

Regenerative braking was adopted in¬ 
stead of the customary d 3 mamic braking 
because of its greater simplicity and be¬ 
cause it produces as quick, if not a 
quicker, stop than by d3rnamic braking. 
Reg^erative braking as referred to here 
consist of opening the generator field 
and simultaneously establishing a gen¬ 
erator field ‘‘suicide” circuit. Dynamic 
braking consists of opening the generator 
armature and closing the motor arma¬ 
tures on a resistance load. 

The simplicity of regenerative braking 
is twofold. Since the electrical devices 
are operating in field instead of armature 



Figare 9. Typical field decay characteristics 
for150-lcw senerator 

For any aiwature voltage, inductance divided 
by field circuit resistance CL/R) is a measure 
or speed of field decay 
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Figure 10. Typical field build-up cheradeiw 
lidct for 1 fiS-honepewer motor 


drcmts, they are simpler and less bulky. 
Again, as regenerative braking stops are 
so easily accomplished, all stops r*a^ 
made regenerative braking stops and it 
is not necessary to design the controls 
for two forms of stopping as is customary 
in the case of dynamic braking when 
normal stopping is a coasting stop and an 
emergency requires a dynamic braking 
stop. 

Hie regenerative braking stop also 


helps in another way. Since this system 
is applied to aH stops, the several sec¬ 
tions of the drive are brought to rest 
quickly and they tlierefore cannot depart 
far from their regulated positions with 
respect to each other. This, coupled 
wi^ the fact that the adjustable-voltage 
drive quickly brings the sections into 
regulating range upon starting, results 
in an unusually effective speed-regulat¬ 
ing system. 

Neglecting the “suicide” circuit which 
is used to destroy residual and which may 
be considered as not affecting the results 
practically, the selection of generator 
characteristics for regenerative braking 
can be illustrated by the curves in figure 
9. The rate of field decay is inversely 
proportional to the field inductance and 
directly proportional to the resistance of 
the discharge circuit. The instantaneous 
values of field current are a function of 
these two factors and the tliird factor— 
time. With these factors and tlie gen- 
^ator saturation curve, the expected 
performance shown in the curves can be 
calculated. 

Having determined a reasonable in- 



Rgure 11. The main d-c panels for all proc* 
assing operations are housed in these cubloles. 
The machinery is on the floor directly above 


ductance for ciuve 1, faster curves such 
8S 2 and 3 can be obtained by increasing 
the discharge resistance. If it is decided 
that say 1.75 seconds is a desirable maxi¬ 
mum rate of field decay, the control 
equipment can be arranged to operate on 
curve 1 at approximately 150 volts arma¬ 
ture and above and on curve 2 below 160 
volts. 

After having determined the generator 
chara.cteristics the motor characteristics 
are checked to see that they fit into the 
<ycle established by the generator. This 
IS accomplished in somewhat the same 
manner as the calculation of the generator 
except that the field is rising due to ap- 
pHcation of fuH field for the stop and ex¬ 
cept that an additional factor, the inertia 
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of the system,* must be taken into ac¬ 
count. In this instance the resistance is 
the resistance in the motor field circuit. 
For practical purposes each motor may 
be treated independently and when so 
treated curves of which figure 10 is typical 
will result. 

If the rate of motor field build-up does 
not differ appreciably from the rate of 
field decay previously calculated for the 



Figure 12. Material passing horn calender 
number 1 into calender number 2 through the 
speed regulating gate. The dark surface of 
the material shows the rubber added by 
calender number 1 

generator or in other words, if the motor 
becomes a generator, at approximately 
the same rate that the generator becomes 
a motor, a stable braking system may be 
expected. In general, if the motor does 
not operate over a speed range by field 
control greater than approximately two 
to one the motor will likely have in¬ 
herently the desired field characteristics. 
For a greater speed range it may be found 
desirable to control the rate of motor field 
build-up. 

Wind-Up Equipment 

The essential differences between the 
wind-up operations and the operations 

Ascertain if the horsepower necessary to stop 
within the required time is within the capacity of 
the motor. This should be calculated at maximum 
speed which is the worst condition. 

^ WR^N ^ ^ N Torque 

Torque — —— and horsepower «« ——rrr— 

307 i 6,260 

in which WR^ is the inertia of the system, N is 
the operating speed, and t the required seconds to 
stop. 


Figure 13. Material 
from calender num¬ 
ber 2 passing through 
the cooler and com¬ 
pensator. The ma¬ 
terial at the right is 
going to the wind¬ 
up. The rheostat 
mounted on top of 
the compensator 
controls the wind-up 
speed 



previously described are first, that the 
wind-up cycle is intermittent due to the 
necessity of shutting down the wind-up 
to remove a full mandrel and insert an 
empty one and second, that the required 
operating speed range is appreciably in¬ 
creased because the difference in driving 
speed between an empty and full man¬ 
drel is added to the speed range of the 
continuous-production part of the sys¬ 
tem. 

The matter of intermittent operation 
is provided for by inserting a material 
storage or compensator ahead of the 
wind-up. The compensator is shown 
in figure 2 from which it will be seen that 
if the wind-up has a production speed 
higher than that of the preceding part of 
the drive to the extent that the average 
production speed of the wind-up is equal 
to the continuous production speed of 
the preceding part, there will be even¬ 
tually as much material taken out of the 
compensator as is put into it. 

Intermittent operation and increased 
speed range of -^e wind-up are taken 
care of most effectively by again resort¬ 
ing to the adjustable-voltage system 
operating in conjunction with adjust¬ 
able-speed motors. The wind-up motor 
is driven by an independent generator. 
The wind-up operator has at hand an 
interlocked-independent control station. 
In the interlocked position the wind-up 
starts and stops simultaneously with the 
preceding main drives. In the inde¬ 
pendent position, independent control 


of the wind-up is secured from a stop- 
thread-run control station. 

Referring again to figure 2, it will be 
seen that if this control station is moved 
from stop to thread, full field is applied 
to the motor and field is applied to the 
generator through a generator-field 
threading resistor to give the armature 
voltage required for the desired threading 
speed. 

Turning the control further or to the 
run position, transfers control from the 
threading resistor to the compensator- 
controlled rheostat. This rheostat is a 
combined generator and motor field 
rheostat designed to operate in the same 
manner as Uhe combined rheostats for 
the calender motors. The setting of the 
rheostat is determined by the position of 
the compensator rolls from which it is 
operated in the same manner as the gate 
speed-regulating rheostats. From full 
to approximately half full compensator, 
the wind-up operates at full speed. From 
half full compensator to empty com¬ 
pensator, the speed is reduced from 
maximum to minimum. Limit switches 
are placed at the extreme compensator 
travels to shut down tlie drives should 
the normal operating range be exceeded. 

All starts are made automatically 
through the threading resistor so that all 
slack in the equipment is taken up be¬ 
fore the drive is thrown over to operating 
speed. As with the remainder of the 
drive, all stops for the wind-up are re¬ 
generative braking stops. 
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The Permatron—A Magnetically 
Controlled Industrial Tube 


By W. P. OVERBECK 

ASSOCIATE AIEE 


T he Permatron is a new gas-filled 
control tube in which the initiation 
of a discharge may be controlled by an 
externally applied magnetic field. The 
possibility of this type of control has been 
recognized during the past few years,^ 
but little attention has been paid to 
proper design or to the interesting applica¬ 
tions of tubes built specifically for mag¬ 
netic control. The present paper h^ 
been written as the result of research 
work which has shown that magnetic- 
control tubes are a rdiable and useful 
addition to the field of electronics. The 
trademark “Permatron** has been chosen 
to indicate the use of magnetic control. 

Construction and Operation 

Figure 1 shows a t 3 ^ical Permatron 
construction. In addition to the anode 
and cathode, which are conventional, the 
bulb contains a cylindrical collector 
electrode whidi surrounds the discharge 
path. The controlling magnetic field 
is applied as shown through the poles of 
an electromagnet located outside the 
bulb. Nonmagnetic materials are used 
for all parts of the tube which might affect 
the proper distribution of the magnetic 
field. The most practical materials are 
graphite, for machined parts, and 18.8 
stainless steel, which has a permeability 
of 1.1 when properly annealed. The 
m*ckel-alloy materials used for cathodes 
are operated at temperatures sufiiciently 
high to reduce their permeability. 

When a positive anode voltage and a 
magnetic field are applied to the Per¬ 
matron, electrons emitted by the cathode 
are deflected and strike the collector. 
Due to the presence of the collector, 
which is usually maintained at a potential 
close to or equal to that of the cathode. 


this deflection takes place in a region of 
weak electrostatic field intensity and the 
electrons are removed from the discharge 
path before acquiring sufficient velocity 
to cause ionization. If the magnetic 
field is removed, the electrons proceed 
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toward the anode, gaining velocity and 
I^oducmg ionization. Conduction con¬ 
tinues at a low-voltage drop between 
anode and cathode until the anode volt¬ 
age is removed or reversed. Thus, the 
initiation of a heavy current discharge 
may be controlled by diverting electrons 
which represent but a microscopic por¬ 
tion of the same current. For »» ach value 
of anode voltage, there is a critical value 
of magnetic field intensify above which 
the discharge wffl not start A theory 
of ^e relationship of this critical mag¬ 
netic force to anode voltage and to the 
pressure of the gas within the tube has 
been developed and shows an interesting 

agreement with actual results. 

An electron in an electrostatic field 
and a transverse magnetic field moves in a 
series of qrcloid paths as shown in figure 
2, and in a general direction at right 
angles to both fields. The values of 
magnetic and electrostatic fields nor- 
maUy employed in the Permatron are 
such that the dimensions of the individual 
cycloids are smafl and the electrons may 
be considered as moving sidewise in a 
straight line. However, due to the pres- 

Overbeck—The Permatron 


ence of gas molecules, tlie sidewise motion 
is broken up by collisions between elec¬ 
trons and molecules. At each collision, 
the electron may gain a little in progress 
in the direction of the electrostatic field. 
If we take, as an index of the effective 
sidewise motion of the electron, the 
number of cycloid paths in a mean free 
path, or average distance which an elec¬ 
tron may travel without collision, and 
assume that this number must be a con¬ 
stant to prevent conduction in a given 
Permatron design, we obtain tlie follow¬ 
ing relation: 

magnetomotive force — K-s/EP 

giving the critical magnetomotive force 
as a function of anode voltage £, and gas 
pressure P. JT is a constant which in¬ 
cludes proportionality factors between 
pressure and mean free path, magneto¬ 
motive force and magnetic field inten¬ 
sity, anode voltage and electrostatic 
fidd intensity, and the assumed constant 
ratio between mean free path and length 
of the cycloid paths. Figure 3 shows 
values o f the constant K (magnetomotive 
force/■\/pP) plotted against magneto¬ 
motive force for the full range of control 
of a mercury-vapor Permatron. The 
deviation from the theoretical constant 
value at low values of magnetomotive 
force corresponds to conditions under 
which the dimensions of the individual 
cycloid paths become comparable in size 
to the internal dimensions of the tube. 

When a straight cylindrical collector 
such as that of figure 1 is used, the mag- 



Flgure 2. Path of an electron in electrostatic 
and transverse magnetic Belds 
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netic sensitivity of the Pennatron in¬ 
creases approximately as the cube of the 
ratio of distance between anode and 
cathode to diameter of the collector. 
This is due partly to the resulting de¬ 
crease in electrostatic field intensity in 
the control region and partly to the fact 
that a greater length of collector surface 
is available to catch electrons. The 
practical limits of sensitivity are reached 
when the shielding effect of the collector 
becomes so great as to prevent starting 
of the tube at reasonably low anode volt¬ 
ages when no magnetic field is present. 

When other requirements such as the 
proper distribution of heat in a mercury- 
vapor tube must be met, a construction 
such as that of figure 4 is convenient. 
Here, the effective region of the collector 
is a cylindrical constriction formed by 
holes in a pair of graphite disks. The 
magnetic field is led into this region 
through iron armatures from a part of 
the bulb where location of the external 
magnet is most convenient. The use of 
two graphite disks, one above and the 
other below the iron poles, helps to shield 
the iron, which might otherwise tend to 
produce secondary electrons, and in¬ 
creases the length of the effective region. 
The outer cathode heat shields of this 
tube are made of nonmagnetic steel. 

Characteristics 

There are three distinctly different 
types of operation obtainable with the 
Permatron. Characteristics are shown 



in figure 6 for simple magnetic control in 
which the collector is directly connected 
to the cathode. These curves indicate 
the variation in control characteristics 
caused by changes in condensed-mercury 
temperature in the tube of figure 4. For 
circuit design purposes, it is most con¬ 
venient to express the magnetic field 
intensity in terms of ampere turns ap¬ 
plied to an electromagnet located in the 
most effective position. To give an ap¬ 
proximation of the power needed for con¬ 
trol, the value of 300 ampere turns in 
figure 5 represents 2.34 watts consumed 
in the magnet used for obtaining data for 
the curves. The tube of figure 1 requires 
about 0.076 watts for control of its maxi¬ 
mum allowable anode voltage. These 
control power requirements are small in 



Fisure 5. Characteristics of RM-214 Perma¬ 
tron 


comparison to the power which the tubes 
will handle. The tube shown in figure 4 
will control 16 kw while that of figure 1 
will control 10 watts. 

A second type of operation is that in 
which varying collector potentials are 
employed. This is similar to grid con¬ 
trol except for the fact that the control¬ 
ling effects of collector potential and 
magnetic field are interrelated as shown 
by the curves of figure 6. These par¬ 
ticular curves indicate that the negative 
collector potentials and magnetic field 
intensity have an additive effect. This 
is not always true because it has been 
found that, in some other tube construc¬ 
tions, the minimum anode firing voltage 
may occur at a negative collector poten¬ 
tial or at some value of magnetomotive 
force greater than zero. Such unusual 
effects are possible because the region 
where the magnetic field is applied may 
be located in a position where collector 
potential has a great effect on electro- 
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Figure 6. RM-S14 Permatron characteristics 
showing effect of varying collector potential 

Condensed mercury temperature =» 45 degrees 
centigrade 

static field intensity or in a position where 
the electrostatic field intensity does not 
vary appreciably with collector potential. 
Also, tlie magnetic and electrostatic fields 
may be used to produce focusing effects 
which counteract one another. 

The third type of operation is that in 
which ionization may be present in the 
tube without producing a discharge be¬ 
tween anode and cathode. A Permatron 
such as that of figure 4 may be operated 
with a discharge between collector and 
cathode; in which case, the magnetic 
field may be used to prevent the dis¬ 
charge from spreading through the holes 
in the graphite disks to the anode. When 
tlie cathode-collector discharge is small, 
of the order of one milliampere, this has 
the same effect as would be obtained by 
moving the cathode closer to the holes in 
the graphite disks and produces anode 
control characteristics similar to those of 
figure 5, except that greater values of 
magnetomotive force are required and 
the anode firing voltage at zero mag¬ 
netomotive force is greatly reduced. 
This type of operation has been used to 
make a tube designed for high-voltage 
applications more useful in circuits where 
low anode voltages are employed. 

Field of Application 

The Permatron performs the same type 
of service as has been obtained from 
th 3 n:atrons^ and ignitrons.®^* Thus, its 
fidd of application overlaps to some ex- 
, tent. In the same field, it has three 
features which are useful in certain types 
of applications: 

1. An electromagnetic control may remain 
insulated from the tube and its associated 
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power circuit. The applications in which 
this feature may be useful are in the control 
of high-voltage circuits from a safely 
grounded control circuit or in circuit ar¬ 
rangements which normally prevent the 
control of two or more tubes from a com* 
mon control source. An example of the 
former is the use of control tubes for keying 
the high-voltage supply of a telegraph 
transmitter® where the Permatron may be 
used as a high-voltage rectifier and periodi¬ 
cally blocked by a control magnet operated 
at low voltage from an ordinary telegraph 
key. An example of the latter is in welding 
control circuits®'^ where the control tubes 
are connected with the anode of one tube 
tied to the cathode of the other and vice 
versa. The use of the Permatron for flits 
type of application avoids the need of 
connecting the control circuit to the cathode 
of either tube. 

2. Control of the Permatron is independent 
of the polarity of the magnetic field. In 
cases such as the welding circuit mentioned 
above or in full-wave rectifier circuits where 
the anode voltages of two tubes are 180 
de^ees out of phase, the voltages applied to 
their control magnets may have the same 
polarity or a single magnet may be used to 
control both.tubes. 

3. The Permatron produces unusual phase- 
shift control characteristics which are de¬ 
scribed in detail later. 

The usefulness of the Permatron ex¬ 
tends to a new field of applications due 
to other factors which are listed below: 

1.^ New combinations with moving ma¬ 
chinery are possible because the Permatron 
may be controlled by moving permanent 
magnets. An example of this is in the 
problem of elevator leveling or control 
where permanent magnets might be mounted 
on the cage to operate Permatrons at 
various levels in the shaft. 

^ wider application to commimication 
circuits or measuring instruments is possible 
because of the lack of reaction betiveen the 
tube and control magnet. The control im¬ 
pedance remains the same and is linear 
whether the tube is conducting or not. 


Thus, the Permatron may be operated 
directly from a transmission line without 
danger of reflection or may be operated 
from carefully balanced measuring circuits 
without danger to instruments. 

3. Operation of the control from extremely 
low voltages is possible, although heavy 
control currents are required. As an 
example, the tube illustrated in figure 1 can 
be controlled by a voltage lower than six 
microvolts when a single-turn control 
magnet is used. 

Most of the development of Permatrons 
has been confined to the small tubes and 
medium power industrial tubes illus¬ 
trated in figure 7. The ratings of the 
tubes range from an average current of 
0.1 to 8 amperes and up to 3,500 volts. 
There is, however, no factor which pre¬ 
vents application of the same principles 
to tubes of higher voltage and current 
ratings. Work on such tubes is proceed¬ 
ing with the object of investigating the 
possibility of extending, through mag¬ 
netic control, the present limits of both 
high-voltage and heavy-current gas-filled 
tubes. 

Control Circuits and 
Methods of Application 

Figure 8 illustrates the analysis of a-c 
operation. For each point on the posi¬ 
tive half cycle of anode voltage, there is a 
critical value of magnetomotive force 
whidi will prevent conduction and which 
may be either positive or negative. 
These values of magnetomotive force 
which may be obtained from curves 
similar to ^ose in figure 6, form a closed 
oval as shown by the dotted line. If 
an alternating magnetomotive force is 


applied to the control magnet, conduc¬ 
tion starts in each cycle at the point 
where the magnetomotive force wave 
intercepts the critical oval and con¬ 
tinues until the anode voltage becomes 
negative. This period of conduction, 
indicated by the shaded portion of the 
diagram, may be increased or decreased 
by varying the phase relation between 
anode voltage and magnetomotive force. 



Figure 8. OsciKographic enaiysis of a-c 
operation 
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Fisiire 9. Output characteristic of Permatron 
with phase-shift control 


Rsure 7. Experimental Permatrons 
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Phase shift control of tliis type has been 
described in connection with other types 
of control tubes’ so it is possible to limit 
the present discussion to unusual results 
obtained from its use with Permatrons. 

It may be seen, from inspection of 
figure 8, that the instant of starting, or 
firing angle, in each cycle is limited to the 
relatively short period that the mag¬ 
netomotive force wave is passing 
through the critical oval. If the tube 
fails to start during this period as a re¬ 
sult of some external condition such as 
the anode circuit being open, it cannot 
start later in the cycle. If the amplitude 
of the magnetomotive force wave is in¬ 
creased, this available starting period 
may be made shorter. An effect of this 
sort is very useful in applications such as 
resistance welding and motor control 
where an accurately set firing angle is re- 
<iuir^. It avoids the need of special 
peaking transformers in the control 
circuit. 

As the phase angle between anode volt- 
e.gt and control-magnet voltage changes, 
the average current through the Per¬ 
matron varies as shown in figure 9. 
The anode current variation is repeated 
every 180 degrees, and the discontinuous 
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Figure 10. Permetron phase-shifting dteults 


points occur at the power-factor angle 
of the control magnet which is usually 
dose to 90 degrees. In wdding or in 
full-wave rectifier circuits where tubes 
are connected with their anode voltages 
180 degrees out of phase, the two control-- 
magnet voltages may be in phase or a 
single magnet may be used to control 
bolb tubes. 

Two circuits which may be used for 
phase-shift control of the Permatron are 
diown in figure 10. The first (a) is an 
adaptation of the conventional type of 
phase-shift drcuit. The reactive ele¬ 
ment Z may be either a capadtor or an 
inductor. When the resistor R is varied 
from zero to infibnity, the phase angle of 
the control magnet varies from zero to 
180 degrees with respect to the anode 
voltage. A capadtor whose capadtance 
resonates with the control-magnet induct¬ 
ance at the power-line frequency may 
be connected in parallel with the control 
magnet to reduce the current drawn from 
the phase-shift circuit. The second dr¬ 
cuit (p) avoids the need of a center-tapped 
control-voltage source by using a center- 
tap on the control magnet This dr¬ 
cuit is easy to understand when it is 
realized that it is the same as the one 
above except that the coimections are re¬ 
versed. The magnet takes the place of 
the center-tapped source and the ter¬ 
minals which would normally be the out¬ 
put of the phase-shift drcuit are con¬ 
nected to the power lines. The imped¬ 
ance Z and the mean value of the resistor 
R should be large compared to the im¬ 
pedance between the center-tap of the 
control magnet and the two outer ter¬ 
minals when the latter are short-circuited 
and should be small compared to open- 
circuit impedance between the outer ends 
of the control magnet. Use of a resonat¬ 
ing capadtor across the magnet makes the 
latter value larger. 

In automatic control circuits, it is usu¬ 


ally preferable to obtain phase-shift 
control from direct current. This pref¬ 
erence is due to the fact that such con¬ 
trol devices often include a vacuum-tube 
amplifier which produces a var 3 dng d-c 
output. A very useful circuit for this 
type of control is shown in figure 11. 
Two coils are wound on each control 
magnet, one to be operated from alter¬ 
nating current and the other from direct 
current. When two tubes are used, these 
coils may be arranged so that the alter¬ 
nating voltages induced in the two d-c 
coils are balanced out. The same result 
may be accomplished with single-coil 
magnets if the coils are connected in a 
balanced bridge circuit with the alter¬ 
nating current applied to one pair of 
opposite comers and the direct current to 
the other comers. The oscillographic 
drawing below the circuit diagram shows 
the results obtained. Due to the balanc¬ 
ing coimection, the d-c magnetomotive 
force shifts the two a-c magnetomotive 
force waves in opposite directions. These 
magnetomotive force waves are illus¬ 
trated as sine waves, each drawn with a 
solid line during the half cyde that its 
associated anode is positive. Since one 
wave shifts upward and the other down¬ 
ward, the fir^g angles of the two tubes 
shift in the same direction and their out¬ 
put currents remain balanced. If the 
coimections to the a-c coils are reversed, 
the direction of shift in firing angle with a 
given change in d-c magnetomotive force 
is reversed. 

A smooth control of output current of a 
Permatron may be obtained with moving 
permanent magnets by applying the same 
prindplfi as the circuit of figure 11. 

Although several complete circuits 
using Permatrons have been devdoped, a 
detailed description of all of them would 
require more space than could be aUoted 
to one paper. However, the full wave 
rectifier circuit of figure 12 is shown in 
order to give an example of the combina¬ 
tion of a few of the prindples described 
above in a complete circuit The control 
magnet system is a combination of figure 
11 and figure 10 (&). The d-c coils are 
operated by an amplifier tube whose 
plate current is controlled by varia¬ 
tions in output voltage of the rectifier. 
The phase-shift circuit of the a-c coils 
is adjusted to give the maximum rate of 
change of output voltage for a given 
change of ciurent in the d-c coils and to 
set the mean output voltage at a value 
which produces the optimum performance 
of the amplifier tube. A resistance and 
capadtor time-delay drcuit is used in the 
grid circuit of the amplifier to prevent 
hunting. This particular circuit is de- 



Flgure 11. Circuit diagram and analysis of 
combined a-c and d-c magnetic control 



Figure 12. Fundamental circuit diagram of 
Permatron-controlled rectifier 


signed to give a constant output voltage 
regardless of input voltage or load varia¬ 
tions. If the d-c coils are of low imped¬ 
ance and connected in series with the 
load, the rectifier may be made to have a 
drooping characteristic or a rising char¬ 
acteristic depending on the phasing of the 
a-c coils. 

Conclusion 

Magnetic control as described above 
has proved itself both reliable and effi¬ 
cient and, having so many useful fea¬ 
tures, it should find many industrial ap¬ 
plications. Moreover, since it is possible 
to obtain both grid control and magnetic 
control effects in the same tube, there are 
many applications in which the desirable 
qualities of both types of control may be 
obtained simultaneously. In circuit com¬ 
binations and in possible variations of 
control characteristics, the Permatron 
should provide a fertile field for new 
ideas. 
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Discussion 

S. B. Ingram (Bell Telephone Laboratories, 
New York, N. Y.): Mr. Overbeck and his 
associates have done the industry a service 
in making a line of magnetically controlled 
gas tubes commercially available. The 
advantages of devices of this type have 
been recognized for some time as the author 
has pointed out in his paper. The avail¬ 
ability of a new device, however, is always a 
great stimulus to its wide application and we 
shall now have an opportunity to see the 
magnetically controlled tube prove its 
mettle in competition with other types of 
gas-£lled control tubes. 

There is one characteristic of mercury- 
vapor-filled Permatrons which, I believe, 
will be a considerable impediment to its 
circuit application. This is the variability 
of its characteristics with condensed mer¬ 
cury temperature. The characteristics of 
the thyratron or grid-controlled gas-filled 
tube also vary with temperature, but ex¬ 
treme shifts in the characteristic take place 
only below condensed-mercury tempera¬ 
tures of about 40 degrees centigrade. In 
the ordinary operating temperature range 
from 40 degrees centigrade to 80 degrees 
centigrade the characteristics are relatively 
independent of temperature. In the Per- 
matron, the variability extends over the 
whole temperature range as Mr. Over- 
beck’s figure 6 shows and as, in fact, his 
theory of breakdown demands. Rare-gas- 
filled tubes would be free from this disad¬ 
vantage although their use would neces¬ 
sarily be confined to low-voltage circuits. 

I should like to ask if any work has been 
done on Permatrons with rare-gas filling. 


Synopsis: Secondary capacitors cost more 
than primary capacitors but they offer some 
additional benefits which may offset the 
additional costs. There are presented 
herein the results of a comprehensive 
economic study covering a wide variety of 
circuit and load conditions on both network 
and radial distribution systems to establish 
within reasonable limits the probable field 
of application of the secondary capacitor. 
From the results of the study it appears 
that secondary capacitors can be justified in 
practically all cases on secondary networks 
but have a limited application on primary 
radial distribution s 3 rstems. 


D uring the past two years shunt 
capacitors have been applied to dis¬ 
tribution systems in increasing quantities. 
Continual increases in reactive loads due 
to refrigerators, air conditioning, fans, 
and other small motor loads have bad 
their destructive effects and corrective 
measures have more than ever become 
necessary. 

Reactive amperes originate at the load 
and they carry their destructive effect 
in the form of excessive voltage drops, 
thermal overloads, and energy losses, back 
to the generator. Naturally enough, 
corrective measures to affect the maxi¬ 
mum benefits should be located as 
dose to the load or source of reactive as 
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♦ Capadtors applied by industrials, of course, are 
necessarily low-voltage capacitors since the utiliza¬ 
tion voltage is in most cases the only voltage 
available in an industrial plant. 


possible. Capacitors lend themselves 
particularly well as corrective devices to 
obtain maximum benefits because they 
can be obtained in small increments of 
capadty and may be applied in proper 
sizes dose to the load. 

From the viewpoint of maximum bene¬ 
fits, therefore, a small capacitor at each 
meter box would appear to offer the ideal 
correction. On the other hand, from the 
viewpoint of maximum benefits com¬ 
mensurate with maximum economy, the 
relative costs of capacitor correction ap¬ 
plied at various points in the distribution 
system must be factored. 

The cost of capadtors varies f)rincipally 
with tlie size of the individual unit and 
with the voltage rating of the unit. At 
the present stage of the art, design and 
manufacturing limitations are such that 
the capacitor having the lowest cost per 
kilovolt-ampere is a 10- or 15-kva unit 
having a voltage rating of 2,300 or 4,000 
volts. This, of course, means that the 
lowest cost correction is that which can 
be applied to the primary feeder. The 
difference in cost between primary and 
secondary capacitors is quite substantial 
(see figure 3) and it probably is for this 
reason that practically all capacitors 
which have been applied by utilities for 
reactive correction have been primary- 
feeder capadtors. * 

Although secondary capadtors cost 
more, they do offer some additional ad¬ 
vantages over primary capacitors. Con¬ 
sider for a moment what these additional 
advantages consist of: 

Comparative Benefits of Secondary 
Versus Primary Capacitors 

The elimination of reactive kilovolt¬ 
amperes from a system releases system 


W. P. Overbeck: Mr. Ingrain’s discussion is 
greatly appreciated. As pointed out in the 
pap^, our work has led to the discovery of 
previously unrecognized advantages of 
magnetic control and it is natural to ex¬ 
pect that, with special tubes available, 
other engineers will be able to add impor¬ 
tant contributions. In addition to the 
competitive situation mentioned by Mr. 
Ingram, it is to be hoped that the unusual 
features of the Permatron will create a new 
field of application. 

In contradiction to the theory of control 
which I have proposed, I believe that there 
IS a possibility of reducing variations of 


characteristics with temperature. Non¬ 
varying characteristics of the thyratron in 
the range of temperatures mentioned by 
Mr. Ingram are not true of all types For 
^ample, the ^-43 and itU-628 show con¬ 
siderable variation in this range. We are 
thus led to the conclusion that refinements 
of design are responsible for the improved 
characteristics of types such as the F(?-29, 
A similar refinement in design of the Per¬ 
matron would be such that tube construc- 
^on, rather than vapor pressure, would 
determme the effectiveness of magnetic 


deflection. On the other hand, it should 
be noted that in an experimental industrial 
installation, mercury-vapor Permatrons 
have operated over 5,000 hours without 
difficulty from characteristic variations. 
This IS, of course, due to proper circuit 
design. 

Considerable work has been done on 
Permatrons with rare-gas filling. The two 
tub^ shown in the center of figure 7 are 
i^de with argon gas. This removes varia¬ 
tion of characteristics with ambient tempera¬ 
ture. 
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Figure 1 (right) 

These curves show that secondary capaci¬ 
tors do not give any additional reduction in 
voltage drop between first and last customer if 
all transformers are equipped with the secon¬ 
dary units. To gain additional reduction in 
voltage drop^ the secondary capacitor installa¬ 
tions should.be confined to the section of line 
between / and Z above. Point Y Is that 
point at which the primary feeder line drop is 
equal to the voltage rise in an unloaded trans¬ 
former due to a secondary capacitor. In the 
above curves, it is assumed that the first trans¬ 
former may be unloaded at peak feeder load 


allowable voltme 

TO FIRST CU8TOMER-|04% 


^if 


ivOUASE mSE IN UNLOADED TRAliaS^ 
FORMER DUE TO SEOONOARY OAMCITK^ 


^WM^_yqLTAeE_pROP CURVE WITH SECONDMy CARACITORS 
fBUT FIRST GAMOITOR LOCATED AT POINT Sr^STEAD OF 

ZSnfciTORS^™®^ WOP CURVE WITH PRIMARV 






:oBOP-p 

»c. 


TTT. 

!ij| 

■< •Si 

fiJ-l 

1 1 S 


MAXIMUM ALLOWABLE VOLTAOE 
TO RRST CUSTOMER-104% 


wcio»«ary cAfwcnpM 

BUT FIRST CARACrrOR LOCATED AT POINtS'^STEAD AT V 

,_VOLTABE DROP CURVE WITH 

/ PRIMARY CAPACITORS. 

‘******5::^^ - -PRIMARY VOLTASE DROP CURVE WITH 

.. ^^®^^^ECONOARY CAPACITORS ON ALL TRANSFORMERS 


ssjTmWgissf.Tag'’- 


Rgure 3 (below) 

These curves show the relative costs of pri¬ 
mary and secondary capacitors. The cost per 
kilovolt-ampere of primary capacitors is about 
constant since they are always multiples of 
10- or 15-kva units. In this study primary 
4-kv capacitors had a fixed installed cost of 
$7.55 per kilovolt-ampere and 13.8-kv capaci¬ 
tors had a fixed installed cost of $12.60 per 
kilovolt-ampere. The installed cost of secon¬ 
dary capacitors varies considerably as noted 
above. On secondary networb, however, 
the cost was fixed at $22.40 per kilovolt¬ 
ampere since these were all multiples of 
5-kva units 


Figure 2 (above) 

A similar comparison is made in the above 
curves as In figure 1 except that it is assumed 
here that all transformers will be loaded at 
peak feeder load. In this case, however, it 
is still true that secondary capacitors do not 
give additional reduction in voltage drop over 
primary capacitors unless they are confined to 
that section of the feeder between points Y 
and Z. For either of the conditions assumed 
in figures 1 or 2 it is necessary properly to set 
the line-drop com- — 

pensator to obtain 

the indicated results tgo_ 


capacity in one or both of two ways. 
Correction of reactive kilovolt-amperes 
reduces voltage drop and it also reduces 
net kilovolt-amperes, so depending on 
whether voltage drop or dermal ca¬ 
pacity is the limiting factor, the value of 
released system capacity will be cal¬ 
culated in one of two ways. 

The kilowatt carr3Hing capacity of over¬ 
head primary feeders is practically al¬ 
ways limited by voltage drop in the 
feeder so the advantage of the capacitor 
in releasing feeder capacity is meastned 
as a direct function of the degree of re- 


Rgure 4 

The curves below summarize the unit distribu¬ 
tion transformer costs for the conventional type 
of transformer on overhead lines using two 
lightning arresters and two fuse cutouts, as 
used in this study 
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Figure 5 

These curves show the amount of voltage rise 
which secondary capacitors produce In the 
distribution transformers on overhead lines. 
It Is assumed here that the feeder power factor 
Is corrected to unity and that the ratio of total 
transformer kilovolt-amperes to feeder kilo¬ 
volt-ampere demand is two 


This group of curves shows the Installed cost 
of secondary network transformer vaults for 
both oil- and Pyranol-filled transformers. 
Only the oil-filled transformer costs were used 
in making this study 


duction of voltage drop on the feeder. 
On the other hand, the limiting factor on a 
transformer is its thermal capacity, so 
the advantage of the capacitor in releas¬ 
ing transformer capacity is measured as a 
direct function of the reduction in net 
kilovolt-ampere demand. 

Thus, now considering the compara' 
tive merits of secondary capacitors over 
primary capacitors, we find that the sec¬ 
ondary capacitor releases a certain 
amount of distribution transformer ca- 
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pacity (thermally), which the primary 
capacitor does not do. In addition to 
this, the secondary capacitor effects an 
additional voltage rise through the trans¬ 
former by virtue of the transformer re¬ 
actance. This voltage rise, when co¬ 
ordinated with the regulating equipment, 
in effect, augments the primary feeder 
capacity, provided it can be obtained 
fairly equ^y on all distribution trans¬ 
formers, since it contributes to the net 
reduction in voltage drop between the 
first and last customer on the feeder (see 
detailed analysis hereinafter). 

So we find that a given kilovolt-amperes 
of secondary capacitors provided they 
are properly distributed, may add an 
additional increment of primary feeder 
capacity and releases a certain amount of 
distribution transformer capacity above 
and over what the same kilovolt-amperes 
in primary capacitors can offer. 


Tlie economic problem is to determine 
if this additional benefit is or is not offset 
by the greater cost of secondary ca¬ 
pacitors. Actually, there are two ^neral 
cases to consider—one where the second- 
aiy capacitor is located on overhead lines 
and the other where it is located on under¬ 
ground secondary networks. These will 
be treated separatdy. 

If secondaiy capacitors have been ap¬ 
plied in such a way that the average volt¬ 


age level is higher than could be obtained 
with primary capadtots there will prob¬ 
ably result an increase in revenue which 
may properly be considered an additional 
benefit. Although most engineers agree 
that there will be some increase in reve¬ 
nue with a higher voltage level, there is 
some difference in opinion as to the 
amount of increase. In the economic 
comparison of this study the additional 
revenue has been evaluated by a method 
acceptable to most engineers and the re¬ 
sults have been prepared alternatively 
considering the additional revenue as a 
benefit and ignoring it. The details are 
given in the appendix. 

Important Factors to Consider 
in Comparing Primary and 
Secondary Capacitors 

A primary capadtor releases feeder 
kilowatt capadty because it reduces the 
drop between the first and last customer. 
Unless secondary capadtors further re¬ 
duce this drop they will not contribute 
additional kilowatt line capadty. Actu¬ 
ally if every distribution transformer is 
equipped with a secondaiy capadtor the 
voltage drop between the first and last 
customer is not affected. This is illus¬ 
trated schematically in figures 1 and 2, 
where voltage drops are plotted with both 
primaiy and secondary capadtors and 
considering alternatively that the first 
transformer may or may not be loaded at 
peak feeder load. It is assumed (ar¬ 
bitrarily) in these diagrams that each 
distribution transformer has 2 V 2 per cent 
voltage drop when fully loaded and IV 2 
per cent rise when equipped with second¬ 
ary capadtors. 

On most feeders the allowable voltage 
to the first customer (in this case assumed 
to be 104 per cent) determuies the amount 
of boost permitted the feeder regulators 
at peak load. If a voltage rise of 1.5 per 

Figure 7 

These curves are similar to those of figure 5 
except they apply to secondary network 
transformers rather than to overhead-line In¬ 
stallations. They show voltage rise produced 
In the transformer by secondary capacitors 

Network transformers, 13.8 lev—120/208 
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VALUE OF BENEFITS IN EXCESS OF ADDITIONAL COSTS OF SECONDARY OVER PRIMARY CAPACITORS 



Figure 8 

Here are plotted the values of additional 
benefits over costs of secondary over primary 
capacitors for overhead lines of a rather low 
load density—that Is, 10, 15, and 100 leva 
per mile. The dollar values are total capi¬ 
talized benefits In excess of or less than addi¬ 
tional costs of secondary over primary capaci¬ 
tors per feeder. In all cases, any specific set 
of data plotted here applies to a feeder having 
such a length and loading as to give exactly 
10 per cent voltage drop at peak load . 

The additional benefits tabulated here include: 

1. Released feeder capacity 

S. Released distribution transformer capacity 

The ratio of transformer kilovolt-amperes to 
feeder kilovolt-ampere diversified demand was 
assumed alternatively two and four. The 
power factors assumed were 0.7, 0.8, and 
0.9. The average size of distribution trans¬ 
formers ranged from 5 to 50 leva 

It may be noted that for the conditions con¬ 
sidered here the secondary capacitors cannot 
be justified except at the light load densities 
and low power factors 


cent is introduced in each transformer by 
means of secondary capacitors, in effect 
the voltage level of the whole feeder has 
been raised 1.5 per cent; and to avoid 
giving the first customer 1.5 per cent over¬ 
voltage it is necessary to readjust to the 
regulator to give 1.5 per cent less voltage 
which leaves the feeder with exactly the 
same voltage to all customers as before 


the secondary capacitors were applied. 
Thus equipping all transformers with 
their proportionate amount of secondary 
capacitor correction does not result in any 
increase in kilowatt feeder capacity over 
that which can be obtained with the same 
kilovolt-amperes in primary capacitors. 

However, if the secondary capacitors 
are not applied proportionatdiy to all 
transformers but only to those between 
points Y and Z in figures 1 and 2 (point 
Y is that point at whidi the feeder voltage 
drop at peak load is equal to the voltage 
rise produced in the transformer by the 
capacitor), there will result in effect a re¬ 
duction in the voltage drop between the 
first and last customer, in this case 1.6 
per cent, and a corresponding increase in 
kilowatt capacity of the feeder. 

In figures 1 and 2 there is illustrated 
rather simply the comparative voltages 
on the primary feeder and transformer 
secondary for the conditions of A —pri¬ 
mary capacitors uniformly distributed, 
B —^secondary capacitors uniformly dis¬ 
tributed, and C —secondary capacitors 
distributed only between points Y and 
Z of the feeder. In figure 1 it is assumed 
that the first transformer may be un¬ 
loaded at peak feeder load, and in figure 2 
it is assumed that all transformers will 
have their peaks at the same time. It 
may be noted that under the last assump¬ 
tion there is less voltage difference be¬ 
tween first and last customer but with 
either assumption of transformer loading 


the secondary capacitors contribute ex¬ 
actly the same amount of improvement. 
Note also that the only voltage benefit ob¬ 
tained by appl 3 dng secondary capacitors 
to all transformers, as indicated in curve 
would be a reduction in the necessary 
voltage range of the regulator. 

Figures 1 and 2 demonstrate further 
that in applying secondary capacitors, 
careful consideration must be given to 
the loading of the transformers. If all 
transformers have their peak loads at 
about the same time, the results are dif¬ 
ferent than if any particular transformer 
is unloaded during peak load on the 
feeder. Only by an accurate study of 
transformer loading can the line-drop 
compensator be set properly to obtain 
maximum benefits from the secondary 
capacitors and also to avoid overvoltage 
conditions on specific transformers. 

In general the total amount of capacitor 
correction to be used on the secondaries 
of a given feeder should equal that whidh 
would be used on the primary. This is 
usually made equal to the average reac¬ 
tive kilovolt-amperes of the diversified 
feeder load. Any deviation from this 
rule, plus or minus, results in a partial 
sacrifice in the maximum reduction in 
feeder energy losses otherwise obtained. 

If the capacitor correction is equal to 
the avaage feeder reactive kilovolt-am¬ 
peres and a proportional amount of it is 
applied to the secondary of each trans¬ 
former, because of diversity, the average 
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Figure 5 

These curves show the amount of voltage rise 
which secondary capacitors produce in the 
distribution transformers on overhead lines. 
It is assumed here that the feeder power factor 
is corrected to unity and that the ratio of total 
transformer kilovolt-amperes to feeder kilo¬ 
volt-ampere demand is two 


Figure 6 

This group of curves shows the installed cost 
of secondary network transformer vaults for 
both oil- and Pyranol-filled transformers. 
Only the oil-filled transformer costs were used 
in making this study 


duction of voltage drop on the feeder. 
On the other hand, the limiting factor on a 
transformer is its thermal capacity, so 
the advantage of the capacitor in releas¬ 
ing transformer capacity is measured as a 
direct function of the reduction in net 
kilovolt-ampere demand. 

Thus, now considering the compara¬ 
tive merits of secondary capacitors over 
primary capacitors, we find that the sec¬ 
ondary capacitor releases a certain 
amount of distribution transformer ca¬ 


pacity (thermally), which the primary 
capacitor does not do. In addition to 
this, the secondary capacitor effects an 
additional voltage rise through the trans¬ 
former by virtue of the transformer re¬ 
actance. This voltage rise, when co¬ 
ordinated with the regulating equipment, 
in effect, augments the primary feeder 
capacity, provided it can be obtained 
fairly equally on all distribution trans¬ 
formers, since it contributes to the net 
reduction in voltage drop between the 
first and last customer on the feeder (see 
detailed analysis hereinafter). 

So we find that a given kilovolt-amperes 
of secondary capacitors provided they 
are properly distributed, may add an 
additional increment of primary feeder 
capacity and releases a certain amount of 
distribution transformer capacity above 
and over what the same kilovolt-amperes 
in primary capacitors can offer. 


The economic problem is to determine 
if this additional benefit is or is not offset 
by the greater cost of secondary ca¬ 
pacitors. Actually, there are two general 
cases to consider—one where the second¬ 
ary capacitor is located on overhead lines 
and the other where it is located on under¬ 
ground secondary networks. These will 
be treated separately. 

If secondary capacitors have been ap¬ 
plied in such a way that the average volt¬ 


age level is higher than could be obtained 
with primary capacitors there will prob¬ 
ably result an increase in revenue which 
may properly be considered an additional 
benefit. Although most^ engineers agree 
that there will be some increase in reve¬ 
nue with a higher voltage level, there is 
some difference in opinion as to the 
amount of increase. In the economic 
comparison of this study the additional 
revenue has been evaluated by a method 
acceptable to most engineers and the re¬ 
sults have been prepared alternatively 
considering the additional revenue as a 
benefit and ignoring it. The details are 
given in the appendix. 

Important Factors to Consider 
in Comparing Primary and 
Secondary Capacitors 

A primary capacitor releases feeder 
kilowatt capacity because it reduces the 
drop between the first and last customer. 
Unless secondary capacitors further re¬ 
duce this drop they will not contribute 
additional kilowatt line capacity. Actu¬ 
ally if every distribution transformer is 
equipped with a secondary capacitor the 
voltage drop between the first and last 
customer is not affected. This is illus¬ 
trated schematically in figures 1 and 2, 
where voltage drops are plotted with both 
primary and secondary capacitors and 
considering alternatively that the first 
transformer may or may not be loaded at 
peak feeder load. It is assumed (ar¬ 
bitrarily) in these diagrams that each 
distribution transformer has 2 V 2 per cent 
voltage drop when fully loaded and IV 2 
per cent rise when equipped with second¬ 
ary capacitors. 

On most feeders the allowable voltage 
to the first customer (in this case assumed 
to be 104 per cent) determines the amount 
of boost permitted the feeder regulators 
at peak load. If a voltage rise of 1.5 per 

Figure 7 

These curves are similar to those of figure 5 
except they apply to secondary network 
transformers rather than to overhead-line in¬ 
stallations. They show voltage rise produced 
in the transformer by secondary capacitors 

Network transformers, 13.8 kv—120/208 
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RATIO OF DOLLAR VALUE OF BENEFITS IN EXCESS OF ADDITIONAL COSTS OF SECONDARY OVER PRIMARY CAPACITORS 



Figure 10 (above) 

The data plotted in these curves cover similar 
conditions to that of figure 8 except that the 
additional benefits of secondary over primary 
capacitors have been plotted as a ratio of 
dollars benefit to kilowatt feeder capacity 
rather than dollar benefit per feeder. These 
data cover the set of conditions In the upper 
half of figure 8/ that is, number 2 conductor 
size, load densities of 10, 50, and 100 kva 


per mile, and a ratio of transformer kilovolt¬ 
amperes to feeder demand of two 

Figure It. Ratio of dollar value pf benefits 
in excess of additional costs of secondary over 
primary conductors to total kilowatt feeder 
capacity 

These curves show the value of additional 
benefit of secondary over primary capacitors 
for the condition in figure 8, but the benefit 


is plotted as a ratio of dollars benefit to feeder 
kilowatt capacity rather than dollars benefit 
per feeder. These data cover the same con¬ 
ditions as the lower half of figure 8, that is, 
number 2 conductor size load densities of 
10, 50, and 100 kva per mile, and a ratio 
of transformer kilovolt-amperes to feeder de¬ 
mand of four 

Additional benefits Include: 

1. Released feeder capacity 

2. Released distribution-transformer capacity 
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EXCESS BENEFITS IN DOLLARS OVER COSTS PER FEEDER 



s 
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R9«r« 12 (above). Ratio of dollar value of 
beneRb In excess of additional eosb of second¬ 
ary over primary conductors to total kilo- 
. watt feeder capacity 

These curves cover the same conditions as 
those of fisure 9, that is, load densities of 
100, 500, and 1,000 kva per mile, conductor 
sizes of 2/0 and 4/0, etc., but (similar to 
fisures 10 and 11) the additional benefits are 
plotted as dollars benefit per kilowatt of 


feeder capacity rather than per feeder 
Additional benefits include: 

1. Released feeder capacity 

2. Released distribution-transformer capacity 

Figure 13 

These curves cover the same set of conditions 
as curves of figure 8 except that the additional 
benefit of increased revenue has been added. 


In this case the additional benefits have been 
plotted in dollars per feeder. It should be 
noted In comparing these data with those of 
figure 8 that the item of additional revenue 
still leaves the application of secondary 
capacitors somewhat doubtful except at light 
load densities* It may be noted, however, 
that for a ratio of transformer kilovolt-amperes 
to feeder demand of two, the secondary 
capacitors appear to somewhat of an advantage 
at all three of the load densities considered 
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VALUE OF BENEFITS IN EXCESS OF ADDITIONAL COSTS OF SECONDARY OVER PRIMARY CAPACITORS 



The data plotted here are entirely similar to 
those of fisure 9 and cover a similar set of 
conditions/ but Include the additional benefit 
of increased revenue* The additional bene¬ 
fits of primary over secondary capacitors have 
been plotted In this case as dollars benefit per 


feeder. Here again it will be noted that 
the item of additional revenue does not greatly 
change the over-all picture as shown In 
.figure 9. Secondary capacitors here appear 
to be attractive only at the load density of 
100 leva per mile/ except at low power 
factors 


The data plotted here cover a similar set of 
conditions as those plotted In figure 10, except 
the additional item of increased revenue has 
been Included In the benefits. As in Figure 
10 the value of additional benefit of primary 
over secondary capacitors has been plotted 
as total dollars benefit per kilowatt of feeder 
capacity/ rather than per feeder 


RATIO OF DOLLAR VALUE OF BENEFITS IN EXCESS OF ADDITIONAL COSTS OF SECONDARY OVER PRIMARY CAPACITORS 

TO TOTAL KW FEEDER CAPACITY 








RATIO OF DOLLAR VALUE OF BENEFITS IN EXCESS OF ADDITIONAL COSTS OF SECONDARY 


OVER PRIMARY CAPACITORS TO TOTAL KW FEEDER CAPACITY 



Fisur« 16 (above) 

The data plotted here cover the same set oF 
conditions as fisure 11 except that the item of 
additional revenue has been included as a 
benefit As in figure 11, the value of addi¬ 
tional benefit of primary over secondary 


capacitors has been plotted as total dollars 
benefit per kilowatt of feeder capacity, rather 
than per feeder 

Figure 17 

The data plotted here cover the same set of 


conditions as considered in figure 12 except 
that the item of additional revenue has been 
included as an additional benefit The value 
of additional benefit of primary over secondary 
capacitors has been plotted as total dollars 
benefit per kilowatt of feeder capacity, rather 
than per feeder 


RATIO OF DOLLAR VALUE OF BENEFITS IN EXCESS OF ADDITIONAL COSTS OF SECONDARY 
OVER PRIMARY CAPACITORS TO TOTAL KW FEEDER CAPACITY 
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Rgure 18 (above). Value of benefifs in excess 
of additional costs of secondary over primary 
capacitors for secondary network 

Figures 8 to 17 have summarized the results 
of a comparative analysis of primary over 
secondary capacitors on overhead lines cover¬ 
ing a wide range of conditions. The data 
plotted here are similar to the foregoing but 
cover the secondary network application. 
Total additional benefits Include (1) released 
feeder capacity, (2) released distribution 
transformer capacity, and have been plotted 


In dollars per feeder. Load densities were 
assumed to be 500, 1,000, and 3,000 and 
5,000 leva per mile. The primary 13-kv cable 
was assumed to be alternatively 4/0 and 
350,000 circular miL Ratio of transformer 
kilovolt-amperes to diversified demand was 
assumed to be 1.5 

Average size of distribution transformers 
ranged from 200 to 500 leva. It may be noted 
that, except at a load density of 500 kva per 
mile the secondary capacitor appears to be at 
somewhat of an advantage over the primary 
capacitor 


Additional benefits include; 

1. Released feeder capacity 

2. Released distribution-transformer capacity 


Figure 19 

The set of data considered here is the same 
as that considered in figure 18 except that the 
value of additional benefit of secondary over 
primary capacitors has been plotted as dollars 
benefit per kilowatt of feeder capacity rather 
than dollars benefit per feeder 
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Figure 22 

This Illustration shows a 180-kva primary 
line capacitor for urban type of feeders. 
This type of equipment consists of a number 
of indoor capacitor units mounted inside a 
ventilated weatherproof housing 

was assumed to be ten per cent and on 
the 13.8-kv underground secondary net¬ 
work feeders five per cent except where 
the thermal capacity of the cable would 
be exceeded. With this criteria for line 
capacity and the range of load densities 
used, the overhead lines varied in length 
from 2.2 miles to 17.8 miles while the 
underground network feeders varied in 
length from 3.6 mil^ to 12.7 miles. 
Similarly kilovolt-ampere peak loads 
varied from 173 kva to 2,520 kva on the 

Rgure 23 

Here is shown another 180-kva primary-line 
capacitor bank made up of a number of indi¬ 
vidual outdoor units. This type of installation 
Is functionally identical with that shown In 
figure 22 but is frequently preferred because 
it has a somewhat lower installed cost 


overhead lines and from 3,600 to 9,000 
kva on the network feeders. 

For each case considered, additional 
kilowatt line capacity, released trans¬ 
former capacity, and increased revenue 
were evaluated in dollars per line and 
dollars per kilowatt of line capacity. 
The me&ods used for these evaluations 
are tabulated in the appendix. 

Figure 3 gives the capacitor installed 
costs used in making this study. These 
were approximately selling price plus 20 
per cent for installation. On this basis 
4-kv capacitors have an installed cost of 
$7.56 per kilovolt-ampere and 13-kv 
capacitors have an installed cost of $12.60. 
The secondary units have a variable cost 
per kilovolt-ampere, since the unit cost 
varies with size, but on the secondary 
network application the cost is fixed at 
$22.40 per kilpvolt-ampere, since all 
banks of 208-volt capacitors are in in¬ 
crements of 6-kva units. 

The value of transformer capacity also 
varies with size of installation. The 
values used in this study for the radial 
overhead line and underground network 
transformer costs are summarized in 
figure 4 and figure 6, respectively. 

The unit line costs used are: 

Three-phase number 2 4-kv overhead— 
$2,763 per mile 

Three-phase number 2/0 4-kv overhead— 
$3,540 per mile 

Three-phase number 4/0 4-kv overhead— 
$4,460 per mile 

Three-phase number 4/0 13.8-kv cable— 
$17,400 per duct mile 

Three-phase 350,000-circular-mil 13.8-kv 
cable—$20,100 per duct mile 

These values are based upon averages 
of actual installed costs. Their absolute 
values may be in error for specific locali¬ 
ties but their comparative values are 
accurate. These line costs were used to 



Figure 24 

This Is d typical installation of a 15-kva pri¬ 
mary-line capacitor for single-phase rural 
service 

determine the value of a kilowatt of line 
capacity in each case. 

Exammation of Results 

In order to obtain any reasonable ap- 
praijsal of the merits of the secondary 
capacitor on the distribution system, it 
was necessaiy to analyze a fairly wide 
range of circuit and load conditions. To 
present adequately the results a rather 

Figure 25 

This lllushdtion shows a 150-kvd three-phase 
bank of 208-volt capacitors installed in a 
building vault for reactive kilovolt-ampere 
correction on a secondary network 
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Thc^bove dlasram shows the vector relations 
existing between the pertinent quantities when 
capacitors are used to release feeder capacity 
where voltage drop is the limiting factor. 
For any particular capacitor having a kva 
rating of Ckv* the above relation for Akw, is 
^e additional key which can be carried on the 
line without exceeding the voltage drop on 
the feeder existing before the capacitors were 
applied. In the above relation values of kva, 
KW, or Oeva may be expressed either as such or 
as percentages 
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released kva capacity 
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l^ge number of curves were necessary 
since five variables were involved—that 
is, power factor, load density, conductor 
size, diversity, and average transformer 
size. Moreover, it seemed necessary to 
prepare the results both considering and 
not considering increased revenue as a 
benefit since this item is controversial. 

To show clearly when the secondary 
capacitor is to be preferred, it is neces¬ 
sary only to plot the difference in dollars 
tetween the capital value of the addi¬ 
tional benefits which secondary capacitors 
have over primaty capacitors and the 
capital value of the additional costs of 
secondary over primary capacitors. If 
the additional benefits exceed the addi¬ 
tional costs, the secondary capacitor is a 
sound investment. 

In figures 8 to 21, therefore, this dif¬ 
ference between additional benefits and 
additional costs has been plotted as a 
function of the various circuit and load 
conditions. It has been plotted, first 
in dollars per feeder, and second, in 
dollars per kilowatt of feeder capacity. 

It seemed advisable to present the pic¬ 
ture both yra.ys since the feeders varied 
considerably in length and loa.ding, they 
being alike only in maximum allowable 
voltage drop. 

In examining figures 8 to 21, note that 
the dollar benefits or deficiency consist 
of the sum of the following items: 


1. Capital value of additional distribution 
transformer capacity. 


2. Capital value of additional feeder 

• capacity, 

s 3. Capital value of additional revenue 
, (capitalized on the basis of 12.6 per cent 
' annual carrying charge). 

• As stated above, the data were also 
r calculated omittizi^ the third item of reve¬ 
nue. Figures 8 to 17 cover the over¬ 
head lines studied, and figures 18 to 21 
cov« underground secondary networks. 
Figures 13, 14, 16, 16, 17, 20. and 21 in¬ 
clude the item of additional revenue as a 
benefit and the others omit it 

Consider the comparative effect of the 
several variables individuafly. First con- 
ader the network versus the overhead 
line. With a few minor exceptions all 
networks favor the secondary capacitor 
whether the item of revenue is allowed 
or not With many of the overhead 
lines, on the other hand, the secondary 
capacitor cannot be justified. The rea¬ 
sons for this are more or less evident 
The value of released transformer ca¬ 
pacity in a secondary network, in mn < i | 
cases, is worth considerably more than 
transformer capacily on poles. 
underground primary feeder capacity is 
worth considerably more per kilowatt 
than overhead lines in many cases. Ac¬ 
centuating these effects there are also 
the (»ntributmg factors that 13.8-kv 
capacitors cost substantially more 
do 4-kv units. Also the lowest cost of 
all secondary capacitors is the five-kva 
unit used on the secondary network (see * 
figures). 

lu virtually all cases the lower power * 
factors favor the secondary capacitor to a 
much greater extent than do the Wgher 
power factors. This is particularly true * 

at light load densities and with the smaller * 

conductor sizes. ^ 

The effect of load density is especially ^ 
interesting. On the overhead lines, it is ^ 
only at the very light load densities that i 




The above diasram shows the vector relations 
existing between the pertinent quantities 
when capacitors are used to release capacity 
when Icllovolt-ampere demand Is the limiting 
factor. For any capacitor correction having 
a rating of Ckva, the above relation for aTc 
I s the additional kilovolt-ampere which can 
be carried at the Initial load power factor 
without exceeding the nominal 100 per cent 
kv*. In the above relation the values of levs, 
or Q<va may be expressed either as such or as 
percentages 
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secondaiy capacitors can be justified, in 
many cases even though additional reve¬ 
nue is allowed. In the case of the net¬ 
work, while secondary unit nearly always 
is justified, the maximum benefits like¬ 
wise occur at the lighter load densities. 

The influence of transfmmer size 
vanes. On overhead lines, in many cases 
the additional benefits increase with size 
of transformer, while in other cases there 
is an optimum size varying from 10 to 30 
kva. With the networks the value of 
additional benefits decrease with trans¬ 
former size. 

Large conductors appear to offer less 
ben^ts than do small conductors on 
radial feeders, but on the network feeders 
the reverse is true. As would be ex¬ 
pected, the greater the ratio of trans¬ 
former kilovolt-amperes to diversified 
peak Movolt-ampere demand, the less 
attractive are secondaiy capacitors. 

Condusioiis 

While the results of this study, ^ in 
all economic studies of this "type, have 
®^ter comparative value than absolute 
value when appl}dng to specific systems, 
fhey do establish the following general 
condusions: 

1. On underground secondary networks, 
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particularly those served from primary 
voltages of 11-kv or greater, the secondary 
capacitor appears to have an important 
field of application. 

2. On conventional overhead systems, 
particularly those having primary voltages 
of 6,900 volts or less, the secondary capaci¬ 
tor has a very limited field of application. 
It is doubtful if secondary capacitors can be 
proved in on any overhead line except in 
cases of rather low power factor. How¬ 
ever, on overhead systems incorporating 
banked secondaries, since many of the in¬ 
herent advantages of secondary capacitors 
on low-voltage networks are duplicated, the 
secondary capacitor in many cases may 
easily be proved in. 

3. Low power factors establish conditions 
on any distribution system—^network or 
radial—^which strongly favor secondary 
capacitors. 

4. Secondary capacitors must be applied 
with considerable care—much more so than 
primary capacitors—^if the hypothetical 
calculated benefits are to be realized. 
Accurate setting of the contact-making 
voltmeter and the compensator together 
with proper location and size of the second¬ 
ary units are very essential to obtain the 
calculated additional benefits. 

5. If economic analysis shows that a 
secondary capacitor adjacent to a distribu¬ 
tion transformer cannot be justified, only 
a cursory analysis is necessary to show that, 
under the same circuit and load conditions, 
a large number of smaller units adjacent to 
meter boxes likewise cannot be justified. 
This is owing to the rapid increase in cost 
per kilovolt-ampere as the size of the unit 
comes down (see figure 3). It is somewhat 
doubtful under any circuit or load conditions 
if a plan incorporating a number of small 


units located at meter boxes could ever be 
justified. 


Appendix 


Releasing System Capacity With 
Capacitors Where Voltage Drop 
Is the Limiting Factor 

The kilowatt canying capacity of any 
part of a system, such as a distribution 
feeder, where the limitation on capacity is 
voltage drop, is: 


. 10 kv^ V 

kwo = —:—n- 

R X tan 0 


( 1 ) 


V — allowable per cent volts drop 
R « total resistance in ohms 
X « total reactance in ohms 
6 « uncorrected power factor angle 

kv « line kilovolts 
kwo =» kilowatt capacity 

If the allowable drop v is increased by an 
amount A® per cent for one reason or 
another, the increase in kilowatt capacity 
is 


, 10 kp^ An , . ^ 

” p ■ V. —-(refer to figure 26) (2) 
Al -|- A tan u 

If a primary capacitor is applied at the 
end of the line (or at a distance corre¬ 
sponding to R and X), the per cent voltage 
rise due to the capacitor is 


Ai; 


CkvaX 
10 kp^ 


(3) 


Ckpa = kilovolt-amperes of capacitor 



PIQURE 28 VOLTAGE RISE ON 230-VOLT,3-WlRE,NPHASE,SECONOARies PER 
iO Kva of 230-volt CAPACITOR 


Figure 28 

This curve shows the 
voltage rise on 230- 
volt three - wire 
single-phase second¬ 
aries per ten kva oF 
230-volt capacitor. 
For 1 ^ 5-vol t second¬ 
aries the voltage rise 
should be multiplied 
by two 


and the resultant kilowatt capacity of the 
line is: 


10 kp'^ (v + Ao) 

X tan $0 R 

10 kp^ V X Ckpg 
X tan ^0 “i“ -K 


(4) 


A specified amount of primary capacitor 
correction gives a definite voltage rise on 
the feeder. If this same kilovolt-amperes 
of primary correction is applied to the 
secondary side of the distribution trans¬ 
formers and if it is uniformly distributed in 
proportion to the distribution transformer 
capacity, there will be an additional per 
cent voltage rise due to the transformer 
reactance of 


Apt 


^ Ckpa 


(5) 


Xt transformer reactance in per cent 
Ckpa => total capacitor correction in kilo¬ 
volt-amperes 

Tkpa — total installed transformer kilo¬ 
volt-amperes 

This additional voltage rise is not effec¬ 
tive in increasing the line kilowatt capacity, 
however, unless it is confined to that portion 
of the feeder beyond the transformer loca¬ 
tion at which the feeder voltage drop is 
equal to the voltage rise in the transformer 
effected by the capacitor. If this method 
of applying the secondary unit is adopted, 
the additional voltage rise will be: 


Apt Xt 


Ckpa 


{Tkva)K 
where K is defined by the relation 

(Tkpa) 10 


( 6 ) 

(7) 


The additional increase in primary line 
kilowatt capacity accruing from secondary 
over primary capacitors is therefore: 


20kp^CkpaXt 

^ “ Tkpa KitSLu e -1- R/X)X ^ ^ 

If the peak diversified demand on the 
feeder is Kpao before correction, then 

Tkpa » n Kpati (9 

where n is the ratio of installed transformer 
capacity to diversified demandi Also: 

Ckpa a* Rkpa (10) 

where Rkva is the average reactive kilovolt¬ 
amperes on the feeder during a 24-hour 
period. 

Figures 6 and 7 are plots of equation 6 
for transformers on overhead lines and 
secondary networks, respectively. These 
curves show the voltage rise effected by 
capacitors for various amounts of capadtor 
correction. It is assumed in each case that 
the feeder power factor has been corrected 
to unity and that w = 2, a fairly representa¬ 
tive value for most distribution feeders. 
It may be noted that the maximum voltage 
rise is about one per cent for transformers 
on overhead lines and about twp per cent 
for transformers in secondary networks. 
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R^easing System Capacity Witii 
Capacitors Where Temperature 
Rise Is the Limiting Factor 


The capacity of generators, tmnsfonners, 
etc., is usually limited by temperature rise, 
t^t is, kilovolt-ampere demand, rather 
than by voltage drop. Figures 26 and 27 
illustrate the difference in these two limiting 
factors vectorially. In figure 26, Akm is 
the additional kilowatts that can be carried 
after adding capacitor correction Ckva, with 
exactly the s^e voltage drop as obtained 
before correction. Akm is always assumed 
to be added at the uncorrected power factor 
^gle, e. In figure 27 Akva is the additional 
kilovolt-amperes at power factor $ which 
can be added after correction without the 
net resultant kilovolt-amperes exceeding the 
initial. 

In genend, for a given amount of capaci¬ 
tor correction, the released capacity, where 
voltage drop is the limiting factor, usually 
substantially exceeds that where kilovolt¬ 
ampere demand is the limiting factor. 

In figure 26, 


AAuio 


Ckva 

tan ^ -h R/X 


(U) 


The values R and X are resistance and 
r^tance from the substation to any par¬ 
ticular capacitor installation having a value 
Ckva and Akwa is the released capacity for 
that particulw installation: or R and X 
may be considered the resistance and re¬ 
actance to the load center if Ckva equals 
the total capacitor correction. In equation 
11, Akw(i and Ckva may be expressed either 
as kilowatts and kilovolt-amperes or as per 
cent. 

In figure 27, 


^ * power-factor angle before correction 
ot * power-factor angle after correction 

Incrbasb in Revenue - 

The increase in kilowatt-hour output 
effected by ^e voltage rise as calculated in 
equation 6 is usually assumed to increase 
as the 1.6 power of increase in average volt¬ 
age level over a 24-hour period. On this 
basis the additional kilowatt-hours due to 
secondary capacitors as compared with 
primary capacitors will be 


Akmhr = 


( {Ckva) Xt 
100 

kwo X L.F. X 8,760 (15) 


) 1.6-1 


peak'feeder kilowatts 
L.F. » load factor 


This additional kilowatt-hour output is 
usi^y evaluated at $0.02 per kilowatt-hour 
and capitalized at 12.6 per cent per annum. 


Discussion 

J. D. Steqr (General Electric Company. 
Pittsfield, Mass.): Mr. Starr's excellent 
paper re-emphasizes the extensive applica- 
bon for capacitors on central station systems. 
It is interesting to note that a large number 
of utilities throughout the country have 
applied capacitors with considerable sav¬ 
ings— 

‘“Provement of voltage conditions 
wWch has deferred installation of new feeders, 
feeder positions, cable, etc. 

2. Because of release of substation capacity. 

3. Due to reduced losses. 


cost per kilovolt-ampere of capacitors of all 
voltages is now apprordmately 36 per cent 
of that in effect in 192fr—a reduction of 64 
per cent. 


L. M. Olmsted (Duquesne Light Company. 
Pittsburgh, Pa.): Mr. Starr's paper very 
ably indicates the field in which secondary 
shunt capacitors are more attractive eco¬ 
nomically than primary capacitors, In order 

to secure the utmost advantage for the 
secondary capacitors, he has assumed that 
^e capacitors will be used only on trans¬ 
formers far enough from the feeding point 
that the rise in voltage caused by the ca¬ 
pacitive current wiU not raise the secondary 
voltage above that of the transformers at 
the feeding point. In this way he makes 
effective the additional voltage correction 
through the reactance of the more remote 
transformers to offset primary-circuit volt¬ 
age drop, thereby increasing the load- 
carxying ability of the primary circuit be¬ 
yond that possible with the same capacity 
in primary capacitors. 

While such a practice is workable, it 
would require continual supervision to 
k^ep it in proper relationship to the system 
changes which invariably accompany cir¬ 
cuit extensions and load growth. This 
additional supervision would be a disad¬ 
vantage, tending to reduce possible econo¬ 
mies, particularly on the usual overhead 
radial system, with numerous small trans¬ 
formers. Underground systems, having 
larger transformers, generally receive more 
Refill supervision and probably would 
have the capacitors relocated as required. 

It is fortunate, therefore, that the field of 
economic application for secondary ca¬ 
pacitors is limited mostly to underground 
systems. 


AKva 


K iCkva) . 


_ _- 0 ^ 

J, (Ckva)* 1 _ 


Ckva *= capacitor correction 

Kva » released kilovolt-ampere capacity 

Tkva « transformer kflovolt-ampere ca¬ 
pacity 

B * uncorrected power-factor angle 

On a percentage basis equation 12 be¬ 
comes 


^Tc « (C sin d — 100) -f 

100* — O cos* $ (13) 


ATc ^ per cent rrieased capacity 
C s* per cent capacitor correction 

^ ■- uncorrected power-factor angle 


In equation 12, ATc and C are per 
ages of the kilovolt-ampere capacity o 
^nsfom^ receiving correction. I 
bon 13 obviously applies to any sis 
bansformer, substation, etc. 

The value ATg may also be calcu] 

Tr^A power-factor angles b 

and after correction: 


This extensive application has been the 
result of several important factors: 

^ First, the improvements in capacitor de¬ 
sign and reliability which have been effected 
during the last 10-12 years. 

Secondly,^ the simultaneous marked re¬ 
ductions in installed cost of capacitors dur¬ 
ing the same period. 

Capacitor design improvements have 
covered not only improvements in paper, 
fon, the other solid materials used, but 
principally the substitution of chlorinated 
diphenyl for the oil previously used. The 
new liquid has: 


W Reduced the size and weight of capacitor« 
because of its considerably higher didectric con¬ 
stant compared with that of oiL 

(6) Increased the dielectric strength not only 
because of its own higher didectric strength, but 
because of the improved distribution of voltage 
strms tWgh lie didectric resulting from the 
fact that the dielectric constant of liquid and 
cellulose are practically the same. 


lu addition, careful attention to the proc¬ 
ess of vacuum drying and impregnation 
has been a considerable factor in bringinir 
quahty to its present high level. 

As a consequence of these factora and the 
^dwdization of ratings, capacitor in¬ 
stalled costs have been reduced sharply 
during the last ten years. The aveinge 


^ M. Starr: I agree with Mr. Olmsted 
that the method described in this paper for 
obtai^ng some additional feeder kilowatt 
carrymg capacity by means of secondary 
capadtora, necessitates very careful applica¬ 
tion engineering, and would require con- 
tmual supervision and checking. This is 
one of the intangibles which would tend to 
discourage the use of secondary capadtors 
if economic advantage were on the border 
line. 

In dosing, I should like to emphasize 
one further point: In the paper 220-volt 
capacitors were compared with 4,000-volt 
capacitors, and 208-volt capadtors were 
compared with 1.3,000-volt units. In spe- 
cases it might be desirable to compare, 
for example, 440-volt capadtors with 
6,900-volt units. There are several other 
comparisons which it might be desirable to 
make in specific cases. It is well to note, 
therefore, that any general condusions 
drawn here do not necessarily apply in 
some of Ihese specific comparisons. It is 
further of interest to note in connection with 
these comparisons that any very substantial 
d^ge in the price of capadtors, which 
might be brought about by some new de¬ 
velopment, would again change the eco¬ 
nomics and condusions of this problem. 


AT. 


100 cos ^fcos ^ 4- sin0 tan a] -f- IQO cos* 6 


V 


1 “h 2 tan 6 tan a —tan* a -|- 


tan* 
cos* I 


(14) 
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T he problem of bus differential 
protection is receiving increased 
attention by relay engineers because of 
the serious consequences of a bus fault. 
Several cases of bus faults have recently 
occurred indicating that regardless of care 
used in the design of structures, some un¬ 
expected failure or accident may cause a 
disastrous outage. In spite of the many 
improvements that have been made in the 
protection of transmission lines in recent 
years, little attention has been given to the 
protection of station busses. This has 
been due partly to the impression that 
they were not particularly sub ject to faults 
and partly to the feeling that the protec¬ 
tive relays would do more harm than good 
through incorrect tripping. Recent ex¬ 
periences, however, indicate that a bus 
fault, though of infrequent occurrence, can 
cause much greater damage and a longer 
outage period than many transmission line 
faults. Also, high-grade performance has 
been obtained when a bus protective 
scheme is properly installed with due con¬ 
sideration given to the many factorswhich 
might lead to faulty operation. The pur¬ 
pose of this paper is to discuss some of the 
important factors to be considered in bus 
di:fferential protection and the operating 
characteristics and results of a field test 
on a new bus differential relay. 

The differential relaying scheme for 
protecting a station bus does not differ 
in principle from that which has long 
been used for the protection of a generator 
or transformer bank. That is, current 
transformers are located in all connections 

Paper number 39-31, recommended by the AIBB 
committee on protective devices, and presented at 
the AIBB winter convention, Kew York, N*. Y., 
January 23-27, 1939. Manuscript submitted 
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to the bus and a summation of all the 
secondaiy currents is made (figure 1). 
Under load conditions or for an external 
fault the summation of all the currents 
should equal zero, and, therefore, no cur¬ 
rent should appear in the operating wind¬ 
ing of any rday connected across that 
circuit. For an internal fault, assuming 
faithful current-transformer response, the 
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circuit bus using an overcurrent differentiai 
relay 

total amount of the short-circuit current 
should appear in the operating winding 
of the protective relay. 

Current-Transformer Performance 

A-C Saturation 

In the case of a fault occurring external 
to the differential zone, the operating 
coil of the relay would receive no current 
whatsoever, if the performance of the 
current transformers was perfect. Actu¬ 
ally, current often does appear in the 
operating coil of the relay upon the oc¬ 
currence of external faults because of 
unfaithful transformer performance. Any 
one or more of the current transformers 
involved may be affected by a-c satura¬ 
tion because of insufficient iron in the 
current transformer core, an insufficient 


number of secondary turns, or excess 
burden in the secondary circuit for the 
magnitude of current involved. In gen¬ 
eral, the effect of a-c saturation has not 
been found to be particularly bad for 
differential relay protection, 

D-C Saturation 

A second and more important factor 
affecting current-transformer perform¬ 
ance, which has not been fully appreci¬ 
ated, is that arising from the effect of the 
d-c component of asyvamttricBl faults. 
The introduction of faster operating 
differential relaj^ has brought this prob¬ 
lem to the front, since with the slower 
operating relays formerly used, the 
effects of the d-c transient were over 
before tripping could occur. The effect 
of the d-c component of an asymmetrical 
current wave is such as to aggravate the 
saturation of current transformers to a 
far greater degree than the corresponding 
a-c component. The effect of this d-c 
component on the current transformer is 
to magnetize the current transformer 
core with a unidirectional flux which thus 
gives rise to the term d-c saturation of 
current transformers. The degree of this 
effect depends upon the d-c time constant 
of the primary circuit, the resistance and 
inductance of the secondary circuit of the 
current transformer affected, the amount 
and magnetic characteristics of the core, 
the ratio of the current transformer, and 
the magnitude of the primary current. 
The degree of d-c saturation is greater 
for the longer d-c time constants. This 
makes the problem more difficult, par¬ 
ticularly for the protection of generator 
busses, since the time constant for a large 
generator may be as great as 0.3 seconds. 
High-voltage busses will, in general, have 
a time constant less than 0.3, ranging in 
value from approximately 0.13 down to 
0.05, or even less if the bus is located a 
considerable distance from the generating 
station. 

Matched Current Transformers 

On first thought it would seem practical 
to insure adequate performance of current 
transformers for differential protection 
by. making all of the current transformers 
alike. However, it is found that even 
with standard current transformers built 
to the same specifications, there still re¬ 
mains some difference in their perform- 
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Figure 2. Otclllesram rhowlng effed of d-c tade and duration of tiie in 

sahirabon current transformer output for tliosp 

conditions. 


Several recent installations have ex¬ 
tended this principle by the addition of a 
resistance in series with the operating 
winding of the differential relay in order 
to decrease the current through this path 
in case of an external short circuit. Re¬ 
cent tests have indicated that with 
ratio differential relays some discretion 
must be observed in the magnitude of 
resistance to be introduced in the differ¬ 
ential circuit or failure to trip for an 
internal fault might result. This comes 
about from the fact that the secondary 
voltage of the current transformers re¬ 
quired to force the differential current 
Ihrough the excess burden may reach a 
high value. As a result, the poorer cur¬ 
rent transformer may not be able to de¬ 
velop this voltage and is subjected to a 
reversal of current through its secondary. 
In other words, one current transformer 
may actually have its secondaiy cun-ent 
reversed so that a differential relay having 
restraint windings wound on the same 


ance when subjected to asymmetrical 
short circuits. This is because their 
saturation curves will not match ex¬ 
actly at the high values of d-c excitation 
involved. Another reason why dupli¬ 
cate standard current transformers used 
throughout will not always give satis¬ 
factory performance is because the total 
short-circuit current may flow out to an 
external fault through one current trans¬ 
former, but may be divided up among 
several current transformers in the leads 
to the bus from the various sources. For 
example, with a generator bus having two 
generators and two bus-tie breakers, an 
®3cteraal fault of 60,000 amperes on a 
feeder may be divided up into 20,000 
amperes feed-in through each bus-tie 
brealcer and 10,000 amperes from each 
generator on the bus section. Obviously 
the current transformer in the outgoing 
feeder which must cany 60,000 amperes 
Twll be operating on a different portion 
of the saturation curve than the current 
tmnsformers on the incoming leads. 
Therefore, unless the current transformer 
m the feeder circuit has been designed so 
taat it will not saturate with an asym¬ 
metrical short circuit of 60,000 amperes, a 
mfference or operating current is bound 
to occur for this type of fault in spite of 
«my effort made to match the current 
tmnsformer characteristics for symmetri- 
^ currents, 

complete discussion of the 
of d-c transients on current trans- 
ojtoer performance is available else- 

^yet been made available which can be 
to determine accurately the magni- 
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Figure 2 shows an actual test film in 
which two differentially-connected trans¬ 
formers were caused to saturate by d-c 
transient current. It may be noted 
that the outputs of the two test current 
transformers differ from each other, 
particularly through the first three posi¬ 
tive peaks, and that during this time the 
difference current is a maximum. Also, 
neither secondaiy current records a true 
picture of the actual primary current. 
The correct value of the d-c component is 
obviously not reproduced. Measure¬ 
ments on the film also show that for the 
seventh cycle the a-c component for test 
current transformer number 2 was only 
83 per cent of the true value. 

Blocking Resistors 

One means of controlling the amount of 
difference current which may flow is by 
liiserting a definite amount of fixed re¬ 
sistance in the difference or opera tin g 
coil^ circuit. A well-accepted practice 
for improving the performance of differ¬ 
ential protection has been the reduction 
and balancing of lead impedance in the 
^condary circuit and the increase of 
impedance in series with the differential 
relay. For example, many operating 
companies make a practice of running all 
current-transformer secondary leads in 
the differential circuit to a bus out in the 
switch yard, when only a single-element 
overcurrent relay is used, and then bring¬ 
ing to the relay only the nece^ary leads. 
This results in a minimum of secondary 
lead resistance to each current trans¬ 
former secondary and does increase the 
burden in the differential circuit by the 
extent of the lead resistance to the relay. 


straint torque canceled out, as should 
occur on an internal fault with this type 
of relay. Therefore, a failure to trip 
might easily occur, if the impedance in 
series with the operating winding is too 
high. 

Figure 3 illustrates a test condition 
wherein too much impedance was used in 
the differential circuit for an internal fault 
condition. The polarity of connections 
was such that had both current trans¬ 
formers performed correctly, the loops 
of the current wave of current trans¬ 
former number 1 would have dove-tailed 
with the primary current wave, while the 
wave for current transformer number 2 
would have been exactly opposite in 
phase. For the first two cycles, current 
transformer number 1 reversed the cur¬ 
rent through current transformer number 
2 without excessive wave-form distortion. 
At the end of two cycles, it will be noted 
that current transformer number 2 takes 
control of the circuit, reversing the current 
through current transformer number 1, 
accompanied by a severe distortion of 
wave form. 

Without saturation, the output of the 
two test current transformers should have 
been 126 amperes each, as determined 
from Iheir ratio and the magnitude of 
the primaiy current. The differential or 
operating coil current, then, should have 
b^n 262 amperes. An approximation of 
the actual currents flowing at the fifth 
cycle gives values of 61 amperes for cur¬ 
rent transformer number 1, 76 amperes 
for current transformer number 2, and 17 
amperes for the difference current. This 
m^ns that a 60 per cent ratio differential 
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relay would not have operated for this 
test, since the ratio of the operating coil 
current to the smaller restraining coil 
current is only 28 per cent [(17/61) 
(100) = 28 per cent]. 

Differential Relay Schemes 

The fact that there are many successful 
bus differential relays in service at the 
present time, which are giving a rela¬ 
tively high degree of protection, does not 
indicate necessarily that difficulties will 
not be encountered on other systems or on 
these systems when future changes are 
made. It is also possible that on some 
of these installations an improper opera¬ 
tion may yet occur because of the proper 
combination of circumstances. Other¬ 
wise, the satisfactory performance of 
easting installations has resulted from 
either a sufficiently high current setting 
or a long enough time to allow the tran¬ 
sient to subside. Either of these factors 
tends to make a simple overcurrent relay 
satisfactory. There have been cases of 
false operation on a through fault involv¬ 
ing d-c transient in which it is recognized 
that one or the other of these factors was 
not sufficiently high. 

The magnitude of a phase-to-ground 
fault where a limited current exists 
often determines the setting of a differ¬ 
ential relay. In such an application the 
use of a restrained or ratio differential 
relay would lessen the tendency for incor¬ 
rect relay operation for heavy through 
faults. Of course, as pointed out else¬ 
where,* sufficient restraining windings 
must be provided so that on an external 
fault, short-circuit current must pass 
through at least one restraining winc^g. 
That is, current transformers must not 
be paralleled in such a manner that on a 
through fault on one of these circuits 


current would circulate between the 
secondaries of the two paralleled current 
tranformers. Under this condition only 
the difference in the outputs of the two 
current transformers would flow through 
a restraining winding and the operating 
winding in series, and the relay would 
operate as a sensitive overcurrent relay. 

Multiple Restraint Relays 

Schemes have been proposed for ob¬ 
taining a restraining winding for each 
circuit connected to a bus. One of these 
is to build a relay with numerous re¬ 
straining elements operating on a com¬ 
mon shaft. This method is undesirable 
from the standpoint of added complexity 
and practical considerations. For ex¬ 
ample, if six or more restraining elements 
are made to operate on one shaft, the 
length of the shaft becomes unwieldy 
and serious mechanical problems are 
introduced. The same results may be 
achieved by applying two or more ratio 
differential relays having three restraining 
windings and so connected that one 
restraining coil is available for each cir¬ 
cuit and both relajrs must dose their con¬ 
tacts to complete the tripping function. 
For many applications the standard 
three-dement ratio differential relay, 
such as the tyye CAA^ is satisfactory. 
An illustration of this scheme is shown 
in figure 4 for a bus having six lines con¬ 
nected to it. Eadi drcuit has a separate 
restraining winding and the operating 
coils of the two relays are connected in 
series so that on an internal fault both 
rda 3 rs will dose their contacts. 

For more complex bus connections 
the s^e scheme can be amplified using 
three or more rdays per phase, but usu¬ 
ally a maximum of three relays is all that 
is required, since careful consideration of 
the minimum number of sources that 
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Figure 4. Differential protection using two 
CA-4 relays per phase 


can be connected to the bus at any one 
time will allow the paralleling of certain 
current transformers. This means that 
for all possible bus setups at least two 
restraining windings will be energized on 
through faults, For example, operating 
conditions may be such that for a time no 
sources of current are connected to the 
restraining windings of one of the two 
rdays. Upon the occurrence of an ex¬ 
ternal fault this relay would then prob¬ 
ably dose its contacts. The other relay, 
however, would have its restraining. 
windings energized in accordance with 
the current flowing from the active 
sources to the fault so that its correct 
performance in failing to dose its con¬ 
tacts during an external fault would pre¬ 
vent a false tripping operation. 

Variable Ratio Characteristics 
The problem becomes more involved if 
the ratio of maximum through fault 
current to minimum internal fault current 
is large. For example, if the system is 
grounded through an impedance, the 
operating coil current may be quite 
limited for a phase-to-ground fault on 
the bus. If the magnitude of this current 
in per cent of normal load current is 
small, a high-sensitivity relay will be 
required (high sensitivity being synony¬ 
mous with low percentage ratio). Upon 
the occurrence of an external interphase 
fault, however, the current will not be 
limited by the grounding impedance. If 
unfaithful current-transformer perform¬ 
ance results from these higher currents, 
it is quite likely that the difference cur¬ 
rent in per cent of the through or restrain¬ 
ing coil current may be high enough to 
cause the rday to trip. It is obvious 
from these considerations that the ideal 
rday for this application should have a 
variable ratio characteristic. Its per¬ 
centage ratio should be low at normal 
cnnrents to furnish sensitive operation 
for minimum internal faults. Its per¬ 
centage ratio diould be high, correspond- 
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ing to reduced sensitivity, at the higher 
fault currents to prevent false tripping on 
through faults. A relay having a vari¬ 
able ratio characteristic is now available. 
The operating characteristic curve of this 
relay is not a straight line such as is 
usually connected with the ratio differen¬ 
tial relay, but has a bent or “flared” 
characteristic. Typical curves for this 
relay are illustrated in figure 5. 

The ordinary remedy of providing a 
sensitive ground relay together with less 
sensitive phase relays is not the universal 
answer to the above problem, particu¬ 
larly where d-c transients are involved. 


current was equally divided between the 
three restraining windings, the torque per 
restraining element would be propor¬ 
tional to' 3(20)® = 1,200. On the other 
hand, if the current were divided be¬ 
tween two restraining windings, 30 am¬ 
peres in each, the restraining force would 
be proportional to 2(30)® = 1,800. If the 
total secondary current flows in only one 
restraining winding, the torque would be 
proportional to 1(60)® = 3,600. Ob¬ 
viously, there is a vast amount of dif¬ 
ference between these three quantities 
themselves and between them and a host 
of other conditions which may be set up 


complished by winding each of the re¬ 
straining elements with two separate 
windings as shown in the diagram. Cur¬ 
rent flowing into one of the windings of 
the restraining element must also flow 
through the other winding of another re¬ 
straining element. These windings have 
an equal number of turns so that they are 
equally effective. 

The polarity marks shown indicate the 
respective ends of the two windings of 
a single element into which the currents 
must flow in order for their effect to be 
additive. That is to say, two currents of 
five amperes each flowing into the po- 


In such an application, the occurrence 
of an external three-phase fault will re¬ 
sult in maximum, or very nearly maxi¬ 
mum, d-c component in at least one of 
the three phases. The ctirrent trans¬ 
formers in this phase will saturate more 
severely than those in the other two 
phases receiving less d-c component. 
The resulting unbalance in the secondary 
ciurents will flow through the ground 
relay circuit, and thus tend to cause false 
operation of a sensitive relay. 

The problem of securing the flared 
characteristics, as illustrated, is quite 
involved in a multirestraint relay where 
the torques vary approximately as the 
square of the current. In the standard 
type CA-4 relay there are three restrain¬ 
ing windings and one operating coil wind¬ 
ing which have been so proportioned on 
their respective electromagnets to give 
approximately straight-line characteris¬ 
tics. It would appear, on first sight, 
that in order to bend the straight-line 
characteristic it would only be necessary 
to increase the turns on the operating 
coil to increase the sensitivity of the relay 
at low restraint currents, and then allow 
the operating el«nent to saturate in 
order to obtain lower sensitivity at higher 
fault currents. Such would be the case 
provided that the particular restraint 
conditions could be chosen and held con¬ 
stant, which they obviously cannot be. 
For example, if 60 amperes secondary 
were involved in a through fault and this 


involving various unequal distributions of 
restraining-coil currents. The problem 
is also complicated by the fact that the 
restraining elements themselves tend to 
saturate at the high currents in a reason¬ 
able relay design so that the torque per 
element departs from the square law at 
the high currents. This explains why it 
was found that while the relay character¬ 
istic could be bent quite sufficiently for 
the conditions of maximum restraint by 
simple saturation, the same bend in the 
curves did not apply for conditions giving 
minimiun restraint. 

A New Bus Differential Relay 

The fact that either one, two, or three 
restraining circuits per relay might be 
energized, and thus cause the above 
variations, led to the development of the 
type C4-6 relay in which no less than two 
restraining elements could ever be ener¬ 
gized regardless of variation in system 
connections or location of the fault 
(figure 8). The internal arrangement of 
the restraining circuits of this relay is 
shown in figure 6. It is this particular 
modification of the standard thme- 
restraining-element ratio differential relay 
which gave the bent operating curves of 
figure 5. It may be seen from inspection 
of figure 6 that if current flows in only one 
of the restraining circuits of this relay, 
at least two of the restraining electro¬ 
magnets are energized. This is ac¬ 


larity ends of two windings on one element 
give the same effect as ten amperes 
flowing in only one of these windings. 
At the same time, if a current of five 
amperes flows in at the polarity mark 
of one winding and another in-phase 
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current of five amperes flows in at tlie 
nonpolarity mark of the other winding 
on the same element, the net resulting 
effect is one of cancellation and no torque 
is produced. 

Referring to figures 4 and 6 for the 
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ana special relays, respectively, 
and assuming a total of 50 amperes 
secondary for the external short-circuit 
current, this current may be divided in 
numerous ways between the circuits indi¬ 
cated. By assuming a torque propor¬ 
tional to the square of the current in each 
of the restraining windings for both the 
standard and the special relay, it will be 
found that there is considerably less 
VMation in restraining torque between 
minimum and maximum conditions for 
the special relay than there is for the 
stan^d relay. This feature made it 
possible to follow the approach mentioned 










figure 7. Torque-eurrent curves of variable- 
ratio diflFereniial relay 


previously which involved increasing the 
turns of the operating element to increase 
the sensitivity at low values of restraint 
current, and to obtain reduced sensi¬ 
tivity at the higher restraint currents by 
allowing the operating element to satu¬ 
rate. The reduction in variation between 
maximum and minimum conditions of 
restraint made possible a smaller varia¬ 
tion between the operating curves at the 
higher restraint values, as shown on 
figure 6. 

The torque curves shown in figure 7 
indicate torque in centimeter-grams of the 
operating coil for various difference or 
operating currents and the torque per 
winding of each restraining element for 
various restraining currents. These 
torque curves may be used for construct¬ 
ing the operating characteristic of the 
relay for any particular division of re¬ 
straining coil currents which may be 
chosen. Actually, in obtaining the oper¬ 
ating curves shown, data were taken for 
seven different conditions intended to 
represent all possible divisions of a given 
fault current with respect to the restrain¬ 
ing circuits and with respect to the di¬ 
rection in which this current might flow. 
It was found that test curves for any one 
of these conditions could be reproduced 
by calculated curves obtained by the use 
of the torque data of figure 7. Thus, the 
percentage ratio of the relay may be 
calculated for any given set of conditions. 
It will be found that the calculated ratio 
for any condition will fall between the 
limits indicated on figure 5. 

The maximum condition of figure 5 is 
incurred when the fault current of indi¬ 
cated value flows in one restraining cir¬ 


cuit only and flows out of the relay 
through the common connection to the 
other relay. The minimum condition 
shown represents two equal currents 
flowing into the relay in two restraint 
circuits and flowing out of the relay 
through the remaining restraint circuit 
without any current coming through the 
common connection to the other relay. 
In this case, the abscissa represents the 
total fault current, which is the sum of the 
two equal and smaller currents. 

The time of operation of the relay may 
be as low as four cycles for internal faults 
based on one-fourth inch contact travel. 
A somewhat shorter operating time can be 
obtained with a correspondingly smaller 
contact separation. 

System Tests 

System Conditions 

Tests on the relay, which has been de¬ 
scribed, were made under conditions 
similar to those that would exist if it 



Figure 8. Type CA-6 relay 


were installed to protect a 66-kv bus at a 
large generating station. Conditions 
simulated were as shown in figure 9 and 
consisted of five sources representing sup¬ 
ply from four transformer banks and a 
bus-tie breaker, and four transmission 
lines. The current transformer for only 
one of these four lines was used, since it 
was assumed that a fault would exist on 
only one of the lines at a time. Maxi¬ 
mum symmetrical currents for a feeder 
fault are shown, as well as the cross- 
sectional area of the current transformers 
in the various locations, and the manner 
of connecting them to the relay coils. 


Test Setup and Test Procedure 

Because of the extremely high fault 
currents (21,000 amperes at 66 kv) it was 
undesirable to make the tests under actual 
conditions. The method used is shown 
on figure 10 in which the current trans¬ 
formers, instead of operating on 66-kv 
current received 11-kv current, thereby 
reducing the necessary test current to one- 
sixth^j The test current was further re¬ 
duced by winding additional primary 
turns through the bushing-type current 
transformers. By this means, it was 
possible to so arrange the number of 
turns through the current transformers to 
correspond to the amount and division 
of fault current from the various sources 
involved, and at the same time keep the 
values of fault current well below the full¬ 
load rating of the equipment being uSed 
for tests. Reversing switches were used 
in the secondaries of the current trans¬ 
formers so that it was possible to repre¬ 
sent both bus faults and through faults 
in various locations. 

Figure 9 shows the bus setup, fault 
currents, and relay connections for one 
particular condition. By means of the 
switches mentioned above, and by vary¬ 
ing primary turns in the current trans¬ 
formers, other operating conditions in¬ 
volving different bus connections, differ¬ 
ent magnitudes and distribution of fault 
current, and different fault locations were 
simulated. 

Since the time required for the d-c 
component to decay is a function of the 
inductance and resistance of the circuit, 
it was necessary for the test circuit to have 
a time constant similar to that which 
would exist during actual fault condi- 
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tions. Constants of the test circuit as 
well as the current transformers used 
with their approximate cross section of 
iron, and their turn ratios, are shown on 
figure 10. The d-c time constant of the 
circuit was approximately 0.10 second. 

The question was raised as to whether 
the time constants of the generator oper¬ 
ating at reduced field would be the 
as when operating at normal field. Con¬ 
clusions were that neither the position 
of the field rheostat nor the value of the 
field current would affect the d-c time 
constant. The a-c time constants w;ould 
be somewhat affected by the position of. 
the fidd rheostat. However, by lower¬ 
ing the fidd current by reducing t he 
voltege of the exciter and leaving the 
field rheostat in the position correspond¬ 
ing to full-load voltage, the timp con¬ 
stants would be approximately the same 
as at full fidd. These condusions were 
borne out by the results shown on the 
oscillograms that were taken. Tjie gen¬ 
erator was operated at reduced fidd 
current (40 to 60 amperes) and apprpxi- 
matdy 2,600 volts, compared to ‘230 
amperes fidd current and 11,600 volts 
for no-load open-circuit voltage. This 
value of fidd current supplied approxi- 
matdy 1,400 amperes in the 12-kv leads 
for a symmetrical three-phase short- 
circuit fault. 

Current-transformer ratios were all 
1,000/5. There was a one-ohm resistance 
bmrden imposed on each current trans¬ 
former. This is considerably larger 
would normally be met with in practice, 
but ww made large in order to deter¬ 
mine, if possible, the limitations of this 
relay. 

A total of 32 faults were applied. This 


was done by first dosing the 12-kv oil 
circuit breaker, thus energizing the trans¬ 
former bank, and then dosing the OG-^kv 
oil circuit breaker. 

Oscillograph records were taken of the 
currents in the relay coils, as well as the 
exchange of currents between the two 
relays. During the tests only one relay 
was in use, the second rday being repre¬ 
sented by dummy coils. Figure 11 shows 
an oscillogram taken during an asym¬ 
metrical through fault; figure 12, a 
S 3 mmietrical through fault; and figure 
13 an as 3 rmmetrical inside fault. 

As observed by the reference to figure 
10 the tests were made on a single-phase 
basis. In order to make sure that the 
worst as 3 mimetrical or symmetrical con¬ 
dition, whichever was desired, was ob¬ 
tained, it was necessary to make a num¬ 
ber of tests under eadi fault condition. 
It was found from the osdllograph films 
that by making four to five tests, there 
was good probability of the fault current 
in one of these tests being completdy 
offset. 

Results 

Figure 11 shows the oscillographic 
record of a test made under conditions 
simulating the operating conditions shown 
on figure 9. The latter figure shows the 
location of the fault, as well as the num¬ 
ber of sources connected to the bus, and 
the amount and direction of the current 
flowing in the various current transform¬ 
ers. It will be observed that the primary 
current wave, figure 11, is completely 
offset, indicating maximum d-c transient. 
This wave represents a faithful reproduc¬ 
tion of both the a-c and d-c components 
of the primary current, and was obtained 
by the use of a high-ratio current trans¬ 
former shown on figure 10, which did not 
saturate on the current values used. It 
win also be observed that the current 
waves from the current transformers in 
the bus tie, tie line, and outgoing line 
circuits are not faithful reproductions of 
the primary current. It is obvious that 


neither the d-c component nor the a-c 
component represents the true values. 
This is caused by the saturation of the 
current transformer cores by the d-c 
component. Also, the current wave 
representing the sum of the currents to 
the other relay from the other current 
transformers of figure 9 shows the same 
effect. In all cases, the first peak comes 
through fairly well, after which the cur¬ 
rent-transformer performance is far from 
perfect. Since all the current transform¬ 
ers involved in the differential circuit do 
not saturate at exactly the same time, nor 
to the same degree, a difference or operat¬ 
ing-coil current results as shown. 

Visual observation of the relay indi¬ 
cated that the restraint torque was 
strong, and there was no tendency for the 
contacts to dose. The contact line on 
the film, occupying the zero position of the 
primary current wave, also shows that the 
contacts did not close. (Closure of the 
contacts would have deflected this line, as 
shown on the films representing internal 
faults.) 

Figure 12 shows another test made 
under exactly the same conditions as for 
figure 11, except that in tliis case an 
almost symmetrical current was obtained. 
The small amount of d-c component that 
was present, however, is responsible for 
the appearance in the operating-coil 
circuit of the current shown. The mag¬ 
nitude of this current is considerably less 
than the first peaks shown on the pre¬ 
ceding figure, the calibration of the oscil¬ 
lograph element being unchanged. As 
bdore, the relay did not operate, but 
showed a trong restraint torque. In 
this case, the magnitude of the first 
cyde of the a-c component of the fault 
current was measured from the film and 
found to be approximately 26,600 am¬ 
peres root-mean-square. From the stand¬ 
point of a-c saturation, tliis test was more 
severe than the preceding one because of 
the higher current values, yet it is readily 
noted that the performance of tlie various 
current transformers was much improved. 
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The answer to this is, of course, that in 
figure 12, the test current transformers 
are not performing under so severe a 
handicap imposed by d-e saturation. 

A total of 20 tests were made repre¬ 
senting through faults under various 
S 3 ^tem conditions and for other mag^- 
tudes and distribution of fault current. 
Both as5anmetrical and symmetrical 
currents were obtained, and, in all cases, 
the relay showed a strong restraining 
torque. 

Figure 13 shows an oscillogram for a 
test representing an internal fault on the 
bus for which the relay should trip. 
For this test, most of the sources were 
considered to be on the other bus, so 
that the bus-tie circuit contributed 
19,800 amperes and generator number 3 
contributed 7,200 amperes to the 27,000- 
ampere fault. 

As in figure 11, the effect of the d-c 
component in causing saturation is im¬ 
mediately obvious. The value of the 
operating coil current is reduced very 
materially from the theoretical value, but, 
by the same token, the restraint-coil 
currents are also reduced, and positive 
operation of the relay in a fraction over 
four cycles is shown. (The jagged con¬ 
tact line shown results from a very small 
current being used in the contact circuit 
for the operation of the oscillograph ele¬ 
ment.) 

A total of 12 tests were made represent¬ 
ing internal faults under various other 
system conditions. Both symmetrical 
and asymmetrical currents were obtained, 
and, in all cases, the relay operated to 
close its contacts in a positive manner. 

Conclusions 

1. In applying bus differential protec¬ 
tion, each application must be considered 
carefully with respect to the amount and 
distribution of fault currents, sizes and 
ratio of current transformers, number of 
generating sources, and, consequently, the 
ntunber of restraining coils needed, rela¬ 
tionship of protected bus to power sources as 


affecting the amount and extent of the d-c 
component, and other important factors. 

2. The use of two or more standard 
percentage differential rdays connected in 
series as shown in figure 4 makes available 
the number of restraining coils necessary 
for most applications. 

3. In those cases where a ratio of maxi¬ 
mum through fault current to minimum 
inside fault current is large due to high neu¬ 
tral impedance, relays with special charac¬ 
teristics as described in the paper are avail¬ 
able. 

4. System tests which simulate the con¬ 
ditions actually obtaining in practice demon¬ 
strated the rdiability of the scheme and 
the relay described in the paper. 
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Discussion 

C. D, Ha 3 rwaxd (General Electric Company, 
Philadelphia, Pa.): In this paper the 
authors have described some of the special 
problems encountered in the application of 
differential relays to generator bus protec¬ 
tion, as distinguished from transmission line 
bus or distribution bus protection. Briefly 


speaking these problems may be summarized 
under two heads as to causes: 

First, in old installations it is usually 
found that the only current transformers 
already available in the feeder circuits are 
ones of low ratio. In case of a feeder fault 
close to the bus these are subjected to cur¬ 
rents of many times their rating with the 
result that a high degree of saturation and 
consequent breakdown in ratio occurs. In 
the tests described in this paper the authors 
have confined their investigations to 1,000/ 
6-ampere current transformers, but more 
often in practice ratios of 400/5 or 300/6 are 
found. It is evident that much higher 
degrees of saturation and consequent 
greater difficulty in applying a relay of the 
ratio differential type would have been ex¬ 
perienced had current transformers of lower 
ratio been used. It is highly desirable, of 
course, from a cost point of view to use the 
existing current transformers if possible, 
rather than to install new ones or to rewind 
the old ones for higher ratio. 

The second special problem is that of the 
long time constant of the d-c component of 
the current to a fault near the generators, 
for which the L/R ratio is higher than for a 
transmission line. It is well known to relay 
engineers that the steady-state ratio and 
wave-form breakdown of current trans¬ 
formers on overcurrent is greatly affected 
by the magnitude of the secondary burden. 
It is not so widely appreciated that the 
fidelity of current-transformer response to 
transient offset primary-current waves is 
also affected by the burden imposed. The 
d-c component of the primary wave induces 
a pulse of direct current in the secondary 
having a magnitude and rate of decay de¬ 
pending on the secondary burden. By the 
laws of electromagnetic induction the am- 
pere-tums of the secondary d-c pulse oppose 
the ampere-tums of the primary d-c com¬ 
ponent and d-c saturation of the core is pro¬ 
duced by their difference. The effect of the 
secondary pulse is always smaller and more 
rapidly decaying than that of the primary 
but approaches it most closely when the 
secondary burden is a minimum. Hence to 
reduce d-c saturation as well as to reduce a-c 
saturation and their effects on the current- 
transformer secondary-current response it 
is desirable to keep the burden applied to the 
current transformers as low as possible. 

A year ago at this convention L. F. Ken¬ 
nedy and I presented a paper titled “Har¬ 
monic Current Restrained Relays for 
Differential Protection” which was later 
published in Electrical Engineering for 
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tions. Constants of the test circuit as 
well as the current transformers used 
with their approximate cross section of 
iron, and their turn ratios, are shown on 
figure 10. The d-c time constant of the 
circuit was approximately 0.10 second. 

The question was raised as to whether 
the time constants of the generator oper¬ 
ating at reduced field would be the same 
as when operating at normal field. Con¬ 
clusions were that neither the position 
of the field rheostat nor the value of the 
field current would affect the d-c time 
constant. The a-c time constants would 
be somewhat affected by the position of 
the field rheostat. However, by lower¬ 
ing the field current by reducing the 
voltage of the exciter and leaving the 
field rheostat in the position correspond¬ 
ing to full-load voltage, the time con¬ 
stants would be approximately the same 
as at full field. These conclusions were 
borne out by the results shown on the 
oscillograms that were taken. The gen¬ 
erator was operated at reduced field 
current (40 to 50 amperes) and approxi¬ 
mately 2,500 volts, compared to 230 
amperes field current and 11,500 volts 
for no-load open-circuit voltage. This 
value of field current supplied approxi¬ 
mately 1,400 amperes in the 12-kv leads 
for a symmetrical three-phase short- 
drouit fault. 

Current-transformer ratios were all 
1,000/5. There was a one-ohm resistance 
burden imposed on each current trans¬ 
former. This is considerably larger than 
would normally be met with in practice, 
but was made large in order to deter¬ 
mine, if possible, the limitations of this 
relay. 

A total of 32 faults were applied. This 


was done by first closing the 12-kv oil 
circuit breaker, thus energizing the trans¬ 
former bank, and then closing the 66-kv 
oil circuit breaker. 

Oscillograph records were taken of the 
currents in the relay coils, as well as the 
exchange of currents between the two 
relays. During the tests only one relay 
was in use, the second relay being repre¬ 
sented by dummy coils. Figure 11 shows 
an oscillogram taken during an asym¬ 
metrical through fault; figure 12, a 
symmetrical through fault; and figure 
13 an asymmetrical inside fault. 

As observed by the reference to figure 
10 the tests were made on a single-phase 
basis. In order to make sure that the 
worst asymmetrical or symmetrical con¬ 
dition, whichever was desired, was ob¬ 
tained, it was necessary to make a num¬ 
ber of tests under each fault condition. 
It was found from the oscillograph films 
that by making four to five tests, there 
was good probability of the fault current 
in one of these tests being completely 
offset. 

Results 

Figure 11 shows the oscillographic 
record of a test made under conditions 
simulating the operating conditions shown 
on figure 9. The latter figure shows the 
location of the fault, as well as the num¬ 
ber of sources connected to the bus, and. 
the amount and direction of the current 
flowing in the various current transform¬ 
ers. It will be observed that the primary 
current wave, figure 11, is completely 
offset, indicating maximum d-c transient. 
This wave represents a faithful reproduc¬ 
tion of both the a-c and d-c components 
of the primary current, and was obtained 
by the use of a high-ratio current trans¬ 
former shown on figure 10, which did not 
saturate on the current values used. It 
will also be observed that the current 
waves from the current transformers in 
the bus tie, tie line, and outgoing line 
circuits are not faithful reproductions of 
the primary current. It is obvious that 


neither the d-c component nor the a-c 
component represents the true values. 
This is caused by the saturation of the 
current transformer cores by the d-c 
component. Also, the current wave 
representing the sum of the currents to 
the other refay from the other current 
transformers of figure 9 shows the same 
effect. In all cases, the first peak comes 
through fairly well., after which the cur- 
rent-transformer performance is far from 
perfect. Since all the current transform¬ 
ers involved in the differential circuit do 
not saturate at exactly the same time, nor 
to the same degree, a difference or operat¬ 
ing-coil current results as shown. 

Visual observation of the relay indi¬ 
cated that the restraint torque was 
strong, and there was no tendency for the 
contacts to close. The contact line on 
the film, occupying the zero position of the 
primary current wave, also shows that the 
contacts did not close, (Closure of the 
contacts would have deflected this line, as 
shown on the films representing internal 
faults.) 

Figure 12 shows another test made 
under exactly the same conditions as for 
figure 11, except that in this case an 
almost symmetrical current was obtained. 
The small amount of d-c component that 
was present, however, is responsible for 
the appearance in the operating-coil 
circuit of the current shown. The mag¬ 
nitude of this current is considerably less 
than the first peaks shown on the pre¬ 
ceding figure, the calibration of the oscil¬ 
lograph element being unchanged. As 
before, the relay did not operate, but 
showed a trong restraint torque. In 
this case, the magnitude of the first 
cycle of the a-c component of the fault 
current was measured from the film and 
found to be approximately 25,600 am¬ 
peres root-mean-square. From the stand¬ 
point of a-c saturation, this test was more 
severe than the preceding one because of 
the higher current values, yet it is readily 
noted that the performance of the various 
current transformers was much improved. 


Figure 11. Oscillo¬ 
gram for an external 
asymmetrical fault 
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relay lias been modified is unique and its 
variable-ratio characteristics should make 
^is relay particularly adaptable where there 
is considerable variation between minimum 
bus faults and maximum through faults. 

Where the ratio of maximum through 
fault current to the minimum internal fault 
current is not large and two standard CAA 
relays could be used to cover all operating 
conditions, would it not be possible to use 
one of the modified relays connected as a 
simple ratio differential relay having six 
restraint windings? 

It has been noted that the time of opera¬ 
tion of the modified relay may be as low as 
four cycles based on one-fourth-inch contact 
separation and a somewhat shorter operating 
time can be obtained with a smaller contact 
separation. Assuming the smallest contact 
separation consistent with reliable perform¬ 
ance approximately what would be the fast¬ 
est operating time? 

No mention is made as to whether or not 
any of these modified relays are in service. 
As in every case the final test of any piece 
of equipment is its actual service record and 
a summary of any operating experience with 
this modified relay would be of interest. 


C. O. Werres (General Electric Company, 
Schenectady, N. Y.): Too much emphasis 
cannot be put on the fact that the success 
of differential protection is still very largely 
dependent upon current-transformer char¬ 
acteristics. This dependence is implied in 
the second paragraph of the article but it 
will bear reiteration. 

The ‘‘faithful current transformer” men¬ 
tioned is a most difficult but desirable goal. 
Its attainment involves building what has 
often been called the “ideal” transformer, 
that is, one with no errors, or to be more 
practical, negligible errors, throughout its 
entire range of performance. With this as a 
goal, much progress has been made. This, 
along with several other helpful measures 
listed below, is gradually improving the 
effectiveness and reliability of differential 
and naturally other types of protection: 

(a). Improvements in current-transformer design. 

(&). Determination of overcurrent characteristics 
of current transformers. 

ic). Considering transformer characteristics when 
laring out protective eqrupments, etc. 

(d). A trend toward lower ratio of fault current to 
current-transformer rating. 

(a). Balancing burdens and keeping them at a 
minimum. 

(/). Inserting resistance in the differential circuit 

Regarding current-transformer designs, 
the authors point out the difficulty of ob¬ 
taining matched characteristics at high in¬ 
ductions from two transformers of the same 
design. The reason for this is obvious from 
B-H curves on core steels which show a 
wide spread between maximum and mini¬ 
mum characteristics of a given material. 
The safest solution then is to avoid satura¬ 
tion as was brought out in the Marshall- 
1/angguth paper. However, in designing 
standard transformers, some compromise 
must be accepted as it is evident that non¬ 
saturating transformers to meet every 
condition would be impracticlable. A rea¬ 
sonable specification seems to be to limit the 
ratio error to five per cent at 20 times rated 
current with burden Z, 


In view of proposals to adopt a ring-core 
construction as a means of approaching the 
ideal, it is pointed out that recent studies on 
various core designs show that for some rat¬ 
ings the rectangular core can be as good as, 
and more economical than, the ring core if 
the secondary is distributed over all four 
legs. 


A. T. Sinks (General Electric Company, 
Lynn, Mass.): The authors are to be com¬ 
mended for again calling attention to some 
of the idiosyncrasies of current transformers 
and for emphasizing the fact that these 
phenomena must be considered carefully in 
differential relay applications. There are 
some points, however, with relation to then- 
proposed ideal relay characteristic which are 
not quite clear. 

The bushing current transformers used in 
the tests described in the paper had large 
cross sections of iron, so that the products of 
the iron cross sections and secondary turns 
were larger than would be normally en¬ 
countered with instrument-type current 
transformers. Many current transformers 
in use on lower voltage systems will have 
large errors on asymmetrical current waves 
even for rather low currents. Therefore, 
the permissible sensitivity of the relay can¬ 
not be selected arbitrarily as it depends upon 
the faithfulness of reproduction of the fault 
currents by the current transformers, and 
particularly by the one that carries the total 
current to an external fault. 

From the oscillograms of test and the 
authors’ statement about four-cycle opera¬ 
tion of the relay, it would appear that at 
least in some of the through-fault tests the 
only reason the relay did not operate was 
because it was not fast enough, as the oscillo¬ 
gram, figure 11 shows a large value of differ¬ 
ential current for the first two cycles. With 
a given set of current transformers the period 
during which this false differential current 
may exist can be longer at low currents than 
at high ones. Consequently, the chances of 
this false differential current persisting long 
enough to operate the relay may be greater 
at lower values of primary current. There¬ 
fore, again why is a higher sensitivity at 
lower currents a desirable characteristic? 

One of the questions which is frequently 
asked and apparently not well understood is: 
“Since the fault is fundamentally with the 
current transformers, why not build them to 
work right?” Some comment on this 
point, therefore, seems in order. 

There are at least two ways of attacking 
this problem which give theoretically ideal 
results as follows: 

1. Use air-o)red current transformers with care¬ 
fully balanced burdens, mutual inductances, and 
secondary-circuit constants. 

2. Put enough iron and copper in the transformers 
to make them accurate up to the desired over- 
current. 

There are, however, practical objections 
to either of these schemes. In the case of 
the first method, very careful balancing of 
the factors mentioned is absolutely essential, 
making each installation a hand-tailored 
job. Saturating burdens except in the 
differential element could not be tolerated. 
The transformers would be entirely special 
and would not be satisfactory for other 
services. 

When an attempt is made to design a cm* 


rent transformer along conventional lines to 
reproduce asymmetrical waves faithfully, the 
first obstacle encountered is the enormous 
amount of core flux required to generate the 
d-c transient component of voltage in the 
secondary circuit. For instance, in the case 
of a 100 per cent offset wave, 0.1 second time 
constant, and 60 cycles frequency, the core 
flux required for the secondary IR voltage 
associated with the d-c transient is 37.7 
times that required for the a-c component. 
(D-c flux/a-c flux = 2ir / X time constant.) 
From this the large amount of iron necessary 
to take care of the d-c component of an 
asymmetrical wave can be readily appreci¬ 
ated. Nor does reducing the secondary- 
circuit resistance external to the transformer 
help beyond a certain point as the large 
amount of iron means a long length of second¬ 
ary copper which can only be compensated 
for by making the cross section of copper 
large. This in turn requires more iron and 
so the quantities pyramid. 

All this does not mean that it is impossible 
to design an iron-core transformer to repro¬ 
duce accurately asymmetrical currents of 
high value, but it does mean that such a 
transformer will usually exceed acceptable 
limits of size and cost. 

It would, therefore, seem that a relay of 
the harmonic-restraint type, which actually 
takes advantage of the peculiarities of the 
imperfect but economically feasible conven¬ 
tional transformer, is the most practical 
solution yet proposed. 


J. A Elzi (Commonwealth and Southern 
Corporation, Jackson, Mich.): This paper 
brings up the point that the application of 
relays for bus protection has not been given 
as much attention in recent years as trans¬ 
mission-line relaying. On the contrary, it is 
our opinion that bus protection has been 
given considerable attention but the factors 
that might cause incorrect operation, and 
which are very well discussed in this paper, 
have been recognized, and in many cases it 
has been found that the hazards involved 
outweigh the advantages to be gained. 
This paper and the results of tests contained 
therein show that these potential sources of 
incorrect operation are important and, in 
general, could not be taken c^e of with the 
relays available until recently. 

The high-speed clearing of bus faults to 
minimize the damage done due to excessive 
fault currents is only one of the advantages 
to be gained. In some stations, it is equally 
as important to be able to sectionalize the 
bus in case of a fault so that there will be a 
minimum of loss of load and generating 
capacity. The extent to which this can be 
accomplished by a bus protective scheme is 
of course contingent on the arrangement of 
circuits on the bus and the number of sec- 
tionalizing points provided. 

The results of the tests made with the new 
percentage differential relays described in 
this paper would seem to indicate that con¬ 
siderably more reliable operation could be 
expected from this relay than with some of 
the types heretofore available. The rela¬ 
tively small amount of current available in 
the differential circuit for the first few cycles 
in figure 13 leads to the question as to 
whether or not the relay would have operated 
in four cycles as indicated if this current had 
been further reduced by diversion to de¬ 
energized current transformers in parallel 
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with the ones which were suppl 3 ring this 
current. It would also be interesting to 
know how the cross section of the cores of 
the current transformers used in this test 
compare with those of standard bushing- 
type cturent transformers usually supplied 
for this service voltage. 


R. M. Smith and W. K. Sonnemann: The 
authors are gratified that the interest in this 
problem has brought forth interesting and 
constructive discussion. 

J. A. Elzi contributes a valuable point 
when he asks if the relay would have 
operated in four cycles, as shown in figure 
13, if the operating coil current had been 
further reduced by diversion to de-energized 
current transformers in parallel. The tend¬ 
ency is in this direction because of the fact 
that those current transformers not subject 
to current in their primaries will draw an 
excitation current in their secondaries de¬ 
pending upon the voltage across the operat¬ 
ing coils of the relays and the magnetization 
curves of the current transformers involved. 
This voltage is distinctly limited, however, 
by the saturation characteristics of the 
operating coil circuit. Also, the “dead” 
current transformers, not being affected by 
d-c saturation, will be operating on their a-c 
magnetization characteristics and will draw 
only a very small amount of current. This 
phase of the problem should be considered 
if the number of feeder-circuit current trans¬ 


form^s in parallel is very large, and if their 
ratio is low. The authors feel that the more 
important consideration of this point occurs 
when ^e relays must trip under normal load 
conditions when a light ground fault occurs 
.on the bus. Under this condition the relay 
is much more sensitive, as illustrated in 
figure 6, so that more loss of operating-coil 
current to “dead” current transformers can 
be tol^ted. Ample safety factor has been 
found in applications studied to date, but it 
is felt that this point must not be overlooked. 

The cross section of iron in the test current 
transformers represent typical values for 
present-day 66-kv oil-circuit-breaker bush- 
uigs, except that 12 square inches appears to 
be a little toge. No definite standards have 
been established in this respect, however, so 
that considerable variation may be found. 

Mr. Hayward mentions that the test 
conditions would have been more severe had 
lower-ratio current transformers been used, 
^ch as 400/6. It is admittedly true that, 
for 9 ^ given primary current, and other condi¬ 
tions remaining the same, a lower-ratio cur¬ 
rent transformer will be likely to saturate 
more severely. This point has been ad- 
i^bly answered, however, in the discus- 
fflon by W. A. Lewis in which he points out 
^t r^isonable performance must be had 
from the ciwent transformer in the faulted 
feeder circuit in order that any type of relay 
properly discriminate between an in- 
temal and an external fault. As a matter of 
fact, a relay of the ratio-differential type 
a ^ght time delay, is less likely to 
operate falsely with low-ratio current tians- 


formers than a relay of the high-speed (one 
cycle) type. This is because its time delay 
allows the badly saturated current trans¬ 
former enough time to recover from d-c 
saturation sufficiently to discriminate be¬ 
tween external and internal faults. 

Mr. Hayward makes the point that it is 
well to keep the secondary burden as low as 
possible in order to minimize the effect of the 
d-c transient in saturating the current 
transformers. If this could be carried to the 
ultimate end so that no current transformer 
in any part of the circuit would saturate, 
then a simple differential relay as indicated 
in figure 1 would suffice. In die majority of 
cases, however, where the d-c transient has a 
long time constant, it will be found prac¬ 
tically impossible to escape the effect of d-c 
saturation in those current transformers in 
the faulted feeder circuit, even by decreasing 
the lead burden, as has been pointed out. In 
this case, when saturation of the output cur¬ 
rent transformers is assured, it is a definite 
advantage to have some degree of saturation 
in the input current transformers as well. 
For example, in figure 11 of the paper, the 
traces show definite saturation of the various 
current transformers in the input leads to 
the bus. The degree to which the input 
current transformers fail to hold their ratio 
makes a corresponding reduction in the 
magnitude and duration of the differential 
current. 

The statement made by ]^, Hayward 
that the relative percentage of harmonics 
present in the differential current is sufficient 
to discriminate between external and inter¬ 
nal faults is somewhat optimistic, in view of 
the finding^ on a large number of tests. 
With sufficient time delay, a material par¬ 
entage of harmonics will show up in the 
differential curr^t for an external fault. 

If time delay is introduced, however, the 
relay is no longer a one-cycle relay. In 
figure 2 of this paper, for example, the first 
two cycles of differential current are obvi¬ 
ously notably lacking in harmonics to any 
sreat ^ degree. If the relay is sufficiently 
senritive to harmonics to be adequately re¬ 
strained from tripping for the first two cycles 
of the differential current of figure 2, then 
there is cnainly grave doubt that the relay 
would trip properly when subject to the 
differential current wave form of figure 13 of 
the paper. It may be argued that the lower 
burden of the relay mentioned would do 
much toward ^proving the wave form of 
figure 13. This is quite true, but, on the 
other hand, the internal burden of the cur¬ 
rent transformers plus the burden of the 
differential circuit leads to the switchyard 
must still be consid^ed. The experience of 
the authors is that there is practically an 
infinite variety of wave forms possible in the 
differential current, even when some of the 
variable factors are fixed. For Sample, the 
current-transformer characteristics and bur¬ 
den values will be fixed for a particular in¬ 
stallation, but the variable location of the 
fault, involving a variable time constant, as 
well as variable current values, may be 
taken in an infinite number of combinations. 


Thus, it is impossible to say that any one 
particular wave form is typical of all ex¬ 
ternal faults. 

Attention has been called to the broken 
nature of the contact line of figure 13. It 
should be borne in mind that for these tests 
it was only desired to get a contact indica¬ 
tion, and not to trip any breakers. The 
current through the contact circuit was 
extremely light, amounting only to that re¬ 
quired to operate an oscillograph element, 
and was thus easily interrupted momen¬ 
tarily. Tests not described in the paper 
were made to establish the fact that two 
contacts in series could be made to pick up 
an auxiliary relay, at 126 volts direct current 
and four to five amperes, without additional 
delay, and were entirely successful. The 
auxiliary relay is necessary, of course, be¬ 
cause of the large number of circuit breakers 
which must be tripped. 

The supposition of Mr. Sinks that the 
only reason that the relay described in the 
paper did not trip for some of the external 
faults was because it was not fast enough is 
not correct. It is true that a large value of 
differential current existed for at least two 
cycles; however, a large restraining torque 
existed at the same time. The restraining 
torque was considerably in excess of the 
operating torque for all of the through faults. 

Mr. Trice asks if one of the six-circuit 
special CAA relays might not be used in an 
application where two standard CAA relays 
would suffice. We interpret this question 
to mean l^at, since six restraining coils are 
available in the special relay, it would seem 
to be applicable on the basis of one relay per 
phase for a six-circuit bus. If applied in 
this way, however, each restraining clement 
would receive cturent from two bus circuits. 

If a heavy current should flow into the bus in 
one of these circuits and away from the bus 
in the other, the ampere turns on that par¬ 
ticular restraining element would be in 
opposition and thus cancel out. That is, 
equal and opposite heavy currents in the one 
restraining element would not produce re¬ 
straining torque as they should. The same 
effect exactly would occur if the current 
transformers of the two paired circuits were 
paralleled on the secondary side and con¬ 
nected to one single-winding restraining 
element. In the first case, fluxes are 
paralleled. In the second case, currents are 
paralleled. The net effect is the same. 
These considerations indicate that if six re¬ 
straining elements are required, then two 
relays per phase are necessary, whether tliey 
be the standard or the special tsrpe. 

Some gain may be made in shortening the 
operating time for internal faults by de¬ 
creasing the contact travel. However, not 
a great deal can be accomplished by this 
means. Probably the fastest operating time 
under most favorable conditions would be 
two to three cycles. 

In answer to Mr. Trice’s third question, 
no rdays of the special type having double 
^ndings and variable-ratio characteristic 
have yet been placed in service, although 
some are now on order. 
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Copper-Oxide Modulators in Carrier 
Telephone Systems 


By R.S.CARUTHERS 

NONMEMBER AiEE 


Synopsis: Copper-oxide modulators are 
widely used in telephone systems for trans¬ 
lating either single speech channels or groups 
of speech channels to carrier-frequency loca¬ 
tions on the lines. A number of simple cir¬ 
cuit arrangements have been developed that 
enable suppression of certain undesired fre¬ 
quencies to a degree that is impractical in 
tube modulators. These modulators trans¬ 
mit equally well in either direction and the 
modulating elements are more nonlinear 
than in tube modulators. As a result 
numerous effects are found that ordinarily 
are not important in the tube arrange¬ 
ments. Analytical studies have been con¬ 
siderably simplified by the use of a small 
signal, and a large carrier controlling the 
impedance variation of the copper oxide. 
It is found in this case that the superposi¬ 
tion and reciprocity theorems hold for all the 
circuits that it has been possible to analyze 
even though the modulator is made up of 
nonlinear elements. Open and short-cir¬ 
cuit impedance measurements can be made 
use of as in four-terminal linear networks, 
and a generalized reflection theory devel¬ 
oped. Perfonnance data are given for an 
idealized modulator under a variety of 
operating conditions. 


A t LEAST as early as 1927, copper- 
oxide rectifiers were being tried as 
modulators for the speech channels of 
carrier telephone systems in this country. 
At this time only a rather large type of 
rectifier was available, better adapted for 
power use rather than in modulating the 
few milliwatts of a speech signal. Largely 
because of instabilities these early units 
were found to be unsatisfactory for modu¬ 
lator use. Further developments in 
copper-oxide rectifiers made in various 
laboratories extended the variety and 
improved the quality of the product 
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available, so that by about 1931 they be¬ 
gan to be promising as serious competitors 
for vacuum tubes in modulators. Since 
1931 continued improvements in copper- 
oxide rectifiers have rapidly increased 
their field of application until now they 
are employed in practically all modula¬ 


Figure 1. Four-disk copper-oxide modulator 

tors of the latest types of carrier telephone 
systems. 

In the new systems a copper-oxide 
modulator is used instead of the previous 
push-pull arrangement of two vacuum 
tubes. In cable,* open-wire, and coaxial 
carrier systems, from 26 to 28 of these 
modulators are needed in each direction 
for translating each 12-channel group of 
speech bands from voice to carrier and 
back again. These copper-oxide modu¬ 
lators have no power co^, tube replace¬ 
ments, or possibilities of power failures. 
In figure 1 the four ViHiich-<liameter 
copper-oxide disks generally used in a 
carrier telephone modulator are shown in¬ 
dividually, assembled with connections, 
and potted in a can. 

The carrier terminals have tended to 
become increasingly complex as it became 
their function to place more and more 
channels on a single pair of wires. The 
extreme simplicity and reliability of cop¬ 
per-oxide modulators have been of great 
value in helping to overcome this tend¬ 
ency. Copper-oxide modulators have 
been used from zero frequency to nearly 
four million cycles. Certain modulators 
for coaxial carrier systems have been de¬ 
signed to modulate simultaneously as 
many as 60 speech channds spaced over a 
240,000-cycle band of frequencies. 

Candhers-^Copper-Oscide Modvlatbrs 


Copper-oxide modulators probably dif¬ 
fer most from tube modulators because 
the simplicity of the rectifier elements al¬ 
lows a much greater variety of circuit 
arrangements to be used. Although the 
underlying principles of operation are 
not new, it has become necessary to in¬ 
vestigate numerous transmission effects 
that could be neglected in tube modula¬ 
tors.' This has resulted not only from the 
newer circuit arrangements with their 
smaller losses, but also from higher trans¬ 
mission standards for the over-all system 
along with the greatly increased numbers 
of modulators in long circuits. Copper- 
oxide modulators, unlike tube modula¬ 
tors, transmit signals equally well in 


either direction. While this is a simpli¬ 
fication in allowing a modulator also to be 
used as a demodulator, the modulator 
becomes complicated by the effects of 
refiections back and forth into the signal 
bands of numerous frequency bands of 
modulation products. 

Circuit Arrangement 

The circuit arrangements used in cop¬ 
per-oxide modulators generally are con¬ 
cerned either with carrier suppression, 
with carrier transmission along with 
the signd, or with balancing action to 
suppress certain unwanted bands of 
signal frequencies. In most carrier tele¬ 
phone systems economy of frequency 
space and amplifier load capacity de¬ 
mands the use of single-sideband carrier- 
suppressed transmission. 

In figures 2a, 2&, and 2c three types of 
copper-oxide modulators are shown, each 
arranged to suppress the carrier in both 
the signal input and the signal output 
circuits. In figures 2d and 2e the carrier 
is balanced out in only one signal branch. 
In the usual arrangements a signal-band 
selective filter must be used in each signal 
branch to restrict transmission to that of 
the wanted frequency band. Largely in 
this way interferences are guarded against, 
not dnly into other channels or systems 
to which the modulator output circuit is 
connected on the line or at the distant 
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end, but also back into the complex array 
of facilities to which the input circuit 
may be connected. 

In any of the circuits shown, modula¬ 
tion results from either the reduction or 
reversal of the current flow between the 
input and output signal circuits at peri¬ 
odic intervals as the carrier varies the 
copper-oxide resistance back and forth 
between high and low values. In figure 
2a where the connections of the input and 
output signal circuits are periodically 
short-circuited by the carrier-actuated 
copper oxide, transmission of the modu¬ 
lated signal into the input circuit or the 
unmodidated sigxial into the output cir¬ 
cuit is prevented by filters, each of high 
impedance at the frequency of the other 
signal. In figure 25 the connections be¬ 
tween the signal and modulated signal 
circuits axe open-drcuited periodically by 
the carrier. In this case each filter should 
have a low impedance at the other signal 
frequency. In figures 2c, 2d, and 2e the 
copper-oxide rectifiers are made to become 
alternately low and high resistance in 
pairs as the polarity of the carrier is eithd- 
in the same direction as the arrows or in 
the opposite direction. As a result cur¬ 
rent flow from the input signal circuit in¬ 
to the output is periodically reversed by 


Figure 2 (left). 
Types of copper- 
modulator oxide 
circuits 


Figure 3. Intensity 
of modulation prod¬ 
ucts in a repre¬ 
sentative double- 
balanced copper- 
oxide modulator 



provision of a periodically reversing low- 
impedance path. In effect each signal is 
baknced from the other’s circuit. 

Although'aii indefinitife munber of other 
circuit configurations can be used, no 
novel transmission feature would be 
found which was not present in the five 
circuits already shown. Third order 
modulators in which the copper oxide is 
arranged to give equal interruptions to 
the signal in both positive and negative 
half cycles of the carrier are exceptions 
not considered here. In addition, cir¬ 
cuits like Hartley’s, in which phase dis¬ 
criminations have been obtained in the 
sideband outputs from two modulators 
by altering both the carrier and signal in¬ 
put phase of one, can be viewed as com¬ 
posed of two modulators of any of the 
t 3 q)es illustrated. 

In these copper-oxide modulators all 
modulation product frequencies can be 
grouped into four classes: 

n^oC UoV 
floC UeV 
^eC ^ UqV 
fleC =*= n^v 

in which c and v are the carrier and input 
signal frequencies and Uq is any odd num¬ 
ber 1, 3, 6, etc., while is any even 
number 0, 2, 4, 6, etc. If c and v contain 
more than one frequency each, and 

are, respectivdy, the odd and even com¬ 
binations of all multiples of the c and v 
frequencies. All frequencies of one of 
these four types appear together in a 
specific branch of the modulator circuit; 
and they will not appear in another 
branch unless from a diss 3 rnimetry among 
the copper-oxide units or unless inherent 


in the circuit configuration. The branches 
in which the modulation products appear 
are shown in the circuits illustrated. It 
is apparent that only in the case of the 
double-balanced circuit of figure 2c, are 
all of these types of products completely 
separated in different parts of the circuit. 
In the other circuits shown the classes of 
products appear together in combinations 
of two types. In any balanced circuit 
that can be drawn the above relation¬ 
ships will be found to hold. 

Modulation products will be of a type 
to which the circuit offers some degree of 
balance, of a type that can be made to 
vary in importance relative to tlic signal 
by adjustment of either the carrier or 
signal voltage, or of a type to which 
neither balance nor level adjustment is of 
any benefit. Satisfactory operation of 
such modulators requires large carrier 
voltages relative to those of the signal, so 
that products like c ^ v, 2c ^ v, Zc ^ 
V, etc., tend to be of large magnitude 
while products like c =*= 2w, <; sfe Zv, etc., 
tend to be small. Furthermore, the 
former types can be made to predominate 
even more over the latter types either by 
increasing the carrier amplitude or by 
decreasing the signal levels. A 6-decibel 
reduction in signal results in 12-decibel 
reduction of c ^ 2v and 18-decibel re¬ 
duction in =fc 3». In any circuit appli¬ 
cation interferences of this type lend 
themselves to reduction in so far as carrier 
power is available for high-sig;nal-level 
operation, or in so far as noise docs not 
limit for low signal levels. Laboratory 
measurements of some of these modula¬ 
tion products made during the develop¬ 
ment of a group modulator for a 12-chan- 
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nd open-wire carrier system are shown in 
figure 3 for a double-balanced modulator 
like that of figure 2c. Single Vie- 
inch-diameter disks as shown in figure 1 
were used in each bridge arm. About 
20 to 30 decibels reduction in inter¬ 
ference by balance alone is quite readily 
obtained in the normal run of manufac¬ 
tured copper-oxide rectifier elements, for 
those products to which the circuit ar¬ 
rangement offers a balance. Any fur¬ 
ther improvement must be obtained either 
by closer control of manufacture or disk 
selection, by artificial balancing with some 
means such as capacitor-resistance po¬ 
tentiometers, or by statistical averaging 
through use of numbers of disks in each 
bridge arm. 

In single-channel modulators inter¬ 
ferences caused by the signal into its own 
signal band will occur only in the pres¬ 
ence of the signal. In such cases they 
need be only 20 to 30 decibels bdow the 
signal, except in spedal cases, as for ex¬ 
ample, modulators for broad-band pro¬ 
gram channels. In multichannel sys¬ 
tems interferences may be produced in 
the silent channds by the active channels. 
This kind of interference or crosstalk is 
ordinarily made to be 70 dedbels or more 


below the wanted signals for commerdal 
tdephone service. In such cases over¬ 
lapping bands of frequendes not im¬ 
proved by levd adjustment are avoided 
by ju^dous choice of the carrier frequen¬ 
des. 

Circuit Impedance and Loss 

In all modulators the carrier serves 
merdy as a means for obtaining a simple 
periodic variation of the impedance pre¬ 
sented to the signals. It is not only im¬ 
material to the signals how this variation 
is obtained, but the signals also are totally 
unaware of whether dectrical, mediani- 
cal, or other means are used, just so long 
as the signals themsdves are unable to 
affect the time variation of this imped¬ 
ance. In a copper-oxide modulator, 
only by making the carrier amplitude 
large compared to the signal amplitudes 
across the rectifier dements, can the 
impedance of the rectifiers be made to 
vary at carrier rather than signal rates. 
Too large a signal amplitude not only re¬ 
sults in the production of undesired fre¬ 
quendes, but also the impedance and loss 
diaracteristics of the modulator vary with 
the signal amplitude. With small sig¬ 


nals the carrier energy is used up in main¬ 
taining the copper oxide at prescribed 
impedance values at each instant of time, 
and none of the modulation products in¬ 
volving the signal receive more than a 
negligible amount of energy from the 
carrier. As a result the output signal 
energy will always be less than that of the 
input signal, partly because of losses 
within tie copper oxide, and partly from 
the diversion of the input signal energy 
into the energies of the many modulation- 
product frequendes. 

The signal impedance of a copper-oxide 
modulator is a combination of a charac¬ 
teristic impedance of the rectifier ele¬ 
ments and the impedance of the con¬ 
nected drcuits at all the modulation-prod¬ 
uct frequencies. The characteristic im¬ 
pedance of the rectifier can be viewed 
crudely as an average of tlie impedance 
encountered by a small signal over a 
cycle of the carrier, treating each instan¬ 
taneous value of the carrier voltage as a 
d-c bias. If the impedance for small 
superimposed alternating voltages is 
measured on a single copper-oxide disk at 
various direct bias voltages, this imped¬ 
ance generally changes with both bias 
and frequency. Measurements to 200 
kilocycles made on a ®/i6-inch-di- 
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padty decreases only a moderate amount. 
At moderate positive voltages (about 
one-half volt) the impedance becomes 
resistive and does not change appreciably 
with frequency.. Experiment^y it is 
found that the signal impedances in re¬ 
sistance-terminated modulators can be 
made largely free of reactance at high 
frequencies by using either large car- 


Figure 6. Loss fn 
a doubfe - balanced 
group modulator for 
coaxial systems 



rier amplitudes, inductive tuning of the 
copper-oxide capacities, or lower-imped- 
ance-connected signal circuits to accen¬ 
tuate the importance of the low-resistance 
part of the copper-oxide characteristic. 
Very much lower circuit impedances must 
be used at the higher frequencies. Where 
600 to 1,000 ohms is a satisfactory imped¬ 
ance at speech frequencies, less than 50 
ohms may be the best impedance to use, 
at three megacycles. 

Impedance measurements on a double- 
balanced modulator designed to translate 
a 12-channel group of frequencies for 
cable carrier systems from a band at 60 to 
108 kilocycles to a 12- to 60-kilocycle 
band are shown in figure 5 for several 
resistance terminations. Absence of any 
impedance irregularities with frequency 
is apparent. Also, the tendency is shown 
for the modulator impedance to become 
less reactive with lower-resistance termi¬ 
nations, 

Inasmucdi as copper-oxide disks are 
available in sizes from Vie inch to more 
than an inch in diameter, a wide range of 
circuit impedances is possible varying 
from only a few ohms to thousands* of 
ohms Large-area disks roughly are 
equivalent to small-area disks in parallel. 
Thus by using a disk of n times the area of 
a small one orn of the small ones in paral¬ 
lel, the best circuit impedance becomes 
l/«th at the same carrier voltage. Either 
dislM in series or ones of smaller diameter 
enable the impedance to be raised in a 
corresponding m a nn er. The lower im¬ 
pedance and greater energy dissipations 
of larger disks, or paralleled smaller ones 
at the same carrier voltage, obviously al¬ 
lows greater input signal energies before 
the signal impedance and loss begin to 
vary with the signal, and overload dis¬ 
tortion appears. Similarly series stacks 
of disks, or series-parallel combinations, 
offer wide choice in both the signal levels 
^at can be satisfactorily modulated and 
in the impedance levels. Usually root- 
me^-square carrier voltages across in¬ 
dividual disks in the conducting direction 
will best be made somewhere between 
three-tenths and three-fourths volts. 

The impedances of the connected cir¬ 
cuits at the modulation product fee- 
quendra react back on the signal imped¬ 
ances in a way similar to the way that 
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the two terminating impedances of a four- 
terminal linear network react on each 
other. In the case of the copper-oxide 
modulator a reaction from some modula¬ 
tion product back into the signal im¬ 
pedance is less and less as the product 
becomes of higher order, or as the circuit 
loss to it becomes greater. Where the 
impedances of the connected circuits have 
bothersome interactions with the copper- 
oxide impedance either at the signal fre¬ 
quencies or the lower-loss modulation 
products, resistance-pad separation is 
usually the simplest solution if the in¬ 
creased los^ can be tolerated. 

Energy losses in copper-oxide modula¬ 
tors between signal input and single-side¬ 
band signal output have been found to 
be no greater than eight or nine decibels 
even at frequencies of three or four mega¬ 
cycles. At lower frequencies five- or 
six-dedbel losses are normal, but losses 
as low as two decibels have been obtained 
under less practical operating conditions. 
Experimental loss measurements are 
shown in figure 6 for a double-balanced 
modulator using single Vw-inch-diameter 
disks in each bridge arm. This modulator 
was designed to modulate simultaneously 
60 speech channels occupying a 240,000- 
cycle band width. The modulator loss, 
like the impedance, depends on the imped¬ 
ance terminations of the modulator at all 
the modulation-product frequencies as well 
as on the internal losses of the modulator. 
Short circuit, open circuit, or reactive 
terminations at the unwanted frequen¬ 
cies, permit energy losses only through 
reflections at the signal-circuit junctions 
to the modulator or within the modula¬ 
tor. With proper terminations and loss- 
free copper oxide, lOO-per-cent-effi- 
dency frequency translations are theo¬ 
retically possible. In a practical case, a 
larger carrier amplitude results in. a 
smaUer percentage of the time in which 
the rectifier elements have impedances 
that are comparable to the connected 
circuits and that are neither blocking nor 
conducting. Signal energies are lost in 
this time interval, so a higher efficiency 
modulator results. The time spent on 
the intermediate resistance parts of the 
rectifier characteristic can be further re¬ 
duced by introdudng harmonics into the 
carrier wave, so that a square type of 
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wave results. The resistance of the rec¬ 
tifier is abruptly switched back and forth 
between blocking and conducting values 
in this manner. When the connected dr- 
cuit impedances at the unwanted fre- 
quendes are very high or low, best effi- 
dendes result when transmission between 
the signal drcuits is blocked most of the 
time. Thus in a drcuit like tliat of figure 
2a when the filters are high impedance 
at the unwanted products, highest effi- 
dency results when the copper oxide is a 
low-resistance short drcuit for the major 
portion of the carrier cycle. In figure 2h 
an open drcuit is desirable most of the 
time. 


Linear Modulator Theory 


The anal 3 rtical studies that have been 
of most benefit in the development of 
copper-oxide modulators have made use 
of a variable resistance characteristic 
controlled by the carrier. This assump¬ 
tion has made it possible to investigate 
modulator performance* for a wide va¬ 
riety of characteristics under a great many 
operating conditions. Copper-oxide- 
modulator performance in particular 
cases as well as the effects of the circuit 
elements on this performance can readily 
be infmed from the data at hand about 
these idealized modulators. 

^ In limited space it is not possible to 
discuss the varieties of resistance modu¬ 
lators that have been analyzed. How¬ 
ever, certain viewpoints will be discussed 
that have been very useful not only for 
obtaining solutions for some of the hy¬ 
pothetical cases, but also in supplement¬ 
ing laboratory experiments on actual 
modulators. 

All of these anal 3 rtical studies have as¬ 
sumed a signal sufficiently small compared 
to the carrier, that it can be varied in 
magnitude without noticeable changes in 
the signal impedance or in the linearity 
between input and output signal ampli¬ 
tudes. This is in agreement with design 
procedure, as the circuit impedances and 
losses are determined on such a linear 
basis. 
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Superposition Principle 

All of the modulator circuits with which 
we have been dealing, though composed of 
nonlinear elements, have been resolved 
into the equivalent of linear systems by 
virtue of using a large carrier and small 
signal amplitude. We may simultane¬ 
ously apply any number of signal frequen¬ 
cies, but all have negligible effect on the 
periodic changing of the nonlinear ele¬ 
ment resistance by the carrier. These 
frequencies may be modulation product 
voltages, some applied at the output ter¬ 
minals and some at the input terminals, 
but in all cases, even though frequencies 
may coincide, it can be shown that the 
principle of superposition will hold with¬ 
out interaction between the applied forces 
and the responses. This permits a great 
simplification in the mathematical ap¬ 
proach to modulator analysis, because 
the modulation product or signal voltages 
can be applied one at a time and the cur¬ 
rent responses summed. The voltage- 
current ratios at each frequency can then 
be replaced by equivalent impedances. 

Any nonlinear resistance like copper 
oxide will have a current-voltage char¬ 
acteristic that can be expressed as ac¬ 
curately as desired by 

i — aie + Oac* +... One^ (1) 

If a carrier and signal voltage are ap¬ 
plied to this nonlinear element, each 
term beyond the first will independently 
produce currents of new frequencies com¬ 
posed of the ihtermodulation products of 
these two voltages. If in turn the esiter- 
nal impedances at these new frequencies 
are not zero, new voltages will appear 
across the nonlinear dement to produce 
still more new frequencies. In this case 
the simplest consideration is to minimize 
the number of voltages by presenting 
zero impedance to the modulation prod¬ 
ucts. If the carrier voltage is C cos ct 
and the input signal voltage S cos $f, the 
current flow in the ^th term is 

i Ofi {C cos + 5 cos st)^ (2) 

In the binomial expansion of this ex¬ 
pression it is obvious that linear response 
to the signal and freedom from distortion 
result when the ratio of carrier to signal 
is made sufficiently large so that only the 
first two terms are important. 

i » On [(C cos ct)^ -f- n(,C cos ^*5 cos 5<] 

(3) 

The first term in equation 3. is the current 
flow at direct current and harmonics of the 
carrier; it has no effect on the input signal 
and output signal except in so far as im¬ 
pedance termination presented across the 
nonlinear element at the carrier harmonic 


frequencies may alter the carrier-voltage 
harmonic content. The signal input 
current and the signal output current, as 
well as the unwanted modulation products 
of the signal, result from the second term. 
The even values of n produce the even- 
order sidebands, second order being‘the 
output signal, while the odd values of n 
produce the input signal current and the 
odd-order sidebands. These currents can 
be evaluated from 


in which is equal to the combina- 

3 

tion of n things taken-at a time for 

2 

. 

2 

n—m 
2 

current is 


integral and is equal to zero for 
nonintegral. The signal input 




2n-l 


- 5 cos St 


(4) 


while the second-order output signal side¬ 
band is 


icdaS 


5 cos (e * s)t 


(S) 


Similarly, if the output signal volt¬ 
age at second-order sideband frequency 
(c $) had been applied along with 
the carrier in place of the input sig¬ 
nal, and of an equal amplitude, then the 
following currents of the output and in¬ 
put signal frequencies would result 


tc^s ■ 


OjinKltr-l 
_ 2 


S cos (c =*= 


is 



2»-i 


S cos St 


(7) 


If both signal input and output fre¬ 
quency voltages are applied simulta¬ 
neously, equation 3 then becomes 


i ^ (hi {{C cos ct)^ + n{C cos 

Scosst + n{C cos.<?^)"“ ^-5 cos (c s)^] (8) 


The current responses obviously are the 
sum of the separate responses from inde¬ 
pendent application of the two frequen¬ 
cies. Even if a complex array of termi¬ 
nating impedances are supplied so that 
voltages appear across the nonlinear ele¬ 
ment at all the modulation product fre¬ 
quencies, each new voltage will individu¬ 
ally produce its own current response, 


quite independently of the responses that 
are being produced by the other voltages. 
It can readily be seen then that super¬ 
position does not depend on any assump¬ 
tions about what the terminating imped¬ 
ances may be. 

Reciprocal Theorem 

Equations 5 and 7 show that the side¬ 
band response to an input signal voltage 
is exactly equal in magnitude to the in¬ 
put signal response to the same ampli¬ 
tude sideband voltage. It can readily 
be seen that any two modulation prod¬ 
ucts also bear such a reciprocal relation¬ 
ship between their voltages and currents, 
as a result of using the same amplitude 
and frequency of carrier harmonic niulti- 
plier of their respective voltages to modu¬ 
late between the two frequency positions. 
Although reciprocity has been proved 
valid here only for short-circuit termina¬ 
tions at the modulation-product fre¬ 
quencies, it can also be proved under nu¬ 
merous other conditions of circuit opera¬ 
tion. It seems that, regardless of modu¬ 
lator complexity of impedance termina¬ 
tions or frequency loss ^ects, the recipro¬ 
cal theorem is a necessary attribute of such a 
linear and bilateral system in which there are 
no internal energy sources. Two-way 
systems in which an amplifier for exam¬ 
ple, is included as an internal energy 
source in one or both directions will, of 
course, violate the reciprocal theorem if 
the gains in the two directions are differ¬ 
ent. This arrangement is, however, both 
bilateral and linear. 

Complete Performance Criteria 

The laws for transmission between a 
signal input frequency and a signal out¬ 
put frequency can be completely speci¬ 
fied from open- and short-circuit imped¬ 
ance measurements at the signal input 


1 I-. 3 



Figure 7. Four-terminal network equivaient 
pf a iinear moduiator 


and output frequencies, regardless of the 
complexity of the modulator. (From 
such measurements optimum impedance 
terminations can even be determined for 
linear-bilateral systems with internal 
energy sources.) 

The four-terminal network of figure 7 
is assumed to represent a modulator vrith 
a large carrier amplitude and having small 
signal voltage P of frequency p applied at 
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the input terminals 1-2 at the left. Cur¬ 
rent of the output signal frequency g flows 
out of the terminals 3-4 into the im¬ 
pedance jRj. The generator P is assumed 
to have zero internal impedance at its 
own frequency. Impedance termina¬ 
tions at the 1-2 and 3-4 terminals at 
all other modulation-product frequencies 
are perfectly general; whatever they are 
in a particular case, it is assumed that 
they are undisturbed as the terminations 
of Ihe input and output at the signal fre¬ 
quencies are varied between open cir¬ 
cuit and short circuit The following 
S 3 mibols are used for the impedances 
looking into the modulator at the input 
terminals at input signal frequency p and 
at the output terminals , at signal out¬ 
put frequency q. 

ZpQ *= impedance at p for open circuit at q 
Zqo « impedance at q for open circuit at p 
Zpi =5 impedance at p for short circuit at q 
Zg 9 = impedance at q for short circuit at p 
Rq = impedance termination at frequency 2 
Rp — impedance of modulator at frequency 
p with Rq at 3-4 terminals for fre¬ 
quency q 

Ka - transfer admittance between voltage 
at frequency p applied at the 1-2 
termmals and short-circuit current at 
frequency q flowing from 3-4 termi¬ 
nals 

**' transfer admittance between voltage 
applied at 3-4 terminals at frequency 
q and short-circuit current at fre¬ 
quency p flowing from 1-2 terminals 


age -iqRq 


~hRg 
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tq2 = 
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ipZ * — iqRqK^ 
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( 12 ) 

( 13 ) 

( 14 ) 


Figure 8. Equivalent circuit of a double- 
balanced modulator 


When equation 16 is substituted in (14) 
it is found that 


Rp’-r 


(18) 


The efficiency of the ftequenqr trans¬ 
lation, measured by the ratio of the 
power ddivered to to'the power into 
terminals 1-2, is 


( 15 ) 


H Vi - 

In order to evaluate KJK.I,, open-circuit 
impedance measurements must also be 
made. By superposition methods like 
those used in obtaining equations 11 and 
12 it can readity be shown that 
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From these two equations, it follows 
that 


Rq- 


For first short-circuited. 


^qi * RR-a 

( 9 ) 

P 

II 

( 10 ) 
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The maximum efficiency is then 
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Table I. Coircspondence Between Current* Entering and Leaving a Revening-Switch Modulator 


and K/JSli, can be determined from any 
three of the open-short measurements by 
using (21) and (22). It follows tliat 


1 - ^ 


( 23 ) 


Component on 
One Side of 
Modulator 


Corresponding Components on Other Side of the Modulator 


Upon substitution in (16) and (18) it is 
found that 
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...Iis- 

...Iis+ 

...Iis- 


•I?".I 74 

• • I»-‘.!$- 

.I8- 

• • If+.I 9 - 

.If+ 

• • I 4 +.IlO- 

••I4-.I10+ 


and 

Rp — “s/ZpgZps 


( 24 ) 


(25) 


.Is+ 


....Iu+ 
.... Il»- 

• .I18+ 

• * 11 +.Il 8 _ 

• *h-.Ii8+ 

.Il 4 - 

.Il 4 + 


plied by the factors at the top of the columns. ^ ^ magnitude of the generating current multi- 


whra 3-4 is terminated in i?,for maYimum 
efficien<gr. 

Open- and short-circuit measurements 
enable us to compute the optimum effi¬ 
ciency from equation 17 only if the trans¬ 
fer admittance .ST, is known. If the re¬ 
ciprocal theorem holds. Z. = andlT. 
can be determined from (23). The op¬ 
timum efficiency is 


»* 




1 Jhi 


so 


1 + Jhi 
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Table II. Performance of Double-Balanced Modulator (Ideal Reversing Switch) for Various 

Input and Output Terminations 



Modulator Terminations 


Modulator 

Impedance 

Modulatpr Loss 
or Efficiency 

Input Circuit 

Output Circuit 

Input 

Signal 

Output 

SigpMl 

Voltage 

Ratio 

Decibels 

Signal 

Others 

Signal 

Others 

R 

... R 

R 

...R .... 

. R 

R 

2 

r 

....3.9 

R ... 

. .any value_ 

R 

...R .... 

. R 


2 

...3.9 

R ... 

... R 

R 

... 0.... 

2R 

R 

2 

...3.9 





»» - 2 


T 


R ... 

R _ 

R 


(w* - 2)R 


2 






2 


9 


R ... 

(ir* - 2)R 

(w* - 2 )R 

... 0.. .. 

R 

- 2)R 

V 



2 

2 


’ ’ dTT* ~ 16 * 

V 2 (ir» - 2 ) 

.. .2 

R ... 

2R 

2R 


. R 

( 6 »* - 16)R 

r 

...2 


IT* - 2 ‘ ' 

ttS - 2 



* - 2 ) * 

V 2 (r* - 2 ) 

R ... 

0 

R 

0 _ 

0 

0 



R ... 

. .. 00 .... 

R 

... « .... 

. OC 

, . CO 


0 • 0 0 

R ... 

0 _ 

R 

... CO , 

7r«R 

. ±R . 

4t 

♦ ♦ • • 

_0.85 





4 

tt* 

4 -h IT* 


R ... 

' • • . .... 

R 

... 0.. .. 

.. 

• • 


_0.85 






4 

4 + IT* ' 


R ... 

0 

•• 

. . .. CO ... . 

. R 

• •• 

1 

,..,0 

R ... 

. . 00 .... 

•• 

.... 0.,.. 

. R 

. .. 

1 

,...0 

R 4 ... 

.. Ra* .... 

Rr ... 

...R/..., 

. Zi* .. 

Zo* 

V* 



^Zi * -h H- 4(igr - ^ 4(R« ~ 

ira(i^r + R»') - 4(Br ~ i^rO ® -h KrO - 4(i?« - i?/) 


_ 4:ir(JRr' + Rs')VlisIir _ 

4- l^rOCfir + i?/) - 4(i?r - - /J/) 


If the input signal generator has an in¬ 
ternal impedance, most efl&dent energy 
delivery to the modulator will, of course, 
result if this impedance is made equal to 

Rp, 

Equivalent T, ir, and bridge networks 
can obviously he drawn from the open- 
and short-circuit measurements as in 
foiu'-terminal linear networks. 

It appears that even in a plate- or grid- 
circuit modulator the formulas of equa¬ 
tions 24, 25, and 26 can be applied to the 
plate or grid circuit, respectively, where 
the signals are small compared to the 
carrier, inasmuch as the modulating parts 
of these circuits are linear and bilateral 
with no internal energy sources. 

Double-Balanced or 

Reversing-Switch Modulator* 

A number of interesting conclusions 
can be reached about copper-oxide modu¬ 
lators by assuming that the copper oxide 
acts like a switch having a low resistance 
value when the positive half-cycle of the 
carrier voltage is across the disk and a 
high resistance value during the negative 
half-cyde. The circuits of figures 2^?, 2d, 
or 2e can then be represented by. the 
equivalent circuit of figure 8. 

* Referred to in the German literature as the 
*'ring modulator.'* 


The input signal generator Vo is ap¬ 
plied out of an input circuit impedance 
Za, and the output signal is delivered to 
the output circuit impedance Zj, Both 
Za and Zjf in general will be functions of 
frequency. 

If Za — Zj, — R at all frequencies it can 
easily be shown that the circuit will oper¬ 
ate most efficiently for 

R - (27) 


The signal input current will then be the 
only frequency in v 



(28) 


From the properties of lattice networks 
it follows, that 



where 


(29) 



+1 for positive half-cycle of carrier 
—Ifor negative half-cycle of carrier 


Letting 

M 


4/ 1 

-1 cos Ct —r: 
ir\ 3 


cos 3 ct -f -cosSrf 
6 


...) 


and 



Vok 

2R 


4r 1 

- I cos ct — - 
irL 3 


cos Set -f 


cos 5c/ 
5 


] 


(30) 


(31) 


The magnitude of the single-sideband 
output current is 


4l+ 


2k V, 

.Jt— =s --- 

‘ T 2R 


and the efficiency 



(32) 


(33) 


In addition currents flow in the output 
circuit at both sidebands of all odd har¬ 
monics of the carrier frequency. These 
can be represented by ii+, io-, 4b+» etc. 
No currents flow at the sideband fre¬ 
quencies of the even harmonics of the 
carrier, ^ 2 +, .. . 

If Vo should be replaced by an equal 
amplitude generator at any of the side¬ 
band frequencies, 7i+, V 2 -, etc., then 
the input current would in any case be 


ii+ 


ht T -ii- 

2R* 2R* 


The correspondence between the magni¬ 
tudes of these entering currents and the 
magnitudes of the output currents at the 
modulation product frequencies are shown 
in table I. Reciprocal relations between 
the driving voltage at one frequency and 
the output current at another frequency 
are obvious. 


Generalized Reflection Theory 

Superposition permits us to apply si¬ 
multaneously driving forces of the fre¬ 
quencies tabulated above in any relative 
phases and amplitudes that we care to 
choose on either side of the modulator. 
If simultaneously Jo is applied on one side 
of the modulator and 



Zi-f - R 
Zi+ +R 


is applied to the other set of modulator 
terminals, then the total current at the 
output terminals at the sideband fre¬ 
quency (H-) will be 

This is equivalent to sa 3 dng that a re¬ 
sistance R at the sideband frequency (1+) 
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The Magnesium-Copper Sulphide 
Rectifier Battery Charger for Railroad 
Passenger Cars 


By C. A. KOHERMAN 

NONMEMBER AIEE 


Synopsis: When the railroads began air 
conditioning their trains, adequate charging 
of the storage batteries associated with air- 
conditioning systems became an important 
factor in the new development. The ca¬ 
pacity of the axle driven d-c generator 
charger was increased; however, supple¬ 
mental charging was frequently necessary 
or desirable, particularly when the axle 
generators were not operating. The rail¬ 
roads met this problem by using portable 
motor generator sets, wiring their stations 
and yards with standby service and through 
the use of small, compact, dry-disk rectifier 
battery cha r gers of sufficient current capaci¬ 
ties to charge one or two car batteries simul¬ 
taneously. The first rectifier developed for 
this service made use of the magnesium- 
copper sulphide dry-disk type. The mecha¬ 
nism of this rectifier is here briefly dis¬ 
cussed, desip features enumerated, and the 
type of rectifier battery chargers developed 
for railroad use described. 


S TORAGE BATTERIES were first 
added to railroad passenger and 
Pu l l m a n coaches about 40 years ago to 
provide power for electric lights which 


replaced the gas and oil lamps. These 
batteries were charged by means of axle- 
driven d-c generators. Electric ventilat¬ 
ing fans were added later but under 
normal operating conditions the genera¬ 
tors adequately charged the batteries. 
With the advent, however, of electro¬ 
mechanical air-conditioning equipment 
on railroad cars demanding d-c cuirents 
vai 3 dng from 160 to nearly 300 amperes, 
an entirely new concept of storage- 
batteiy equipment and charging had. to 
be worked out. In a few short years the 
battery load has increased from 25 to 60 
amperes to nearly 300 amperes per car 
on some of the present-day streamlined 
completely air-conditioned trains. The 
combined efforts of storage-battery, air- 
conditioning, and rolling-stock engineers 

Paper number 39-22, recommended by the AIBB 
committee on transportation, and presented at the 
AIBE winter convention, New York, N. Y 
January 23-27, 1939. Manuscript submitted 

November 10,1938; made available for preprinting 
December 14, 1938. 

C. A. KoTTBRifAN is rectifier engineer with P. R. 
Mallory and Company, Inc., Indianapolis, Ind. 


has been connected to the output tenni- 
nals of the modulator and in this resist¬ 
ance is an internal zero-impedance gen¬ 
erator of voltage 


2ie(/i+) 


2k Zvh - R 
r 2i+ -f i? 


(3S) 


This resistance R at sideband frequency 
(1+) must be infinite at all other fre¬ 
quencies, if in parallel we assume another 
resistance of R at all frequencies except 
(1+) at which it is infinite. 

The equivalent impedance at fre¬ 
quency (1+) at the modulator terminals 
connected to the (l-f) resistance with 
its internal generator, is the ratio of 
(1+) voltage to (1-f) current. 


, 2h 

^2R -- 

X X 

•/l+ • 


— 1 
+ RS 

X 

"j Zn- - J?] 

- Zi+ -f- R^ 



(3d) 
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which reduces to 

Z = Zi+ (37) 

Zi-h may be real or complex as it in¬ 
volves only the amplitude and phase of 
the superimposed voltage of upper-side¬ 
band frequency. It can readily be seen 
then that the solution for current flow at 
tins frequency of equation 34 is identical 
with the case of linear networks in which 
the current is expressed as that flowing in 
a matched circuit modified by a reflec¬ 
tion factor. Reflection from any modu¬ 
lation-product frequency can be similarly 
treated. 

A number of cases have been worked 
out of efficiencies and impedances in such 
modulators for transmission between an 
input signal and a single-sideband out¬ 
put signal. The modulating element 
has been^ assumed perfect (k « 1) and 
the terminations pure resistances. The 
results are shown in table II. 
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have accomplished a truly remarkable 
result in providing high-intensity indirect 
illumination together with air condition¬ 
ing on modem trains. 

This improvement in the traveling 
public’s comfort and convenience has 
created many difficult problems which 
had to be solved. Among them may be 
mentioned the development of a 1,000- 
ampere-hour-capacity storage battery 
small enough in size and weight to be 
mounted on a coach. Adequate charging 
facilities had to be developed to meet the 
increased loads on batteries. All of this 
has become a reality without increasing 
the size of the trucks or other parts of the 
cars. Under normal train operating 
conditions, the axle-driven generator 
operates enough of the time to charge 
the batteries adequately. During the 
summer months, however, when the air- 
conditioning equipment is used to the 
limit to meet hot-weather conditions, 
supplementary or so-called “yard” charg¬ 
ing often becomes necessary. Also, in 
bad winter weather when snow and ice 
affect the axle drive and the battery 
ampere-hour capacity is lowered, supple¬ 
mentary charging is also required. 

The railroads have handled tliis situa¬ 
tion in several ways. Some coach yards 
and stations have been equipped with 
d-c charging lines supplied by otie or 
more motor generator sets. This is a 
costly system to install, requiring quite 
an investment in copper feeder cables to 
handle the large charging currents neces- 
saty without introducing too much IR 
drop in the charging lines. 

Portable or mobile motor generator 
sets usually of sufficient capacity to 
charge the batteries on two cars simul¬ 
taneously are also used. They meet the 
need for supplementary charging equip¬ 
ment but their weight and lack of easy 
^euverability often restrict t|ieir use 
in badly congested coach yards, particu¬ 
larly in the winter with snow and ice 
hampering their movement. 

Some railroads have installed 220-volt 
60-cycle three-phase systems for standby 
service in their yards and stations. Many 
of the air-conditioning systems on trains 
include a 10-20-horsepower three-phase 
rnotor for driving the compressor asso¬ 
ciated with the air-conditioning equip- 
m^t on a standing car. This is extra 
weight that has to be carried with the 
car for the sole purpose of providing 
standby service. The 220-volt a-c 
®^Ppiy i5> however, readily available for 
battery charging purposes and at a 
reasonable cost. 

^ About two years ago, when the charg¬ 
ing problem was fully realized, the P, R. 
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ure 1. Mobile charser with louvred 
weatherproof cover removed 

illory and Company, Inc., working in 
36 co-operation with engineers of 
eral railroads, evolved a heavy-duty 
-disk type of rectifier for converting 
ee-phase 60-cycle current to direct 
rent of sufficient current output to 
idle the air-conditioning load on a 
Qding car or to charge one or two car 
teries simultaneously. The current 
adty of this rectifying unit together 
h the small physical size and weight of 

Rgure 2. Transformar-rectifier circuits 


the charger made possible a practical 
battery charger easy to wheel around with 
operation fully automatic and reasonably 
foolproof. Weighing but 600 pounds 
with a width of 20 inches, capable of 
delivering 200 amperes into a 16-cell 
battery or 100 amperes into a 32-cell 
battery, this charger can be manipulated 
in the narrow space between cars in coach 
yards. 

The rectif 3 dng element used in these 
battery chargers is of the contact type 
employing a magnesium-copper sulphide 
junction, the invention of Samuel Ruben. 
Such a rectifier consists essentially of a 
conductor and semiconductor in more 
intimate contact than physical juxta¬ 
position and pressure can give. 

There are three widely known types of 
contact rectifiers, namely, the copper- 
copper oxide, the iron-selenium, and the 
magnesium-copper sulphide rectifiers. 
During recent years both the copper- 
copper oxide and the magnesium-copper 
sulphide types have been developed to 
the point where they are capable of 
handling large currents per unit area. 
The iron-selenium rectifier has never been 
considered seriously as a heavy-duty 
type. 

The copper-copper oxide rectifier of the 
sprayed-plate type has a current ca¬ 
pacity of approximately 1.2 amperes per 
square inch of rectifying area when prop¬ 
erly ventilated, the plate junction serv¬ 


ing also as its own radiator to provide 
sufficient cooling area to dissipate heat 
generated during operation. 

The magnesium-copper sulphide recti¬ 
fying junction has a current capacity of 
approximately 60 amperes per square inch 
when properly ventilated. Due to the 
high current density at which the mag¬ 
nesium-copper sulphide rectifier can be 
worked, it is possible to build such a 
rectifier for large d-c outputs in a very 
small physical size. As a matter of fact, 
the type illustrated in figure 1 is but 18 
inches in diameter by 12 inches high, 
weighs 100 pounds including ventilating 
system, and delivers 10 kw. These 
figures, of course, do not include the three- 
phase transformer. 

Before describing the various types of 
rectifier battery chargers which have 
been developed for the railroad applica¬ 
tion, it is desirable to consider a-c circuit 
systems in connection with rectifiers for 
battery charging. Rectified voltages are 
frequently less than tlie a-c line voltages, 
therefore it is necessary to use some form 
of step-down transformer to reduce the 
line voltage to a suitable input value to 
the rectifier. The use of a transformer 
introduces transformer design and suit¬ 
able transformer-rectifier circuits into the 
rectifier picture. The very simplest trails- 


Figure 3. Transformer-rectifier circuits 
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NO PHASE 
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-VWSA— 
1ALF WAVE 





• ULL WAVE 



RIPPLE FREQUENOES GIVEN 
BELOW ARE FOR 60 CYCLES A.C. 

ROUGH output; wasted halfwave; 

60 CYCLE RIPPLE. 



loop 


/ N/ 


HALF WAVE 
STAR SOURCE 


IMPROPER USE OF RECTIFIERS 
INVERSE VOLTAGE 1.73 TIMES 
forward; 160CYCLE RIPPLE. 



SMOOTHER OUTPUT, BUT STILL 
FALLS TO zero; EACH HALF OF 
SOURCE INOPERATIVE HALF THE 
TIME. INVERSE VOLTAGE DOUBLE 
THE forward; 120 CYCLE RIPPLE. 



FULL USE OP SOURCE: INVERSE 
VOLTAGE SAME AS FORWARD. 
120 CYCLE RIPPLE. 



ROUGH output;UNECONOMICAL USE 
OF SOURCE. UNEVEN RIPPLE MORE 
NEARLY 60 CYCLE THAN ANY¬ 
THING ELSE, 



SMOOTHER OUTPUT: INVERSE 
VOLTAGE SAME AS FORWARD; 
240 CYCLE RIPPLE. TOO MANY 
ELEMENTS REQUIRED. 





PCX,) 




FULL WAVE 
STAR SOURCE 


INVERSE VOLTAGE SAME AS 
FORWARD:30OCYCLE RIPPLE 
CURRENT FLOWS IN TWO 
WINDINGS AT ONCE. 




y V Y 

FULL WAVE 
DELTA SOURCE 


INVERSE VOLTAGE SAMg AS 
forward: 360 CYCLE RIPPLE* 
CURRENT FLOWS ONLY IN ONE 
WINDING. 




HALF WAVE 


IMPROPER USE OF RECTIFIERS 
INVERSE VOLTAGE TWIC^ 
FORWARD. HALF-WAVES 
UNUSED.NO GAIN IN RIPPLE 
OVER 3 PHASE FULL-WAVE 




FULL WAVE 


TOO MANY ELEMENTS REQUIRED, 
ALTHOUGH BOTH HALF-WAVES 
ARE USED. 
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former-rectifier circuit known is illus¬ 
trated in figure 2. This is a half-wave 
single-phase circuit producing a veiy 
rough d-c output with an inoperative 
half-wave resulting in a 60-cycle ripple. 
A somewhat better circuit is lie bilateral 
where the d-c output is smoother but the 
direct current falls to zero. Each half of 
the a-c source is inoperative half the time. 
The inverse voltage per individual recti¬ 
fier junction is double the forward volt¬ 
age; however, this circuit has the ad¬ 
vantage of a 120-cycle ripple. Probably 
the most efficient and satisfactory circuit 
for single-phase operation of rectifiers is 
the full-wave bridge. This circuit makes 
full use of the a-c source; the inverse 
voltage is the same as the forward voltage 
and the ripple is 120 cycles. 

The simplest polyphase circuit is the 
two-phase half-wave resulting in rough 
d-c output, uneconomical use of the a-c 
source, inverse voltage the same as the 


put has to be filtered. The delta connec¬ 
tion of the a-c source has the advantage 
that current flows only in one winding 
during a rectifying cycle. The inverse 
voltage is the same as the forward and 
the d-c output carries a 360-cycle ripple. 
The last-mentioned circuit arrangement 
has been adopted on all our heavy-duty 
rectifiers operating from three-phase 
sources. 

In designing a rectifier for heavy-cur¬ 
rent battery charging two essential recti¬ 
fier fundamentals are of considerable im¬ 
portance. One is voltage ratio, defined as 
the ratio of direct voltage output to alter¬ 
nating voltage input. Maximum voltage 
ratio is a function of how much alternat¬ 
ing voltage one rectifying junction can 
have impressed across the junction with¬ 
out breaking down the insulating film be¬ 
tween the elements of the junction. The 
other is the current ratio, defined as the 
d-c output to a-c input. Maximum cur- 

Figure 4. Wind 
tunnel 



3500 

3000 

2500 

— 

F 

r 

v 

F 

F 

II 

II 
■ ■ 

II 

[| 

II 

1 

■ 

II 

■ ■ 

II 

n 

1 

II 


i: 





!■ 

11 

IH 

II 

H 

II 

t 

h 

!■ 

H 

\m 

II 

1 

1 

m 

II 

m 

II 

■ 

■ 

II 

II 


1 




— 

n 

n 

II 

■ 

II 

II 

II 

■ 


■ 

II 

II 

1 

1 





2000 


■ 

!■ 

m 

m 

n 

— 


n 

- 

— 

J 

- 


4 


■ 






1500 



- 


_ 



■ 


n 

di. 

2 


m 

s 






_ 

■ 

■ 


- 



■ 




■ 


m 

m 






1000 

_ 

■ 

■ 







m 


a 


s 

m 




- 


_ 

_ 

-- 

■i 

■ 



s 

0 ; 



&i 

5i 


s 

■ 

m 

■1 





H 

500 

_ 

H 


■i 

■ 


1 

K 





■ 

- 


■i 

■1 

II 

Si 

s 



Si 

11 


1! 


II 

■1 


■i 

■i 



i 

i 

B 

0 


K 




ll 

■1 

II 


II 


■1 

II 

1 

■1 

II 

■1 

II 



■1 

1 

! 

w 10 20 30 40 50 60 71 


8( 




Kn 


Figure 5, Air velocity versus load curves fo 
the masnesium-copper sulphide rectifier 

Three-phase full-wave 

forward voltage, and has a 240-cycle rip 

pie. The chief objection to this drcui 
« _. . 



The three-phase half-wave 
(figure 3) makes improper use of th 
fier. The inverse voltage is 1.73 
the forward voltage. Thed-coutf 
a 180-cycle ripple. Thethree-pha 
wave bridge, either star or delt 
nected, offers the most efficient 
arrangement for rectifiers. Whe: 
a-c source is star connected, the i 
'wltage is the same as the forwai 
the current flows in two windings 
taneoudy. The d-c output has i 
cyde ripple, a desirable feature if th 

262 Transactions 


rent ratio is a function of the maximum 
safe current density at which the recti¬ 
fying junction can be operated with stabil¬ 
ity. Elnowing the transformer-rectifier 
circuit system together with the voltage 
and current ratios, one can design a recti¬ 
fier forbattery charging to meet any charg¬ 
ing conditions. As the charging rate is a 
function of the battery electromotive 
force, the chief requisite is to design the 
system so that the direct voltage of the 
rectifier will not fall below the battery 
electromotive force during any portion of 
the rectifier conducting cyde. When this 
condition is fulfilled, the design simplifies 
itself to the proper application of the 
voltage and current ratios of the sulphide 
rectifier in conjunction with the battery 
electromotive force. 

M contact rectifiers are essentially 
resistance devices, therefore they generate 
heat when rectifying. The life expectancy 
of such rectifiers is based mainly on their 
operating temperature. In the case of 
the magnesium-copper sulphide rectifier, 
the optimum temperature is 90 degrees 
centigrade or 190 degrees Fahrenheit. So 
long as this temperature is not exceeded, 
during normal operating conditions, the 
life of the copper sulphide rectifier will be 
unaffected. Abnormal operating tem¬ 
peratures exceeding the above values ap- 

K.OttCTW^fl-'^^BcLttCfy OJtdT^CT 



Figure 6. Drum housing with centrifugal- 
blower wheel 


predably will have some affect on life. 
As a matter of interest, we have conducted 
a life test, in excess of 5,000 hours, on a 
magnesium-copper sulphide rectifier of 
the type used in our railroad batter\’' 
chargers, at operating temperatures av¬ 
eraging 130 degrees centigrade or 26(5 
degrees Fahrenlieit witli little effect on the 
life of the rectifier. The lower the operat¬ 
ing temperature, the longer the life when 
other operating conditions are normal. 
Heat generated at the rectifying junction 
must therefore be removed faster than 
by simple convection cooling if the recti¬ 
fier is to deliver large direct currents. The 
magnesium-copper sulphide rectifier of 
1,7 square inches of rectifying area with 
3.6 inches square radiator plates or cooling 
fins will handle 100 amperes direct current 
safely when placed in a stream of air 
having a velocity of approximately 2,000 
feet per minute. This current density is 
based on tliree-phase full-wave operation. 

A thorough study of rectifier ventila¬ 
tion was made by the use of a wind tun¬ 
nel. The tunnel consisted of a box IE 
inches square in cross section and ten 
feet long (figure 4). One end was closed 
except for an opening or window in the 



Figure 7, Propeller-blade power dome 
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Figure 8. Propeller-biade power dome with 
rectifiers 


center into which the test rectifier was 
set. The other end of the box was at¬ 
tached to a blower system capable of 
providing air velocities as high as 6,000 
feet per minute* Electric heating ele¬ 
ments were placed midway between the 
ends inside the box to raiSe the tempera¬ 
ture of the air stream for tlie purpose of 
studying the behavior of the test rectifiers 
at elevated temperatures. The compiled 
data from the wind-ttumel tests enables 
us to design a ventilating system for any 
rectifier-transformer combination and to 
predict within engineering limitations the 
operating temperature of a power rectifier 
for any given ambient temperature. 
Figure 5 is a family of curves, air velocity 
versus load as obtained by the wind-tun¬ 
nel tests. 

To increase the current-handling capac¬ 
ity of the magnesium-copper sulphide rec¬ 
tifier forced cooling has been developed 
which led to the study of accelerated air 
flow through rectifiers. After trying 
various methods, one was finally evolved 
of supporting the rectifier elements in the 
wall of a hollow drum structure, mounting 
a pressure-type centrifugal blower wheel 
inside the drum. Figure 6 shows one of 
the earlier models employing this con- 



Rgure 9. Undercar charger 
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struction. Air is drawn in through the 
opening in the center of the fan rotor, 
then disdiarged tangentially from the 
blades through the. rectifiers. This per¬ 
mits a very compact construction to¬ 
gether with efficient cooling. 

The rectifiers are placed symmetrically 
around the fan-whed housing. This con¬ 
struction lends itself to very simplified 
wiring of the rectifiers. The whole struc¬ 
ture is known as the '*d-c power dome.’* 
It is usually supported on top of another 
housing in which the power transformer 
is placed. The air discharged through 
the ventilating fins of the rectifier is first 
drawn through and around the coils of 
the tratisformer, therefore giving the 
transformer forced cooling. In this way 
smaller and lighter-weight transformers 
may be employed., 

The centrifugal-type fan wheel is es¬ 
sentially a pressure blower. It ddivers 
large volumes of air with comparatively 
low velocities. Where the rectifier cool¬ 
ing fins are dose together in order to make 
as compact assembly as possible, high 
velocity through the fins is desirable. A 
fan which would deliver high air velodty 
rather than great volumes of air was de¬ 
sired and this was developed in conjunc¬ 
tion with manufacturers of propeller-type 
fan blades. The method of employing 
this type fan is shown in figure 7. 

A one-third-horsepower motor is sup¬ 
ported inside the drum cage. The motor 
shaft has a double extension so that two 
fans, one right hand and one left hand, 
may be rotated simultaneously. Air is 
drawn in by both propellers building up a 
pressure inside the drum which is dis¬ 
charged out through the rectifiers 
mounted in openings in the drum (figure 
8 ). 

In the two cooling methods just de¬ 
scribed, the rectifiers are mounted around 
a drum or cage. A modification of this 
principle is employed in a very recent 



Figure 10. Mobile charger 


Kotterman—Battery Charger 


development of forced-cooled rectifiers 
for large power outputs. In this design 
the rectifiers are mounted radially in a 
plane around the motor which drives a 
single fan. It develops an air pressure in¬ 
side the housing, forcing the air out 
through the rectifiers (figure 9). 

The railroad battery chargers have been 
developed in two forms—^the “mobile” 
charger for platform or yard charging 
and the “on-a-car” type for mounting on 
and traveling with a car. Both types 
consist essentially of a three-phase power 
transformer, three-phase fuU-wave bridge 
rectifiers with ventilating system, a 
chassis or mounting device and housing 
together with provision for altering the 
charging rate and compensating for line- 
voltage variations. Protective circuits 
are also incorporated. 

The mobile charger with principal 
dimensions shown in figure 10 is manufac¬ 
tured in two types. In one form the 



Figure 11. Mobile-charger control panel 
showing “wander” plug and tap-changing 
receptacles 


charging rate is varied by means of pri¬ 
mary taps on the three-phase power 
transformer (see figure 11). In oth^ 
models a self-regulating transformer is 
employed. In this type a sensitive voltage 
relay across the d-c output of the rectifier 
maintains a constant d-c output by auto¬ 
matically adjusting the turns ratio of the 
transformer to compensate for line-volt¬ 
age variations (figure 14). Figure 12 is a 
typical charging curve obtained with a 
charger equipped with a manual control. 
Figure 13 is a diarging curve using the 
type having the sdf-regulating trans¬ 
former. 

As the life of the rectifying units de¬ 
pends considerably on proper and continu¬ 
ous ventilation, it is essential that the 
motor associated with the ventilating sys¬ 
tem be interlocked with the hold-in coil 
of the main magnetic contactor or be pro¬ 
vided with an individual contactor with 
overload protection interlodced with the 
main contactor. A single-phase 220-volt 
motor is employed so that phase reversal 
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will not affect the direction of rotation as (figure 15), each consisting of two full- 

the fans must rotate in one direction wave three-phase bridges in series, provid- 

only. The “on and off’* switch which ing approximately 37-^9 volts d-c output 

starts and stops a charge is also in the fan each. A double-pole double-throw switch 

circuit. It is provided with a thermal conveniently mounted enables the two 



pounds and but 20 inches wide, they 
^ possess a maximum of maneuverability. 

The equipment is fully protected in 
louvered steel housings and may be 
operated safely and satisfactorily in any 
kind of weather. 

The “on-a-car” type has been de¬ 
veloped' in two forms. One shown in 
figure 16 is intended to be mounted in 
the clerestoiy. The other illustrated 
in figure 9 is enclosed in a ventilated 
weather-, ballast-, and dnder-proof 
welded steel housing for mounting under¬ 
neath the car. Both forms have tlie same 


Fisure 12. Typical charging curve from manu¬ 
ally operated mobile charger 

For 600-amperc-hour lead battery 

overload so in case of fan motor failure, 
the a-c power to the transformer wiU be 
disconnected. 

The charging rate on the manually con¬ 
trolled model is varied by means of a 
“wander” plug and six primaiy tap 
receptacles as shown in figure 11. It, how¬ 
ever, does not compensate automatically 
for line-voltage variations. This simple 
method provides a wide range of charging 
rates from a few amperes to the full output 
of the machine and has proved quite 
adequate for battery charging. Field ex¬ 
perience has shown that about 90 per cent 
of the use of these chargers is to pump as 
many ampere-hours into a batteiy as 
possible in a short time, or to carry the 
air compressor load of a standing car with 
the batteiy floating across the rectifier. 
Rarely have these periods exceeded three 
hours. 

The charging rate on the automatic 


Figure 13. Typical charging curve from self- 
regulating mobile charger 

For 600-dmpere-hour lead battery 

banks to be connected in parallel to pro- 
• vide 37”-49 volts at 200 amperes to charge 
one or more 16-cell lead batteries or 25 
cells of Edison batteries, or they may be 
connected in series to charge a 32-cell 
lead or 50-cell Edison battery at 100 
amperes. Two standard d-c charging re¬ 
ceptacles moimted at one end of the 
charger are connected in parallel so that 
two batteries may be charged simultane¬ 
ously. An ammeter shunt is connected 
into the circuit of each charging re¬ 
ceptacle. An ammeter, common to both 
circuits, indicates the charging current in 
either charging line. It is practical to 
charge a 16-cell lead and a 25-cell Edison 
battery simultaneously if a small series 
resistor is added to the lead battery charg¬ 
ing line. 

Both types are equipped with standard 
railroad three-phase four-wire a-c recep- 


type transformers and rectifiers together 
with the control and protective features 
of the mobile types, but because they are 
designed to charge a particular battery, 
they do not need to have the flexibility 
of dbarging rate of the mobile type. The 
clerestory form, in operation on several 
railroads, supplies 100 amperes into a 
16-cell lead or 25-cell Edison battery and 
80 amperes iifto a 32-cell lead or 50-cell 
Edison battery and weighs approximately 
290 pounds. Larger-capacity cliargers up 
to 200 amperes into 16-cell lead or 26-cell 
Edison or 100 amperes into 32-cell lead 
or 60-cell Edison can be built of small 
enough size and weight to be mounted in 
the clerestory if desired. 

The undercar type, due to its weather¬ 
proof housing, weighs more than the clere¬ 
story model but the over-all dimensions 
are practically the same. 

Manual control of the “on-a-car” type 

Figure 14. Self-regulating three-phase power 
transformer 


regulatmg type is set by turning a cor 
knob located on the control panel, 
charging rate will remam constant u 
the electromotive force of the batteiy 
risen to a value which can no longei 
compensated for by the self-regulai 
feature at which time the charge 
start tapering abruptly, a highly desin 

feature in storage-battery charging. 1 

self-regulating feature also maintain 
consttot charge during line-volt 
variation of plus or minus 71/2 per c 
or any rough setting of the three primi 
tae-TOltage taps. These rough settii 
ogether with fire plus or minus TVs i 
regulation provide constant outi 
193-volt lines to 253-volt lines. 

The fidly automatic type also incori 
rates a current-limiting control whi 
^^ ttetums ratio of thetransfom 
the charging rate inadvertenl 
^ mcr^ beyond the setting for ma; 
ra^ safe continuous operation. 

The rectifiers are wired up in two ban 
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tades, the fourth conductor serving as a 
ground. 

The ma<^es are readily wheeled 
around on ten-inch diameter, two-inch 
tread rubber-tired antifriction wheels. 
As already stat^, weighing but 600 
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battery charger is not needed as the regu¬ 
lation of the transformor-rectifim: com¬ 
bination automaticaUy takes ewe of the 
char^g rate depending upon the specific 
pavity of the battery. However, where 
It is necessary or desirable automatically 

Elbctmcal Encinbbrino 



to adjust for line-voltage variation, a 
self-regulating transformer can be in¬ 
cluded in the equipment. 

Both types operate directly from the 
220-volt three-phase standby supply. 
They require no attention other than con¬ 
necting or disconnecting this supply. One 



Figure 16. *'On-a-car** charger 


model is provided with an automatic 
tapering feature which reduces the charg¬ 
ing rate to a mere tricMe charge when 
the voltage of the battery has reached a 
predetermined value. Should tliis char¬ 
ger be left on inadvertently for a longer 
period of time than necessary to complete 
a normal charging cycle, the trickle rate 
will automatically come into operation 
thus preventing undue gassing of the bat¬ 
tery. 

Although none has been built as yet 
for this service, designs are ready for an 
undercar type that will cany the com¬ 
pressor load of a stationary car. This 
model would eliminate the a-c standby 
motor and would provide auxiliary charg¬ 
ing whenever required. 

Rectifier battery chargers possess cer¬ 
tain operating features not found in other 
types. They are light in weight, handle 
easily, and are compact enough to be 
used in crowded coach yards. As no 
heavy rotating parts are employed, ‘they 
are exceedingly quiet in operation. Main¬ 
tenance is reduced to a minimum as there 
are no commutating devices or brush 


wear. A very desirable feature is that 
the rectifier battery chargers start on 
load with a starting current approxi¬ 
mately the same as the running current. 
This enables them to be operated directly 
off the 220-volt three-phase standby 
service. 

The possibiHly of polarity reversal is 
eliminated. This feature together with 
the fact that the reverse current from the 
battery through the rectifier is of the 
order of an ampere, diminates the need 
of reverse-current relays, 

The magnesium-copper sulphide recti¬ 
fier battery d^ger has an over-all efiBi- 
ciency of approxhnately 50 per cent. The 
efficiency curve is practically flat from 
25 per cent full load to 126 per cent full 
load. The efficiency of the rectifier itself 
is about 55 per cent and remains at this 
value throughout the life of the rectifier. 
Very recent developments indicate that 
a higher efficiency may be expected of 
the copper-sulphide rectifier in the near 
future, together with greater stability of 
operation and even longer life than the 
• present type. 
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Pennsylvania Railroad New York- 
Washington -Harrisburg Electrification — 
Relay Protection of Power Supply System 

By E. L. HARDER 

ASSOCIATE AIEE 


telephone interference, it has also been 
found much better adapted to protection 
by relays. High-voltage lines are pro¬ 
vided in balanced pairs, there being four 
lines from New York to Philadelphia and 
two elsewhere as far as protection is con¬ 
cerned. Physically both of the lines do 
not follow all of the trackage, although 
each station has at least two possible 
sources of feed. The general arrange¬ 
ment of a step-down transformer station 
is indicated in figure 3. 


^FHE completion and placing into 
■ service of the Pennsylvania Railroad 
electrification marks the satisfactory 
conclusion of a relay design and applica¬ 
tion problem involving considerable pio¬ 
neering work in this field. The protection 
problem is the provision of a system of 
protective relays, which in event of 
trouble, will automatically open circuit 
breakers to isolate the faulty section from 
the remainder of the power system. Out¬ 
standing features of the protective system 


are 


1. The provision of a relaying system for 
high-voltage lines operated with very few 
high-voltage breakers and with large num¬ 
bers of taps, involving the opening of as 
many as 30 low-voltage breakers for the 
isolation of a single fault. 

2. High-speed trolley relays, inaugurating 
the use of what are today known as *'high- 
speed relays^* in a-c power systems. These 
relays and the associated circuit breakers 

extremely fast, clearing faults 
m 0.04 second total for relays and breaker, 
put the relays are also very selective, dear- 
mg fa^t currents less than maximum loads 
effecting simultaneous operation over 
w p^ cent of the section length. High¬ 
speed a-c drcuit breakers, high-speed ''dis¬ 
tance measuring” relays, transient shunts, 
and the load presetter, are all new develop¬ 
ments associated with this electrification. 

3. Use of locomotives and multiple-unit 
not havmg any main drcuit breaker. 
TroUey c«mt breakers at substations open 
fo^jor faults on the moving equipment 
Locomouve and substation relays are so 


co-orainatea as to disconnect automatically 
faulty equipment after the substation 
breakers have opened. 

This paper outlines the general arrange¬ 
ment of the power supply system from a 
protective point of view, and describes the 
system of relays developed to providecom- 
plete protection from the generators to the 
motive power units. It discusses several 
of the more important relay problems 
which it was necessary to solve in connec¬ 
tion with the electrification. 




From the standpoint of system pro¬ 
tection the elements of the system to 
be protected are: 


^***^.®**®*^ ^^27, recommended by the AIRV 

protective de® 

New York. N. 

submitted October^O 1 M 7 .^ 
able forpreprintinB December ’* 

Company, East Kttsburgh, Manufactunng 

aaflroad, end his assoSatS Pamsylvania 

this over-iUI prot.^^ W.™ Owdopment of 
fcnowledged. Ato hS ac 

preparation of this papV'^^Th?^**^ 

Mr. Watkins and his e^-,. , M^operation of 

firm of Gibbs and consnltiag 

ttis system was largely a ioim^w^’ "Uymg of 
vaoia Railroad, Pennsrl- 

Wesdnthonse. Only that iHS?' ^mpany, and 
Westinghonseoomp^^„^^lS'“ fo' **** «** 
equipment is desetibedf or part of the 
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Power Supply System 

The comprehensive extent of the power 
supply system may readily be visualized 
by reference to figure 1 which shows the 
dectrified tracks together vrith the loca¬ 
tion of the power sources and step-up 
transformer stations, the step-down trans¬ 
former substations, and principal switch¬ 
ing stations. 

A typical portion of the power system is 
shown in figure 2. Altogether 25-cyde 
power is available at seven locations, 
either by steam or hydro generation, or in 
most cases by frequency conversion from 
60-fycIe power systems in the area served. 
This 25-cyde power is transmitted over 
nearly 1,100 miles of 132-kv single-phase 
Imes throughout the 674 route miles of 
dectrified territoiy. It is distributed at 
11 kv over 2,189 miles of trolley from 61 
transformer substations, the majority of 
which are located 6 to 12 miles apart. 

The absence of 132-kv breakers at 
step-up and step-down transformer sta¬ 
tions is a notable feature. Each trans¬ 
mission-line section with its connected 
step-up and step-down transformers is 
dea^ as a unit by the low-voltage 
breakers in event of fault. 

The transmission lines are "looped in” 
to the 25-cyde generating busses through 
the step-up transformers. This gives 
nse to the designation ‘looped-in” system 
m distmction to a system in which high- 
voltage lines are continuous past generat- 
mg stations. While the “looped-in” sys- 
tm was adopted primarily on account of 
oremt breaker capacity and to limit 

Harder — R^y Protection 


3. 

4. 


5. 

6 . 

7. 

8 . 


Generators. 

Generator busses. 

Step-up transformers. 
Transmission lines. 

(o) Line-to-Iine faults. 

(6) Line-to-ground faults. 
Step-down transformers. 
Low-voltage or trolley busses. 
Trolleys. 

Motive power units. 


In addition to protection of specific 
apparatus, relays are also used for effect¬ 
ing the desired sectionalizing under ab¬ 
normal operating conditions such as out- 
of-synchronism and low voltage. In the 
terminal areas, at New York and Wash- 
mgton, 12-kv cables are used instead of 
the high-voltage Imes, introducing an ad¬ 
ditional element to be protected. Spedal 
protection is also used on the 132-kv 
cables through Baltimore. 

It is evident that the protection of the 
various dements enumerated must be ac¬ 
complished with careful consideration of 
the co-ordination with the protection of 
othCT dements so that only the faulty 
action will be disconnected. The more 
unportant of these co-ordination problems 
will be discussed in the subsequent para¬ 
graphs. 

A-C Network Calculator 

System voltages and currents under 
fault and load conditions form the funda¬ 
mental ba^ fOT the relay appHcation and 
toe determination of these necessary data 
IS a major problem. For the earlier 
^ges of the dectrification many of tliese 
data were obtained anal 3 rtically. How- 
evCT, for the relaying of the compUcated 
involved in the through electri¬ 
fication, these data were obtained on the 
^ network calculator devdoped by the 

operated by the railroad (figure 4). 

Electrical Enginbbhring 



Generators 

In addition to the conventional dif¬ 
ferential protection, generators are equip¬ 
ped in inost. cases with induction-type 
overcurrent relays having time and cur¬ 
rent selectivity with overcurrent relays 
used on the transmission lines. An ad¬ 
ditional machine protective feature is used 
on some of the frequency changers to 
prevent building up resonant torsional 
stresses when slipping poles. This device 
counts power reversals at high current, 
and trips for a fixed number occurring 
within a definite time.^ 

High-Voltage Lines; 

Line-to-Line Faults 

Application Factors 

The transmission lines are operated 
normally balanced and protected by dif¬ 
ferential current relays at the step-up 
transformer stations and by sensitive 
reverse-power relays at step-down sta¬ 
tions, as shown in figure 2. The applica¬ 
tion differs from the normal application of 
balanced line relays in the following re¬ 
spects. First, the lines are tapped at 
numerous points between the two ends, 
where the balance protection is applied 
and while the unbalanced loading is 
minimized by operating regulations, pro¬ 
vision must be made for normal amounts 
of unbalance occurring in operation and 
maintenance. The sectionalizing breakers 
intervening between generating stations 
are arranged for simultaneous operation, 
except for ground faults, to prevent un¬ 
balances from this source. Unbalances 
are created under load conditions by re¬ 
moval of sections of transmission lines be¬ 
tween generating stations for servicing 
and by the removal of step-up and step- 
down transformers. Thus, the differen¬ 
tial current relays are necessarily of a 
calibrated type which can be set inter¬ 
mediate between unbalance occurring 
underload conditions and those which will 
occur under fault conditions. 

Balance Line Relays 

Figure 5 indicates graphically the re¬ 
quired “trip” and “not trip” values for 
the balance line relays at one location and 
shows the superiority of the CD relay 
characteristic adopted for this applica¬ 
tion over percentage differential or 
straight magnitude differential relays 
which were also considered. Arrows indi¬ 
cate the progression of rela 3 dng quantities 
at the step-up transformer station as 
other breakers dear from the faulty 
line. _ 

1 . For numbered reference, see end of paper. 


Fi 3 ure 1. M«p showing New york-Wash- 
ington-Hanrisburg electrification with power 

supply and substation locations ^ 

g 

A—^Supply point y 

O—^Substation 

□—^Switching station ^ 

% 
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—POWER DIRECTIONAL OVERCURRENT ^ 
DIFFERENTIAL CURRENT 
differential ground VOLTAGE 
OVERCURRENT TOTALIZING H 
D VOLTAGE DIP COUNTER 


^ WITHUNDERVOLTACE 
FAULT DETECTORS 


Figure 2. Schematic diasram of powor sup** 
ply system shewliig the "loop«d-in” •rransc- 
ment of transmission cireuib an4 sectionaliz- 
ing breakers 


These relays are further prevented 
from operating under extreme unbalanced 
load conditions by fault detector relays, 
actuated by undervoltage on either of the 
lines protected. The type A V fault de¬ 
tectors were specially developed with a 
view to minimizing vibration inherent in 
fast 25-cyde relays when operated dose to 
the balance point and at the same Timp 
providing a high drop-out to pick-up 
ratio. The t 3 rpe AV rday operates in 
0.10 secondfor a voltage 10 per cent below 
its setting and has a drop-out to pick-up 
ratio of 95 to 98 per cent. 

Backup Protection 


sponse regulators to raise the current 
above the relay setting. 

Figure 6 indicates schematically the re- 
lay protection at a step-up transformer 
station. These relays operate to trip the 
low-voltage breakers as indicated in fig¬ 
ure 2. 

Step-Down Stations 

A typical distribution of the fault cur¬ 
rents tmder minimum conditions is indi¬ 
cated in figure 7, and in figure 8 is given 
the operating characteristic of the super¬ 
sensitive reverse-power directional-control 
ov^current relay developed to meet the 
stringent requirements of this application. 
The relay operates rapidly on a reverse 
ament only six per cent of the five- 
minute load capadly of the power trans¬ 
former with which it is used. This 
pitreme sensitivity is accomplished by 
increasing the energy in the directional 
element under low voltage and current 
conditions. A saturating current trans¬ 
former protects the current windings 
under heavy load conditions. Fault de¬ 
tectors are used to prevent faulty trip¬ 


ping due to feed back to a good line micl 
assist in energizing a line from tlie 
voltage side Figure 9 indicsttes 
reverse-power relay connections dFof 0 
step-down transformer. 

High-Voltage Sectionalizing 

At Zoo, Perryville, and Thomdale =» 

voltage breakers are provided for 
tionali^g the system. Thomdale uttti 
Perryville breakers are operated l>y ttir 
step-down-transfonner reverse-power 
lays at those locations. This arrangcnic* 11 f 
facihtates obtaining selectivity on st tif 
basis mth the step-down-transforincr trm^ 
lays since both are of the same type. 
sensitivity of this arrangement in def ec'' % 
ing a fault is indicated by the per in 
voltage difierence between lines neoessiir 
to . cause operation. Step-down 
formera are four, per cent reactance, 

that eight per cent voltage difference 

tween lines circulates full load ctxrreiil. 

Rgure 3. Single-line diagram of power eft** 
cults for one of the step-down subslellottlt 


Induction-type pvercuirent relays are 
provided for backup protection and single- 
line operation. An extremely high ratio of 
maximum load current to mitiiiriiitn fault 
current through step-up transformers was 
encountered due to the following factors: 

(а) . The step-up transfonners have a 260- 
per-cent-five-minute rating. 

(б) . Two transformers could be connected 
to one Ime at each station, greatly lowering 
me minimum line fault current per trans¬ 
former. 

, The large variation in connected gen¬ 
erating capacity. 

Complete solution of this problem re¬ 
quired fault detectors, actuated from high 
voltage, and at some points automatic tap 
changers tp change the relay setting in ac¬ 
cordance with the number of generators 
connected to the bus. Even then some of 
the minimum faults depend for clearing 
upon action of the generator quick-re- 
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The relay is responsive to six per cent of 
full load current and hence to approxi¬ 
mately 0.5 per cent voltage difference be¬ 
tween high-voltage lines. This is ob¬ 
viously much closer than a differential 
voltage relay could be set, working di¬ 
rectly from the voltages of the two lines. 
The Zoo breakers are not operated for 
line-to-line faults unless backup protec¬ 
tion is involved. 

Sectionalizing breakers of the two 
parallel lines are arranged to be tripped 
simultaneously for line-to-line faults to 
prevent serious unbalance on the good 
sections. 

Analysis of Operation 

During the first stage of operation after 
the occurrence of a fault as in figure 7 the 
step-up transformer breaker nearest the 
fatdt and a number of the adjacent step- 
down-transformer breakers open. This 
produces a redistribution of fault current 
causing more reversal through the step- 
down transformers at other stations and 
results in their opening in the second or 
third stage. The majority of faults are 
cleared in a maximum of two stages, the 
complete clearing occurring in one second 
made up of components as follows: 

Fault detector relay time —0.08 second. 
Relay operating times from 0.1 to 0.6 second. 
Breaker operating time from 0.16 to 0.20 
second. 

With certain emergency setups over-all 
operating times of IV 2 or 2 seconds are 
required for the complete clearing of a 
fault. This may indude the opening of 
30 circuit breakers. 

For faults in the Philaddphia-Perry- 
viUe-Harrisburg area, a high-voltage 
sectionalizing operation occurs as the first 
stage followed by the operations indicated 
above. While the step-up and step-down 


Figure 4. A-c calculating board installed in 
Pennsylvania Station, New York City 


station relays are delayed by one breaker 
time to select with the sectionalizing point 
rdays, the over-all dearing time is re¬ 
duced due to fewer stages of step-down 
transformer breaker trippings. Important 
operating advantages result from the limi¬ 
tations of the extent of system affected by 
a fault. 

High-Voltage Lines; 

Line-to-6round Faults 

The: step-up transformers are grounded 
at the midpoint of the high-voltage wind¬ 
ings through comparativdy high resist¬ 
ances with the result that when a line is 
grounded at any one point, that wire is 
lowered to substantially grotmd potential 
throughout its length, the other wire 
going to twice normal voltage above 
ground. This makes posable the use of 
differential voltage rdays connected phase 
to ground at eadi step-up and step-down 
transformer station, resulting in prompt 
sectionalizing of the line, with the system 
setup in figure 2. It should be noted that 
had the transmission lines been tied past 
generating stations, a transmission line 
throughout the entire length of railroad 
system would have been affected in the 
event of a line-to-ground fault at one 
point. Many other similar factors oc- 


Flgure 5. Operating requirement chart for 
balance line relays; at Lamokin 

Note: Numbers Indicate case numbers of 
G. and H. data 

X Load condition A. Two S.U. out 

same line at S.H. 100,000-l<va load 
Phlladelphia-Washington 
A — Type CD relay characteristic used 
B — Current differential of same one line 
trip value 

C — Fjfty-per-cent-slope percentage differ¬ 
ential relay 


ment of lines at generating stations had 
great advantages over other proposed 
operating arrangements. 

In the area in whidi high-voltage sec¬ 
tionalizing breakers are used, two stages 
of ground rdaying are used, sectionaliring 
of the faulted line occurring as a first 
stage followed by tripping of transformer 
breakers on the faulty portion only. 
Balanced voltage relays of induction type 
are used throughout, sdectivity being ob¬ 
tained on a definite time basis. 

The grounding resistor values were 
chosen of sujOfidently low value to pre¬ 
vent arcing ground phenomena (the losses 
quickly damp out oscillations) but of 
sufficiently high value that with not over 
two or three grounding resistors connected 
per line, the grotmd fault current would 
keep inductive interference within per¬ 
missible bounds. The 330-ohm grounding 
resistors limit the ground fault current, 
per resistor to 200 amperes. 

Trolley Relay Protection 

The Requirements 

In order to minimize inductive inter- 
ferdice, burning of trolleys, and interfer¬ 
ence with adjacent equipment, it was 
decided at an early stage in the electri¬ 
fication to use extremely high-speed 
trolley protection, and accordingly one 
cyde (0.04 second) total dearing thne was 
set as a requirement, A number of pos- 
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sible systems of relaying were investi- 


gated| induding a 500-cycle superimposed 
frequency scheme, pilot-wire schemes, 
and the fundamental-frequency schemes 
finally adopted. 

Two types of relay arrangement were 
brought out by two different manufac¬ 
turers. These may be roughly differenti¬ 
ated as a relay type supplied by the 
Westinghouse Electric and Manufactur¬ 
ing Company and an impulse trip more 
or less built into the breaker operating 
mechamsm and supplied by the General 
Electric Company. Both of these ar¬ 
rangements result in one-cyde operating 
time for relay plus breaker and constitute 
the first application of what are today 
known as “high-speed relays” in a-c 
power systems. 

Each trolley section is normally fed 
from two ends, but with one end open, it 
must be capable, as far as any rdaying 
limitations are concerned, of supplying 
for a short time a total load of about 
40,000 kva at 11 kv, or ample power for 
a city of 60,000 people. This enormous 


Figure 6. Typical relay connections at 
step-up transformer station 


moving load draws nearly twice as much 
ctirrent as a fault at the remote end of 
the trolley, which gives some idea of the 
problem involved in high-speed clearing 
of faults. 

Protective Arrangement 

Description of one of the schemes and 
its various elements will serve to indicate 
the method of solving this problem. The 
arrangement supplied by the Westing- 
house Electric and Manufacturing Com¬ 
pany consists primarily of an impedance 
rday of the high-speed type, and overcur- 
r^t dements. For longer trolley sections 
with heavy loads the overcurrent dements 
are replaced by an induction-type imped¬ 
ance relay, as shown in figure 10. 


In general, tlie high-speed impedance 
relay, and the instantaneous current rela}^ 
where used, provide clearing for most 
faults, the two-cycle delay current or 
impedance element providing sequential 
tripping of the remote breaker for faults 
in the end zones. Thermal relays, match¬ 
ing the trolley heating characteristics, pro¬ 
tect them against overload and make their 
full thermal capacity usable safely under 
any load cycle. 

Impedance Element 

The impedance element is of the 
balance beam type and operates in as little 
as Vs cycle on 25 cycles. This high speed 
is made possible by use of double voltage 
restraint coils, differing in time phase and 
resulting in an almost unifonn voltage 
restraint. Therefore, rise of the current- 
coil pull above the restraint is almost in¬ 
stantly detected by the relay clement. 
Advantage is taken of the mutual react¬ 
ance between trolleys which results in the 
impedance of 96 per cent of section length 
being only 80 per cent of the total section 


section and still retaining 20 per cent 
safety margin. Figure 11 is based on a 
four-track section, the ratios being less 
favorable as the number of trolleys de¬ 
creases. 

Current Directional Element 

The impedance element is used with a 
current polarized directional element 
comparing the direction of ti'olley current 
with that flowing through the step-down 
transformer bank and having a tripping 
zone as indicated in figure 12 in order to 
select the faulty trolley. It is arranged to 
dose contacts with no polarizing current 
provided the trolley current is sufficient. 

Figure 7. Typical fault-current distribution 
under minimum conditions 


Note: Recalibrating contact A dosed with 
one generator on line; B closed with two 
generators on line; and C closed with three 
generators on line 


impedance. This characteristic, shown in 
figure 11, allows setting the relay balance 
point within 4 per cent of the end of the 
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Load Presetter 



A load presetter used with the high¬ 
speed impedance relay compensates for 
the change in impedance caused by the 
presence of train loads on the trolley sec¬ 
tions. An idea of the magnitude of this 
effect may be given by taking a typical 
seven-mile section which would have 
about 3 Va ohms impedance. A maximum 
trolley load considered is 3,000 amperes, 
which at an average potential of 11,000 
volts would correspond to 3.67 ohms. 
Thus tlie impedance of the maximum load 
is roughly comparable with the imped¬ 
ance of die trolley section. For a fault 
at the one end of the trolley, the imped¬ 
ance looking into the other end of the 
trolley would be only 70 per cent as great 
if a maximum load were present uni¬ 
formly distributed as it would be if no 
load were present. The load presetter 
compensates for this effect by providing 
additional voltage restraint proportional 
to the load. 


Figure 8. Supersensitive type CR reverse 
power relay characteristics 

Note: Maximum load current » 1,125 am¬ 
peres, five minutes. Normal secondary volts 
- 120 


the event of an asymmetrical short cir¬ 
cuit. Transient shunts have since been 
applied in other high-speed relay applica¬ 
tions. 

High-Speed Overcurrent Relays 


Transient Shunt 

Since instantaneous values are being 
dealt with, and since in an electrical 
system immediately subsequent to the 
occurrence of a fault, a d-c or transient 
component may be present whose magni¬ 
tude is as much as the crest value of the 
alternating current, a large error in im¬ 
pedance measurement would take place 
unless some measure were adopted to dis¬ 
count this transient current. A transient 
shunt was developed for this purpose. 
This shunt removes the transient compo¬ 


nent of the short-circuit current both from 
the impedance element and from the 
overcurrent elements of the relay equip¬ 
ment, making it possible to set only for 
the symmetrical values of current which 
are predictable. But for this shunt, an 
element set to trip down to a balance 
point dose to the other end of the section 
would trip well into the other sections in 

Figure 9. Typicel reverse-power-reley con¬ 
nections at a step-down transformer station 



Overcurrent elements of both in¬ 
stantaneous and two-cyde time-dday 
types were provided. This permits in¬ 
stantaneous operation for all faults which 
are wdl above through fault plus load 
current. The two-cycle time-delay relay 
is set just above maximum load current, 
but bdow those currents which are caused 
by the combinations of load plus heavy 
through fault to the next section. 

Induction-Type Impedance Relays 

For longer trolley sections designed to 
carry heavy peak loads, discrimination be¬ 
tween loads and faults becomes more 
critical and advantage must be takm of 
every available factor. The two-cycle- 
dday impedance rday balances 
against El cos 6, and thus has maximum 
torque for current at a particular phase 
angle, which is adjusted to assist in sdect- 
ing loads from faults. Thus loads may 
be carried of lower impedance than the 
rday setting provided the power factor 
is higher than during faults. In addition 
a thermal type of presetting is used 
which increases the setting in amount 
depending on the load current through 
the relay prior to a fault. Finally, the 
two-cyde dday provides selectivity with 
the breakers of other sections for faults 
outside of the protected section. This 
relay has inherent directional character¬ 
istics. 

Bus Protection 

After several stages of development in- 
duding use of induction and instantane¬ 
ous types of rdays measuring differential 
current, the majority of busses have 
finally been protected by percentage dif- 
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Figure IS. Tripping out-of-phase conditions, overcurrent re- 
eharacteristic of Irol- lays, operating on the totalized current of 
«y irec one re ay lines, produce simultaneous trip¬ 

ping of the sectionalizing breakers. 

Undervoltage Sectionalizing 

Considerable thought has been given 


Figure 10. High-speed trolley relays— 
external connections 

Z 1 — Firstzonc Impedance clement, AiZrelay 
^ Current polarized directional ele¬ 
ment, MZ relay 

P — Load presetting element, MZ relay 
Z2 Second zone Impedance element, 
CZT relay 

T — Trolley thermal element, 7/1-2 relay 
TP — Thermal presetter 
S — Transient shunt 


ferential relays type CAA. These are 
relays having three restraining windings 
and one operating winding. For the trol¬ 
ley busses, the restraining windings are 
associated respectively with (1) incoming 
transformer feeders, (2) incoming bus 
tie, (3) outgoing trolleys. This relay re¬ 
sults in extremdy fast clearing of bus 
faults and is comparatively insensitive to 
through faults because of the large re¬ 
straint. The same type of relay has been 
applied with excdlent success to generator 
busses. 

Transformer 
Differential Protection 

The differential protection of trans¬ 
formers on a system which does not have 
high-voltage breakers at the station, is a 
somewhat difficult problem. It is ob¬ 
viously necessary to dear the entire 
transmission line, involving the opening 
of a large number of breakers, in the event 
of a fault involving the differential protec¬ 
tion of a single transformer. For faults 
in the high-voltage winding of the step- 
down transformer amotmting practically 
to line-to-line faults on the transmission 
system, the differential protection trips 
the low-voltage breaker and sets up a 


circuit for opening the high-voltage dis¬ 
connecting switches after the fault has 
been deared as indicated by the resetting 
of the type CA differential relay when the 
fault current is removed. 

Out-op-Synchronism 

At sectionalizing points located suf¬ 
ficiently near the dectrical center between 
major generating stations periodic dipping 
of voltage forms an out-of-synchronism 
indication. A ^‘dip counter*' rday was 
devdoped consisting of a counting 
of tdephone-type relays actuated by the 
type AV undervoltage relay and set to 
trip the system sectionalizing breakers 
for three voltage dips within a five-second 
interval. For veiy slow pull apart, or 
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to the confining of troubles to a particular 
section of the system by proper sectional¬ 
izing under certain conffitions. In several 
instances low voltages have occurred due 
to various causes. This has resulted in 
loss of power and considerable disturb¬ 
ance to the system. Undervoltage rdays 
have been installed at major sectionalizing 
points set to sectionalize the system auto¬ 
matically in event of the falling of 
voltage two-thirds of normal for a time 
adjustable between one and five minutes. 


Motive Power Unit Relays* 

As the trolley fault current may be as 
high as 50,000 to 65,000 amperes the use 
of high-speed circuit breakers on the loco¬ 
motives capable of interrupting the 
maximum faults would have been de- 
ddedly uneconomical. As a result motive 
power units are operated without any 
main breakers and rely on the substation 
breakers opening for major faults on tlie 
moving equipment. The locomotive is 
equipped with a single highly specialized 
rday which performs the Mowing fmic- 
tions: 


(a). For major locomotive faults, which are 
cleared by substation breakers in one-half 
to two cycles, sets up a pantograph lower- 
sequence but prevents lowering until 
the fault is cleared. 


flashovera without causing a major outage, 
or lowenng the pantograph. 

W. Qoses a trolley grounding switch for 
tramfomer internal faults or sustained over¬ 
loads, then lowers the pantograph only after 
substation breakers dear. 

(d). Does not operate ground switch or 
lower pantograph on transformer m agnetiz- 

^ development of the 
? Company and Westlnghouse Elec- 

tht “ co-operation 

witn tie Pennsylvania Railroad En^neers. 
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Load Presetter 



A load presetter used with the high¬ 
speed impedance relay compensates for 
the change in impedance caused by the 
presence of train loads on the trolley sec¬ 
tions. An idea of the magnijiude of this 
effect may be given by taking a typical 
se,ven-mile section which would have 
about 3 V 2 ohms impedance. A maximum 
trolley load considered !s 3,000 amperes, 
which at an average potential of 11,000 
volts would correspond to 3.67 ohms. 
Thus the impedance of the maximum load 
is roughly comparable with the imped¬ 
ance of the trolley section. For a fault 
at the one end of the trolley, the imped¬ 
ance looking into the other end of the 
trolley would be only 70 per cent as great 
if a maximum load were present uni¬ 
formly distributed as it would be if no 
load were present. The load presetter 
compensates for this effect by providing 
additional voltage restraint proportional 
to the load. 


Figure 8. Supcrsensitivc type CR reverse 
power reiay characteristics 

Note: Maximum load current — 1/125 am¬ 
peres, five minutes. Normal secondary volts 
-- 120 


the event of an asymmetrical short cir¬ 
cuit. Transient shunts have since been 
applied in other high-speed relay applica¬ 
tions. 

High-Speed Overctjrrent Relays 


Transient Shunt 

Since instantaneous values are being 
dealt with, and since in an electrical 
system immediately subsequent to the 
occun-ence of a fault, a d-c or transient 
component may be present whose magni¬ 
tude is as much as the crest value of the 
alternating current, a large error in im¬ 
pedance measurement would take place 
unless some measure were adopted to dis¬ 
count this transient current. A transient 
shunt was developed for this purpose. 
This shunt removes the transient compo¬ 


nent of the short-circuit current both from 
the impedance element and from the 
overcurrent elements of the relay equip¬ 
ment, making it possible to set only for 
the symmetrical values of current which 
are predictable. But for this shunt, an 
element set to trip down to atbalance 
point close to the otlier end of the section 
would trip well into the other sections in 

Figure 9. Typical reversc-power-relay con¬ 
nections at a step-down transformer station 



Overcurrent elements of both in¬ 
stantaneous and two-cycle time-delay 
types were provided. This permits in¬ 
stantaneous operation for all faults which 
are well above through fault plus load 
current. The two-cycle time-delay relay 
is set just above maximum load current, 
but below those currents which are caused 
by the combinations of load plus heavy 
through fault to the next section, 

Induction-Type Impedance Relays 

For longer trolley sections designed to 
carry heavy peak loads, discrimination be¬ 
tween loads and faults becomes more 
critical and advantage must be taken of 
every available factor. The two-cycle- 
delay impedance relay balances 
against El cos B, and thus has maximum 
torque for current at a particular phase 
angle, which is adjusted to assist in select¬ 
ing loads from faults. Thus loads may 
be carried of lower impedance than the 
relay setting provided the power factor 
is higher than during faults. In addition 
a thermal type of presetting is used 
which increases the setting in amount 
depending on the load current through 
the relay prior to a fault. Finally, the 
two-cycle delay provides selectivity with 
the breakers of other sections for faults 
outside of the protected section. This 
relay has inherent directional character¬ 
istics. 

Bus Protection 

After several stages of development in¬ 
cluding use of induction and instantane¬ 
ous types of relays measuring differential 
current, the majority of busses have 
finally been protected by percentage dif- 
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formers. This restraining action prevents 
operation on through faults. 

For the New York zone, where direct 
current is supposed on a-c apparatus due 
to common rail return circuit, relays were 
developed to prevent opening motor- 
operated disconnecting switches when more 
than 26 amperes alternating current with 
superposed 760 amperes direct current is 
flowing in the circuit and be able to with¬ 
stand short-circuit currents of 60,000 
amperes. 

In order to reduce the cost of electrical 
equipm^t in large station areas, groups 
of low-interrupting-capacity normal-speed 
breakers are used for the isolation of faults 

on yard and passenger station feeders. Each 

group of from two to five breakers is fed by 
a high-speed high-interrupting-capacity 
^asto) breaker which clears the fault. 
The high-speed breaker is relayed similar 
to other trolley breakers for discriminating 
between load and fault currents and for 
selective c^eration. 

A relay was developed for selecting the 
faulted trolley before the master breaker 
opens so that when this breaker has cleared 
the circuit and the current through the low- 
mtemipting-capacity breaker on the faulted 
trolley has fallen to a safe value, the re¬ 
lay permits the low-interrupting-capacity 
breaker to open. After the opening of the 
low-interrupting-capacity breaker, the re¬ 
lay closes the master breaker, and thus re¬ 
stores service on the unfaulted troUeys. 

The operation of a great number of trol- 
ley-sectionalizing disconnecting switches of¬ 
fered an interesting problem. They were 
to be operated from distances up to five 
miles by 110-volt lOO-cyde power tg-lrPTi 
from 6,600-volt signal lines at points near 
the disconnecting switches. The current 
through the control cable was limited to 0.16 
ampere.^ Control and position indication 
of the disconnecting switches was to be ac¬ 
complished over the smallest number of 
wires. ^ Undesirable operation and false 
indication of switch position by induced 
currents during short circuits on the trolley 
system was to be avoided. Hazard of shock 
to operators and maintenance men was to 
be removed. 

A relay and control scheme was de¬ 
veloped using only four wires for each 
switch. 

Small 110/220-volt insulating trans¬ 
formers with midpoints grounded are used 
rather th^ impedance coils. With this 
scheme high induced potentials cannot 
stress the insulation of control devices. 


L. N. Crichton (Westinghouse Electric and 
Manufacturing Company, Newark, N. J.): 
Th^e is an enormous amount of power 
available on this system so that the relays 
and circuit breakers must be capable of 
safely withstanding very heavy short-cir- 
cmt currents. On the first units of this 
electrification the anticipated loads were 
small enough and the sections of trolley 
wire were short enough so that the load cur- 
r^t never exceeded the minimum short- 
OTcuit cu^ent. It would, therefore, have 
been possible to protect these sections by 
means of instantaneous overcurrent relays 
set to operate on a high current and time¬ 
limit overcurrent relays set to operate on a 
low current. Such relays were actually in¬ 
stalled and in addition instantaneous im- 



Figurc 1. Th« load characteristics and the 
tripping point of the type CZT impedance 
relay for long trolley section at varying 
phase angles and load conditions 

ped^ce relays were installed to secure 
maximum possible simultaneous clearing of 
faults. 

Now the loads are heavier and the newest 
electrified sections are much longer so that 
the load current under some conditions is 
greater than the short-circuit current. The 
anticipated loads and minimum short-cir- 
cmt ctOTents are shown in figure 1 of this 
discussion. This curve also shows the 
tripping characteristics of the time-limit 
impedance relay mentioned by Mr, Harder. 
It will be observed that the relay will trip 
if the minimum short-circuit current is ap¬ 
plied when no load exists. If a load has 
existed for several seconds, the relay will 
trip wh^ an additional sudden increase in 
curr^t IS applied. Fmally, the relay will 
trip if current is either gradually or quickly 
added above the values shown on the curve 
at the extreme right. This adjustment dif¬ 
fers for every different length of line. 

This relay has an adjustable time limit 
of two cycles or more and is intended to pro¬ 
tect only the far end of the trolley wire. A 
photograph of this relay is shown in figure 
2 of this discussion. The thermal element 
which increases the setting of the relay when 
the load comes on is the nickel wire shown 
at the front of the slider. This picture 
shows the complete relay except for an ex¬ 
ternal resistance in the potential circuit and 
a shunt r^ctauce in the current circuit. 
This relay is of the induction type and is in¬ 
herently directional. 

The greater len^ of the trolley wire is 
protected by an instantaneous impedance 
relay, a photograph of which is shown in 
figure 3. This relay is not inherently di¬ 
rectional and, therefore, contains a direc¬ 
tional element shown in the upper left, as 
well as the impedance element in the upper 
load presetter in the lower 
left. This load presetter is a small motor 
operated by the volt-amperes in the line. 
When the load increases, this motor moves 
and cuts resistance out of the potential coU 
arcuit so as to increase the voltage re¬ 
straint. 

This high-speed relay and its associated 
breaker clears the usual trouble in one cycle. 


This requires that the relay cannot have 
more than one-fourth cycle in which to 
operate and sometimes the operation is much 
faster than that. The result of this fast 
operation is that even the heaviest of short 
drcmts cannot be observed at the generating 
stations and it is seldom that any burning 
can be found on the trolley wires. From the 
figures given in Mr. Harder^s paper it can 
be calculated that the average section of 
trolley wire has six short circuits per year, 
about five of which are cleared by the high¬ 
speed relays and one by the two-cycle time- 
delay relay. 

It was difficult to design a relay to work 
accurately at this high speed because of the 
transient in the circuit. Although this 
transient has practically disappeared in two 
cycles, it is of enormous consequence during 
the first one-fourth cycle when the relay 
must complete its work. The problem was 
solved by the invention of the transient 
shunt, the use of which has since been ex¬ 
tended to other types of high-speed relays. 


D. R. MacLeod (General Electric Com- 
pany, Erie, Pa.): Mr. Harder's presenta¬ 
tion of the relay protection of the power 
supply for the Pennsylvania Railroad 
electrification brings out the interesting 
contrast between the comparatively leisurely 
manner (seconds) in which a high-voltage 
transmission fault is cleared and the get-rid- 
of-it-quick (cycles) attitude toward trolley 
faults. The high level of insulation adopted 
for the 132-kv and 44-kv lines and the 
adequate ground wire and counterpoise 
protection is one justification for this 
philosophy. The ability to isolate any sec¬ 
tion of transmission between substations 
with only temporary interruption of power 
to these substations, even where only one 
line is available, is another justification. 
There were, of course, additional reasons 
for these engineering decisions since relay¬ 
ing w^ not the dominant factor in design- 
hig ^is transmission line and trolley system. 
While the trolley is provided with a high 
level of line insulation and is shielded by the 
transmission circuits the data given in this 
paper show that 97 per cent of the faults oc¬ 
cur on the trolley. This relation between 
transmission and trolley faults was expected 
when the system was designed. 

The devices used in the General Electric 



Figure 2, Type CZT time-limit impedance 
relay with load presetting 
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Figure 3. Type MZ high-speed impedance 
relay with load presetting 


trolley relaying scheme are described in the 
discussions presented by Messrs. Romah- 
ovsky and Warrington. 

There are important differences between 
this system of relaying and that described 
by Mr. Harder. Our approach to the prob¬ 
lem has been based to some extent on 
theoretical studies such as Mr. Harder has 
described but we have given even greater 
consideration to experiences in the field. 
The majority of trolley faults occur in con¬ 
nection with the operation of the rolling 
stock and therefore we have given particular 
attention to the troubles which develop on 
these equipments. Our relaying has been 
designed to allow the greatest possible free¬ 
dom in the design of the rolling-stock equip¬ 
ments which are always handicapped by 
space limitations. 

The control schemes on different groups 
of locomotives differ in detail. On one 
group it is possible for one locomotive to 
have the impedance characteristics of three 
locomotives for an appreciable time before 
the operation of the ground switch. The dis¬ 
tinguishing characteristic is however the 
low power factor under this particular con¬ 
dition. When the ground switch operates 
this 'load** goes to zero and the impedances 
measured by the trolley relays are the same 
as if the load had not been present. If the 
locomotive was operating double headed 
the fictitious load would be equivalent to 
four locomotives accelerating and power 
factor will be entirely different from what 
may be expected with four normal loco¬ 
motives. After the grounding switch closes 
there is a sudden increment of current due to 
the fact that the locomotive impedances are 
reduced to zero and this increment is always 
in excess of the notching increments on any 
of the rolling stock equipments. 

Other examples of this general type based 
on actual experience in the field might be 
recited but it serves to show why our relay¬ 
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ing system does not attempt to take ad¬ 
vantage of presetting the rdays in accord¬ 
ance with the characteristics of the load. 

Mr. Harder claims that the transient 
shunt makes it possible to set the high-speed 
relays only for the symmetrical values of 
current which are predictable. Our studies 
of the various types of energizing transients 
which can occur on a locomotive load show 
a wide variety of wave fronts which would 
require a complicated network to handle. 
The S 3 ntnmelrical components of these tran¬ 
sients are not predictable as they are com¬ 
plicated by the induction-motor load on the 
secondary of the locomotive. There is some 
inherent shunting of the transient in the 
impulse scheme but we do not take ad¬ 
vantage of it. No shunting is necessary with 
our impedance relay. The settings of the 
impulse trip have been determined by field 
experience during the ten years that it has 
been in operation on this electrification. 

Our first line of defense is the impulse 
trip. This scheme was originated by J. W. 
McNairy and is described by him in AIEE 
Transactions, volume 47, October 1928, 
page 1276. The second line of defense is 
the distance relay described by Mr. War¬ 
rington which can be set to cover the entire 
distance between substations. It is not de¬ 
sirable to take advantage of the mutual 
impedance between trolleys (see figure 11 of 
Harder's paper) because this mutual may 
not be there when it is needed most and it is 
possible to visualize conditions when it is 
in the wrong direction. On the Harrisburg 
electrification a few rate-of-rise rdays were 
provided for those sections of the railroad 
where it was feared that abnormal operating 
conditions might show that it is desirable to 
have an additional means of discriminating 
between a load and a fault. The experience 
gained with these equipments will be of 
value in working out adequate protection 
for the trolleys as substation spacings are in¬ 
creased. However, it should be noted that 
the trend of operation practices on this elec¬ 
trification is in the direction to make the re¬ 
laying problem considerably easier than was 
first visualized. 

An important consideration in distance 
relaying is the variation in the impedance 
characteristic of a locomotive with varia¬ 
tion in trolley voltage. It may be shown 
from a consideration of the characteristics of 
the a-c series motor that for a given trac¬ 
tive effort, field connection, and power 
factor the impedance as measured at the 
pantograph of a locomotive varies as the 
square of the applied voltage and that for a 
given tractive effort the minimum imped¬ 
ance varies directly as the applied voltage. 
The minimum impedance of two locomotives 
pulling the heaviest freight train which we 
know of from Enola (across the river from 
Harrisburg) to Waverly, N. J., is of the order 
of ten ohms at approximately 80 per cent 
power factor with a trolley voltage of 11 
kv. If the freight train is half the size but 
has two engines on it to get motive power 
to the other end of the line, the minimum 
impedance will probably be the same as with 
the heavier train. The locomotives in pas¬ 
senger service present the real problem, A 
train which could operate with one engine 
may be double heading and the engineer 
may elect to acederate rapidly. The 
minimum impedance may be seven ohms 
and the power factor near 86 per cent. As 
the train speeds up to running speed in 


passenger service, the power factor goes 
above 90 per cent and the impedance in¬ 
creases. The impedance of the double¬ 
headed passenger train at the power factor 
corresponding to the angle of the line will 
probably be the same as that of the heavy 
freight train. This impedance is, of course, 
much greater than the minimum impedance. 
In the case under consideration it would be 
approximately 12.6 ohms. If the voltage 
falls to 8,600 volts the impedance of the train 
at the power factor corresponding to that of 
the line may be 7.6 ohms. Because of the 
rapid acceleration of the passenger train 
the highest values of current are only ex¬ 
perienced for a matter of seconds so that the 
trolley is not overheated. The distribution 
of passenger trains running with several 
sections is considerably closer than is usual 
in freight operation. It is, of course, diffi¬ 
cult to predict what the groupings of trains 
will be under abnormal conditions of opera¬ 
tion and therefore the railroad engineers 
specified certain conditions as a basis for 
working out the relay problem. The Gen¬ 
eral Electric Company's system of trolley 
relaying was given the greatest flexibility 
that modem relaying permitted as it was 
recognized that future developments might 
prove that the specified conditions were 
inadequate. 


W. A. Lewis (Cornell University, Ithaca, 
N. Y.): Certain phases of the paper by Mr. 
Harder appear to justify further amplifica¬ 
tion and emphasis. It is stated in the paper 
that prior to the advent of the a-c network 
calculator, the short-circuit currents were 
determined analytically. It has been the 
practice for a number of years on a large 
number of systems to use the d-c calculat¬ 
ing board for the determination of short- 
circuit currents, and some question may 
arise as to why the d-c calculating board 
could not be used in this case. The d-c 
calculating board introduces the funda-r 
mental assumption that the phase angles of 
the various impedance elements entering 
into the network are so nearly the same that 
they may be assumed equal without intro¬ 
ducing appreciable error in calculation. In 
this case, the frequency is 26 cycles, with the 
result that the reactance components are 
less than half of what they would be if the 
same circuit elements operated at 60 cycles. 
Because of the relatively large resistance 
components in the transmission circuit ele¬ 
ments, the ratio of reactance to resistance is 
quite low at this frequency, and the phase 
angle of the circuit element is therefore 
relatively small, in the order of 46 degrees. 
On the other hand, the phase angle of the 
transformer elements remains quite high, 
in the order of 80 degrees or more, with the 
result that the phase angle of the trans¬ 
former elements is much greater than of 
the line elements. For a fault in any given 
location there are numerous parallel circuits 
involving the step-down transformers in the 
several substations, and the division of 
current between these parallel branches is 
important in the application of the relays. 
Because of the wide phase-angle difference 
just described, it was not possible to obtain 
sufficient accuracy in a solution made on the 
d-c calculating board, and accurate represen¬ 
tation on a miniature system was therefore 
not possible until the a-c network calculator 
became available. 
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Another feature deserving of mention is 
the mutual impedance between the several 
parallel trolley-rail circuits, due to induc¬ 
tive coupling between the parallel trolleys, 
^d to the common use of the rail and earth 
in the return circuit. Mutual impedances 
of this character are difficult to represent on 
a d-c calculating board when the number of 
parallel circuits exceeds two, as it does on 
the Pennsylvania Railroad when more than 
two tracks are involved. This problem can 
be handled readily on the a-c calculating 
board by the use of mutual transformers 
which have previously been described. 

The description of the protection of the 
extensive power supply system for this rail¬ 
way invites a comparison with the relaying 
of public utility systems. Two important 
differences may be noted between the two 
different forms of power supply. With the 
railway system, the load is distributed along 
the trolley circuits, and moves rapidly from 
one location to another. This means that 
the currents and the impedances measured 
by the relays for a short circuit in a given 
location will vary considerably depending 
upon train location and the load drawn at 
the time the fault occurs. This is in con¬ 
trast with the public utility system in which 
the major load is almost always drawn from 
fixed substation locations usually at bussing 
points, and does not move rapidly from one 
place to another. The so-called *load pre¬ 
setting device*' which recalibrates the relays 
as a function of the load just prior to the 
fault is an unique and interesting method of 
overcoming the problem encountered. 

The second notable point of difference is 
the use of high-voltage lines with, the 
large number of substations tapped in with¬ 
out the use of high-voltage breakers at any 
of the substations. Although there has been 
a certain tendency to eliminate the high- 
vdltage breakers in the power system, it has 
never been practiced to anything like the 
extent utilized by the railroad. The high 
^eed of protection obtained with this lay¬ 
out, which appears very complicated to the 
relay system, is quite notable. The develop¬ 
ment of the very sensitive reverse-power re¬ 
lays indicates what can be done when the 
necessity arises. The absence of high-volt¬ 
age busses makes possible the very unique 
use of balanced voltage relays for the pro¬ 
tection and isolation of ground faults. 

It is also interesting to note the develop¬ 
ments in the railway field which have found 
application in the utility field. The most 
notable of these is the use of the high-speed 
balanced-beam type of impedance relays. 
Although the principle was not new at the 
time, the railway installation represented the 
first installation in the United States of the 
high-speed impedance relays operating on 
this principle. Impedance relays operating 
on the same principle are now the accepted 
means of providing the highest speed phase- 
to-phase protection on utility systems, being 
used in the majority of distance relays, and 
being the backbone of the carrier-current re¬ 
lay system which has found the greatest 
favor in the last few years. 


£. Harder: The supplementary informa¬ 
tion contributed by the several discussers 
on the trolley relays is the most valuable 
addition, makiug the paper a rather com¬ 
plete description of the over-all relay system 
from generator to motive power equip¬ 
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ment. The paper had covered the protec¬ 
tion of eight main system elements but had 
described only the Westinghouse form of the 
trolley relay protection. The discussion 
completes the picture of this particular 
element of the relay system. Strangely 
enough, however, the high-voltage system 
represents by far the more difficult and 
complicated relay application problem. 
Certain questions and points are raised by 
the discussers requiring additional informa¬ 
tion which is given in the following. 

Mr. Warrington states that the CEX re¬ 
lay operates in one cycle. We assume that 
this refers to its operating time for faults 
close to the relay since if it operated with 
this speed for faults at the remote bus it 
would trip also for faults on that bus or in 
the next section. The delayed relay time 
mentioned in the paper for the CZT time- 
delay impedance relay is given for fault at 
the remote bus. 

He has requested to know how the West¬ 
inghouse company has solved the di¬ 
rectional-relay problem which exists on a 
single-phase system susceptible to solid 
faults. A current polarized directional rday 
was used in which the totalized current of 
the step-down transformer supplies the 
polarizing element of the relay as shown in 
figure 10. Thus voltage is not required on 
the directional element. Its characteristics 
are shown in figure 12 of the paper. 

Mr. Romanovsky describes the protection 
of the oil-filled cables and lists the setting 
requirements. It would of course have been 
interesting to go into this detail for other 
of the relays but the space limitations of the 
Institute paper do not permit. He has de¬ 
scribed the manual remote control of sec- 
tionalizing switches. We fail to see what 
coxmection this has with a paper on protec¬ 
tive relaying. 

In Mr. Crichton's discussion, figure 3 
shows the current polarized directional ele¬ 
ment mentioned above. His explanation of 
the difference in the importance of transient 
shunt for a fractional cycle relay as com¬ 
pared with a relay operating in one or two 
cycles is particularly significant. 

Mr. MacLeod mentions that the normal 
clearing times (one or two seconds) used on 
the high-voltage system are justified by the 
ability to sectionalize and obtain only 
temporary interruption of power to sub¬ 
stations. Out of 61 step-down substations 
only three received power from a single line 
and these three have adjacent stations fed 
from both lines with consequent trolley 
feed. Therefore in almost all cases faults 
can be relayed out without Interfering with 
loads at all. At the three stations fed from 
a single line the question of whether the 
line is cleared in a cycle or a second does not 
affect the duration of time required to sec¬ 
tionalize faulty line and re-energize the sta¬ 
tion. It does not appear that the ability 
to isolate any section of transmission has 
anything to do with the justification of 
normal-speed relaying. The matter of prime 
Importance is that the clearing of high- 
voltage faults does not interrupt power to 
the trolley and consequently higher speeds 
are not essential. 

He questions the ability of the transient 
shunt to make possible setting for sym¬ 
metrical component of current only and 
mentions different wave fronts of locomotive 
inrush current. The high-speed impedance- 
relay setting is actually based on* the sym¬ 
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metrical component of current and the relay 
is set to produce simultaneous tripping over 
80 per cent of the section length. In view 
of the large number of trolley faults (one 
per mile of trolley per year) this is unques¬ 
tionably proof of the efficacy of the tran¬ 
sient shunt. There is a disagreement in view 
•of the transient shunt in its function. Mr. 
Warrington assumes (correctly) that the 
transient shunt removes d-c component 
and states that his CEX relay does not re¬ 
quire a transient shunt because the d-c 
component produces no torque in induction 
relays. Mr. MacLeod states that their 
studies ''show a wide variety of wave 
fronts which would require a complicated 
network to handle." This would seem to 
require some furth^ explanation of the 
transient shunt action. 

If a sine-wave voltage is impressed on a 
resistance-inductance circuit at some par¬ 
ticular instant of time a current flows which 
has a d-c component dying out with a cer¬ 
tain time constant L/R, If this process is 
reversed and the same current (except in 
secondary terms) is passed through the same 
resistance and inductance (or values pro¬ 
portional thereto) the sine-wave voltage 
(except in secondary terms) will be repro¬ 
duced, without any d-c component. If then 
this voltage were used to supply a pure re¬ 
sistance relay the relay current would be 
proportional to the symmetrical component 
of line current only. The exact theory upon 
which the design is based takes account of 
the actual relay burden in determining the 
correct proportions. However, the fore¬ 
going picture is a quite accurate representa¬ 
tion of what occurs. It is apparent that the 
shunt is effective right from the start and 
hence usable on a relay which has an operat¬ 
ing time of less than one-fourth cycle. The 
time constant of the d-c transient on the 
Pennsylvania Railroad trolley circuits is 
about one-third cycle for fault at the remote 
end of the trolley. The transient is therefore 
not of much importance anyway on the CEX 
relay which Mr. Warrington states operates 
in one cycle. We would expect it to have 
some effect on the impulse trip which oper¬ 
ates in a fraction of a cycle. It is possible 
to obtain a much larger zone of simultaneous 
high-speed action of breakers at both ends 
of the line through the use of the transient 
shunt. 

Mr. MacLeod states that it is not de¬ 
sirable to take advantage of the presence of 
the paralleling trolleys because they may 
not be there when needed. Mr. Boehne 
pointed out in his oral discussion that ad¬ 
vantage is taken of the paralleling trolleys 
in the General Electric scheme in preventing 
the impulse trip from operating for faults 
at the remote bus. The same objection ap¬ 
plies in both cases. Also, in both cases the 
answer is the same. The advantages which 
accrue under all normal and reasonable 
abnormal conditions are well worth suffer¬ 
ing the slight adverse effects under extreme 
abnormal conditions. 

Mr. MacLeod also suggests that the 
mutual might be in the wrong direction. 
This seems like an unnecessary suggestion 
to make without good cause. For a fault 
near the remote end of a trolley, which is 
iJie only condition under which mutual 
impedance between trolleys affects the relay 
one way or the other, currents flow in the 
same direction in all the trolleys, namdy, 
toward the fault. Thus the currents in the 
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Fiber Glass—An Inorganic Insulation 

By F. W. ATKINSON 

MEMBER AIEE 


F IBER-GLASS textiles have achieved 
considerable importance in the field 
of electrical insulation since their intro¬ 
duction to industry a few years ago. De¬ 
sign engineers are finding in them a solu¬ 
tion to special problems which heretofore 
had been solved only inadequately or 
temporarily at best. 

It is a well-known fact that the output 
rating of a piece of electrical equipment 
is limited first of all by the temperature 
its insulation will stand without excessive 
deterioration. The commonly used types 
of organic insulation, that is, cotton, silk, 
linen, and paper, rarely permit a rated 
temperature rise greater than 66 degrees 
centigrade over an ambient of 40 degrees 
centigrade. Where higher temperatures 
were unavoidable, asbestos has been used 
if the attendant space factor was not pro¬ 
hibitive and the low tensile and dielectric 
strength were not of great importance. 
Mica in many different forms—as the 
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outstanding class C insulation—^has been 
used extensively, but the lack of mechani¬ 
cal strength and the high cost have im¬ 
posed sizeable limitations. 

Another never-quite-solved problem 
has been that of moisture absorption in 
fibrous insulation. And no amount of 
treatment or impregnation has as yet 
effected a perfectly moisture-proof flexible 
insulation that also is heat and oil re¬ 
sistant. 

It is in the providing of a more satis¬ 
factory solution to these two specific 
problems of heat and moisture resistance 
that fiber-glass insulation, up to the pres¬ 
ent time, has contributed most exten¬ 
sively. Other characteristics such as 
chemical stability and mechanical 
strength coupled with heat and moisture 
resistance are proving increasingly valu¬ 
able. Concrete examples of the resistance 
of fiber glass to the effects of corona to¬ 
gether with outdoor moisture conditions 
have come to light recently in connection 
with its use on neon-sign lead wire. 

Glass as an electrical insulator has been 
used for many years, but only compara¬ 
tively recently has it achieved flexibility. 
In so doing it has become the first totally 
inorganic textile—^one whose characteris¬ 
tics observed in the laboratory and in 
operation have proved it to be as good as, 


adjacent trolleys acting through the mutual 
impedances increase the effective impedance 
of the relayed trolley which is as desired. 
When the remote breaker opens, if the fault 
is between the relay and the remote station, 
currents in the other trolleys reverse and flow 
toward the relay and thence over the faulty 
stub end trolley tp the fault. Again this is 
also desired. The effective impedance is 
lowered by the mutual and the high-speed 
impedance-relay element which was set 
short of the remote bus when all breakers 
were closed is actually able to clear a fault 
at the remote end of the trolley as soon as 
the remote breaker opens, by taking ad¬ 
vantage of the reversal in current direction 
in the parallel trolleys. This covers all of 
the possible conditions. Thus the mutual 
voltage drop is sometimes in the reverse 
direction but never in the wrong direction 
as Mr. MacLeod suggests. 

The implication that variation of loco¬ 
motive impedance as the square of line volt¬ 
age depends on series-motor characteristics, 
is somewhat misleading. Given any 
of load operating at a given voltage on the 
secondary of the transformer; raise the pii- 
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raary voltage, and change the transformer 
taps so that the secondary voltage is the 
same as before; the impedance (ratio of 
voltage to current) as viewed from the pri¬ 
mary side of the tran^ormer will have in¬ 
creased as the square of the voltage. This 
is for the simple reason that the turns ratio 
increases directly as the voltage. Imped¬ 
ance varies as the square of the turns ratio. 

The really important thing is that the 
series motor behaves like an impedance at 
all, that is, that when the applied voltage 
is suddenly raised or lowered, current raises 
or lowers, proportionally in a negligible part 
of a cyde. For example, if the applied volt¬ 
age falls to zero the motor current falls to 
zero so fast that the difference in time is not 
distinguishable on a film with cycles spread 
out to one inch. This would not be the case 
at all with s 3 mchrohous motors for example, 
which would feed heavy short-circuit cur¬ 
rent in the trolley when it is fatdted. 

Mr. Lewis has compared the railway 
transmission system with conventional 
power-system practice. His broad experi¬ 
ence in both Adds makes this comparison 
of particular value. 
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and in most cases superior to, other fibrous 
materials used for electrical insulation. 

The fibers are pure glass and the funda¬ 
mental process which converts the original 
batch into molten glass is the same as 
that used in making milk bottles or 
window panes. Some of the batch con¬ 
stituents are also the same. The im¬ 
portant difference between ordinary 
glasses and those used in making electrical 
insulation is that the latter contain no 
monovalent substances and are alkali 
free. To be alkali free is an essential 
property because alkali leaches to the 
surface, thus presenting an ionizable salt 
which, under conditions of high humidity, 
decreases the insulation resistance con¬ 
siderably. This phenomena is aptly 
illustrated by tests on a low-alkali glass 
tape and a similar one which was made of 
alkali-free glass. After 72 hours in a 
constant relative humidity of 90 per cent 
at 100 degrees Fahrenheit, the insulation 
resistance of the alkali-free glass was 40 
times that of the low-alkali glass. 

The data herein are presented to indi¬ 
cate some of the more important proper¬ 
ties of fiber glass and some of the funda¬ 
mental reasons for its acceptance as an 
answer to specific problems in the field 
of electrical insulation. These data are 
discussed in considerable detail and com¬ 
parisons are made to other commonly 
used types of insulation. 

Glass fibers are produced in two distinct 
types, staple leng^ and continuous. The 
former are comparatively short fibers 
from 8 inches to 15 inches long and 
approximately 0.00025 inch in diameter. 
Fabrics made from these short fibers re¬ 
semble cotton or woolen ones. The 
continuous fibers, as their name implies, 
are produced in continuous lengths 
limited only by the size of the spools 
upon whidi tiiey are wound. They 
average 0.0002 indi in diameter. 

The staple-length forming apparatus 
consists mainly of a small dectric resist¬ 
ance furnace, a steam blower with 
nozzles for producing high-speed steam 
jets, a chain conveyor, and a packaging 
machine. One-third-ounce glass marbles 
are fed into the top of the furnace auto¬ 
matically one at a time, and are mdted. 
The furnace is made of high-temperature 
refractory material with the exception of 
the bottom which is made of a precious 
metal alloy. The molten glass passes 
through small orifices in the alloy from 
which point the resulting filaments are 
blown downward onto a drum-type con¬ 
veyor by high-velocity steam jets. Lu¬ 
bricating oil is sprayed onto the fibers as 
they are being blown downward onto the 
chain in order to minimize the interfiber 
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Tabu i. Breaktns Strength in Pounds (Mini¬ 
mum of at Least Five Readings on Each 
Sample) of Staple- and Continuous-Fiber 
Alkali-Free Glass Tapes at Room Conditions 



Thickness (Inch) 


w^idth 

(Inches) 

0.010 0.015 0.020 

0.025 


Staple 


V4. 

. 69... 

... 85... 

...105... 

... * 

Vs. 

. 68... 

...108... 

...119... 

...132 

V«. 

.110... 

...168... 

...183... 

...231 

V4. 

.150... 

...167... 

...246... 

...290 

1 . 

.182... 

...260... 

...305... 

...346 

1V4. 

.268... 

...298... 

...360... 

...400 

Contintsons 

1/4.... 

. 70... 

* 

...186 


Vfl.... 

. 91... 


...266 


Vi.... 

.133... 

...286.. 

...346 


V4,.., 

.220... 

...322.. 

...440 


1 .... 

.280... 

...494.. 

...696 


11/4.... 

. * ... 

...610.. 

...860 



* These sizes not available for test. 


friction during the subsequent processing. 
Being prevented from blowing off the 
chain by air suction beneath it, the mat of 
fibers is then drafted into a single sliver 
by winding the latter on a two-inch- 
diameter paper tube whose linear veloc¬ 
ity is greater than that of the drum con¬ 
veyor. The tubes of sliver are then 
placed on textile spinning machines where 
the yam is spun in the same manner as 
cotton or wool yam. 

The continuous process differs from the 
staple process mainly in the manner in 
which the fibers are drawn from the fur¬ 
nace. Here no steam jets are used. The 
fibers (102 of them) are drawn together 
into a single filament and are pulled down 
from the furnace mechanically by winding 
on a bakelite tube fastened to a spindle 
revolving at high speed. Lubrication is 
accomplished by passing the filament over 
an oil-soaked felt pad. The filament 
made up of 102 individual fibers is wound 
on the tube at the rate of 6,000 feet per 
minute. (One marble will produce over 
a mile of the filament or about 120 miles 
of individual fiber.) At this point the 
product is ready for the twisting opera¬ 
tion in the textile fabrication sequence. 
The yam and fabrics produced from con¬ 
tinuous fi.bers resemble silk or rayon in 
appearance. 

In general, staple-fiber products are 
preferable where a heavy type of insula¬ 
tion is required. Continuous fabrics 
have their advantage where space factor, 
impregnating qualities, or appearance, are 
of primary importance. 

Tensile Strength 

This is one of the more important 
properties of electrical-insulation textiles 
and perhaps the most important me¬ 


chanical one, not only because of the 
obvious reason, but also because it pro¬ 
vides an excellent means of measuring the 
effect of other test and operating condi¬ 
tions upon fibrous materials. For in¬ 
stance, the effect of heat, acids, weather¬ 
ing, etc., may be evaluated by noting the 
corresponding change in tensile strengtli. 

Glass fibers of diameters such as are 
used in making textiles for electrical in¬ 
sulation have extremely high breaking 
strength. The value for individual fibers 
of the order of 0.0002 inch in diameter has 
been shown to be in excess of 1,000,000 
pounds per square inch. No other textile 
fiber approaches this figure. Tests also 
show that woven glass fabric is stronger 
than other textile fabrics. 

Table I shows the minimum breaking 
strength of some of the standard staple- 
fiber and continuous-fiber alkali-free 
glass tapes used for electrical insulation. 

Table II shows the breaking strength 
of standard 0.010 inch by 1 inch staple- 
fiber glass tape after subjection to dif¬ 
ferent temperature cycles simulating those 
which a piece of electrical equipment 
might encounter under severe operating 
conditions. It will be noticed that after 
a temperature cycle of 600 degrees 
Fahrenheit for 30 minutes each day for 
ten consecutive days the tape still re¬ 
tained 79 per cent of its original strength, 
After 400 degrees Fahrenheit for 30 
minutes, its strength even increases 
slightly, probably due to the decreased 
viscosity of the processing oils permitting 
a greater equalization of stress among the 
indmdual fibers. 

One accepted test of heat-resistant 
insulation is to subject it to a temperature 
of 300 degrees centigrade for five minutes. 
A series of these tests has shown that con¬ 
tinuous-fiber glass tape retains from 87 
to 92 per cent of its original strength and 
staple-fiber tape retains from 85 to 95 
per cent. Similar tests showed that 
underwriters* grade asbestos tape loses 
approximately 46 per cent of its original 
strength. (After subjection to this 
temperature, cotton tape did not have 



Figure 1. Effect of heat on tensile strength 
of electrical tapes 

sufficient strength to permit tensile 
strength tests.) 

The effect of heat on tlic tensile strength 
of asbestos, cotton, and fiber-glass tapes 
is shown graphically in figure 1. Each 
curve represents averages of numerous 
determinations obtained over a period of 
a year. 

Data below 600 degrees Fahrenheit were 
obtained by heating the tape in an elec¬ 
tric resistance oven for at least 24 hours 
in each case and then breaking the speci¬ 
mens in a pendulum-type tensile-strength 
tester, the average of five good breaks 
being used to determine each point. 
Above 1,000 degrees Fahrenheit the data 
were obtained by heating the tape in a 
small electric furnace and then determin¬ 
ing the breaking strength in the same 
manner. No data were obtained between 
600 degrees and 1,000 degrees; hence, 
that portion of the curve is dotted. 
Throughout this series of tests, the maxi¬ 
mum deviations from the mean were 
-i-10,5 per cent and —20.6 per cent. 


Table II. Breaking Strength in Pounds of 0.010 Inch by 1 Inch Staple-Fiber Tapes After Sub¬ 
jection to Different Temperature Cycles Simulating Those Which Might Be Encountered by 
Electrical Equipment in Operation 



Original 

Conditions 

400 Beg F for 
30 Minutes 

400 Beg F for 

30 Minutes Bach 
Bay for 10 Con- 
secutiTe Bays 

500 Beg F for 
30 Minutes 

500 Beg F for 
30 Minutes Bach 
Bay for 10 Con¬ 
secutive Bays 


234. 


.180. 

. 180 

ifty 


182. 

.187. 


.186. 

.167 


206. 


.196. 

200 



213. 

..200. 

.196. 

100 

17A 


218. 

.229. 




Average... 

.210. 



.194. 
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Table IV. Dielectric Strensth of Standard Unimpregnated Cotton^ Asbestos, and Fiber Glass 

* Tapes 

All Samples 0.015 Inch by 1 Inch Nominal Except the Cotton Which Was 0.011 Inch by 1 Inch 


As Received 


Volts Per Mil 

Average --- 

Thickness Maxi- Mini- 

(Inch) mum Average mum 


Washed* 


Average 

Thickness 

(Inch) 


Volts Per MU 

Maxi- Mini¬ 

mum Average mum 


0.0121.. 

,.99.5.. 

..94.6.. 

..82,9... 

...0.0166.. 

.. 92.6.. 

..88,5.. 

..86.3 

0.0161.. 

..66.2,. 

..58.3.. 

..46.0... 

...0.0201.. 

.. 67.8.. 

..61.2.. 

..42.9 

0.0168.. 

..98.0.. 

..94,4.. 

..92.1... 

...0.0136.. 

..107.2.. 

..97.3.. 

..92.5 

0.0162.. 

. .08.9.. 

..92.3.. 

..83,5... 

.,.0.0162.. 

..102.3.. 

..99.6.. 

. .95.7 


Asbestos. 


made by the short time method at room temperature of approximately 80 degrees 
Fahrenheit and 65 per cent relative humidity using one-fourth inch diameter brass electrodes and increas¬ 
ing voltege at the rate of 600 volts per second to breakdown. Bach value is maximum, average, or mini¬ 
mum of ten readings of breakdown voltage divided by the average of ten readings of thickness. 

* ^mples were washed by boiling for 15 minutes in water contsuning 0.5 per cent soap and 0.2 per cent 
soda ash by weight; then dried in an oven at 226 degrees Fahrenheit for 30 minutes and conditioned at 
SThoi^s (approximately 80 degrees Fahrenheit and 66 per cent relative humidity) for at least 


Table III. Flexing Endurance 

Samples 0.010 Inch by 1 Inch by 17 Inches 



Yellow 

Varnished 

Cotton 

Cloth 

Yellow 

Varnished 

Glass 

Cloth 

As received. 

... 2,100. 

O *TAA 

After 280 deg F 24 hours.. 
After 360 deg F 2 hours... 

... i2.‘ooo]!! 
... 4,600... 

.. 72,000 
.. 80,000 


These curves show that glass tape is 
from 2 to 20 times as strong At room 
temperature as similar tapes made of 
other commonly used fibrous materials. 
The strength of glass tape does not di¬ 
minish appreciably up to 600 degrees 
Fahrenheit and after 24 hours at 800 
degrees Fahrenheit, it still retains half of 
its original strength. 

Resistance to Abrasion 

There is a wide variation of opinion as 
to what constitutes a proper test for tlie 
abrasion resistance of textiles. For this 
reason no conclusive tests have been 
made on fiber-glass fabrics. Tests have 
been made, however, on untreated and 
on impregnated tapes by sliding a five- 
pound steel weight (the bearing surface 
being knurled and on one-half inch radius) 
back and forth on a one-inch-wide speci¬ 
men stretched over a steel plate. Revo¬ 
lutions of the reciprocating arm which 
drove the weight were counted until 
electrical contact was made between the 
five-pound weight and the steel plate. 

With this method of test, untreated 
fiber-glass tape appeared to be on a par 


with equivalent asbestos tape, but weaker 
than cotton. The samples were not en¬ 
tirely comparable, however, due to the 
more open weave of the asbestos and the 
glass. Similar tests on impregnated tapes 
showed the glass tape to be the strongest 
of the three. 

One or two manufacturers have said 
that some difiBlculty has been experienced 
due to tlie cutting of glass on sharp edges 
of metal during coil-winding operations. 
Others say that with reasonable care on 
the part of the worlanen no difficulty is 
encountered. 

Flexing Endurance 

Insulation for many applications re¬ 
quires a considerable degree of flexibility 
and at the same time endurance to flex¬ 
ing, both during the treating and im¬ 


pregnating processes and during applica¬ 
tion on or in the finished equipment. 

That glass fibers are spun, twisted, and 
woven on standard textile machinery into 
fabrics as thin as 0.002 inch is some indica¬ 
tion of their flexibility. Using the test 
apparatus described below, five samples 
of standard 0.010-by-l-inch untreated 
continuous-fiber glass tape broke after 
an average of 26,600 flexes. Table III 
shows the number of flexes required to 
break one-inch-wide samples of 0.010 
inch thick commercial yellow, varnished, 
cotton, and glass cloths after various heat 
treatments. 

In making these tests one end of a 
sample 17 inches long was attached to a 
clamp fastened to the rim of a pulley 13 
indies in diameter. The other end of the 
sample was attached to a stationary clamp 
placed below the pulley clamp so that 


TaW« V. Dielectric Strength of Vemithed Fibcr-^laes Cloth as Compared With Standard Varnished Cotton Cambric After Short-Time Heal 

Treatment 


Volts per Mil 



Average 


As Received 


After 250 Deg F for Two 
Hours 

After 350 Deg F for Two 
Honrs 

After 450 Deg F for Two 
Hours 


Thickness 

(Inch) 

Mini¬ 

mum 

Average 

Maxi¬ 

mum 

Mini¬ 

mum 

Average 

Maxi¬ 

mum 

Mini¬ 

mum 

Average 

Maxl- 

‘mum 

Mini¬ 

mum 

Average 

Maxi¬ 

mum 

Yellow Insulating Varnish 

Cotton.0.0093_ 

Glass.0.0100.... 

Black Insulating Varnish 

... 842. 
... 897. 

.... 916.,.. 
....1,018..,. 

.1,038.... 

.1,067.... 

... 911.. 
...1,106.. 

... 982... 
...1,146... 

..1,046.... 

..1,200.... 

... 928.. 
...1,277.. 

... 982... 
...1,289... 

..1,019... 

..1,310... 

... 964.. 
...1,411.. 

...1,065... 

...1,487... 

..1,121 

..1,686 

Cotton. 

Glass. 

...0.0106.... 

...0.0096.... 

...1,148. 

...1,248. 

....1,296.... 

,...1,312.... 

.1,386.... 

.1,368. 

...1,882.. 
... 1 220.. 

...1,370... 

...1,362... 

..1,444.... 

...1,092.. 

...1,220... 

..1,336... 

...1,062.. 

...1,106... 

..1,132 

After Creasing* 





.. 1,588.... 

. , .1,187.. 

...1,372... 

. .1,680_ 

...1,196,, 

...1,400... 

..1,618 

Yellow cotton..., 

Yellow glass. 

Black cotton. 

Black glass. 

...0.0096..., 
...0.0097.... 
...0.101 .... 
...0.0096.... 

.. 817. 
.. 624. 
,. 139. 
.. 738. 

.... 690,... 
.... 663.... 
.... 519.... 
.... 876.... 

. 844.... 
. 606.... 
. 872.... 
. 984.... 

... 272.. 
... 481.. 
... 162.. 
... 713.. 

422... 
.. 632... 
.. 638... 
.. 933... 

.. 623.... 
.. 642..., 

.. 721_ 

..1,242.... 

... 169.. 
... 648.. 
... 106.. 
... 170.. 

... 403... 
... 677... 
... 122... 
... 462... 

675.. ., 
.. 767.... 
.. 141.... 

940.. .. 

201.. 
.... 641.. 
... 99.. 

... 156.. 

... 440... 
... 666... 
... 121... 
... 398... 

.. 638 
.. 917 
.. 129 
..1,016 


Uring standard twolch-di«neter 


to breakdown. 


fi-eer as in cressin. paper for tearing. Electrode, were placed directly 


HI 

over 
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Table VI. Dielectric Strensth o^ Fiber-Glass Cloths Impregnated With Various Insulating 
Varnishes After Heating at 350 Degrees Fahrenheit for 140 Hours 


Sample number. 


1 

2 

3 

4 

5 

6 

Impregnant. 


... Clear 
air-drying 
varnish 

Clear 

baking, 

varnish 

Clear 

baking 

varnish 

Alkyd 

resin 

varnish 

Yellow 

cambric 

insulating 

varnish 

Black 

cambric 

insulating 

varnish 

Average thickness (inch).. 


..0.0067.. 

.0.0107.. 

.0.0075.. 

.0.0061.. 

..0.0076... 

..0.0074 

Dielectric strength (volts 

f Maximum.. 

.. 1,460.. 

. 1,498.. 

. 1,815.. 

. 1,767.. 

.. 1,569... 

.. 1,438 

per mil) 

Average.... 

.. 1,170.. 

. 1,111.. 

. 1,690.. 

. 1,661.. 

.. 1,383... 

.. 1,230 

[ Minimum.. 

... 893.. 

608.. 

. 1,194.. 

. 1,437.. 

.. 1,190... 

.. 1,008 


Noth: Sample numbers 1, 2, 3, 4 prepared by hand dipping thoroughly clean 0.004-inch-thick con- 

^uous-fiber glass cloth in comparatively thin solutions of varnishes, each one receiving three coats. 
Samples 5 and 6 were taken from the same rolls of commercially varnished cloth as the samples of table V. 


there was one inch of slack when the 
pulley clamp was at the point of maximum 
distance from the stationary damp. The 
pulley was rotated at a speed of 300 
rpm creating a whipping motion causing 
a constant flexing of the fibers within the 
tape. Readings were taken of the time 
required to wear out each sample. Test 
values are shown only to the nearest 
hundred flexes. 

Dielectric Strength 

The dielectric strength of unimpreg¬ 
nated fiber-glass insulation as it comes 
from the loom is about the same as that of 
equivalent cotton textiles, both being 
determined largdy by atmospheric cona¬ 
tions, fiber surface contamination, etc. 
K the effect of the surface contamina¬ 
tion be minimized by thorough washing 
and (hying, the didectric strength of the 
glass increases approximatdy 3 per cent, 
but that of the cotton decreases about 6 
per cent and asbestos about 12 per cent, 
due to the absorption of moisture and 
the attendant swelling. 

The results of tests on three types of 
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Figure 2. Volume resistivity of ailcali-free 
glass 


unimpregnated tape, asbestos, cotton, and 
glass, both “from-the-loom** and washed, 
are shown in table IV. 

Table V shows a direct comparison 
between the didectric strengths of com- 
merdally varnished cotton cambric and 
varnished fiber-glass doth after various 
short-time heat treatments, the varnishes 
used bdng the same for both cotton and 
glass cloth. 

It will be noted that in the case of the 
black varnish, there is little difference 
between the cotton and the fiber-glass 
averages after subjection to temperatures 
up to 250 degrees Fahrenhdt. But after 
360 degrees Fahrenheit and 400 degrees 
Fahrenheit for two hours, the averages for 
the glass are 11 per cent and 27 per cent 
higher than those for cotton. 

The differences in the case of the yellow 
varnish (whidi, of course, has greater 
heat resistance than black varnish) are 
more pronounced, varying from 11 per 
cent with no heat treatment to 40 per 
cent after heating at 450 degrees Fahren¬ 
heit for two hours. 

Perhaps the most plausible explanation 
for these results is that the heat treat¬ 
ment WEIS suffident to cause an appred- 
able Eimount of carbonization of the cotton 
fibers and yet not severe enough adversely 
to affect the didectric strength of the 
varnish or the glass fibers. In fact the 
values in table V again demonstrate 
the Eilready accepted fact that heat treat¬ 
ment of this nature definitdy improves 
the dielectric strength of most insulating 
varnishes. 

Table VI is induded here to show some 
of the results obtained in efforts to deter¬ 
mine what didectric strengths could be 
expected of fiber-glass doths impregnated 
with heat resistant varnishes ^ter sub¬ 
jection to sustained high temperatures. 
Samples numbers 1, 2, 3, and 4 were 
prepared by hand-dipping 0.004-inch- 
thick continuous-fiber glass doth (pre¬ 
viously washed) into thin solutions of the 
varnishes, each bdng given three coats. 
Samples number 6 and 6 were varnished 
commerdally (from same rolls as samples 
in table V). 


In hand application ordinary varnished 
tapes are often stretched suffidently to 
exceed the elastic limit of the varnish 
thereby impairing their insulating value. 
As glass fibers do not stretch, tlie varnish 
on glass tapes is not impaired in this man¬ 
ner. 

It is not intended tliat these values be 
considered as directly comparative for the 
reasons that the thickness of the finished 
samples varies considerably and that two 
of the samples were varnished on stand¬ 
ard varnishing towers Etnd the rest hand- 
(Kpped. It is significant, however, that 
for five of the six samples the values of 
minimum didectric strength are well 
above the accepted spedfications for 
varnished cotton cambric and the mini¬ 
mum of one sample is over 1,400 volts per 
mil. 

All samples were heated in a thermo¬ 
statically controlled electric resistance 
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Figure 3. Samples of 0.010 inch by 1 inch 
by 1 inch black varnished cloth after heating 
at 350 degrees Fahrenheit for two hours 
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Figure 4. Glass tape 0.010 inch by 1 inch 
by 1 inch coated with water^luble bakelite 
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oven at 350 degrees Fahrenheit for 140 
hours and tested for dielectric strength at 
room condition of approximately 80 
degrees Fahrenheit and 65 per cent rela¬ 
tive humidity within two hours after 
being removed from the oven. 

It is well known that varnished textiles 
tend to become brittle at high tempera¬ 
tures and are therefore subject to crack¬ 
ing and subsequent dielectric failure. 
Glass textiles are no exception to this 
rule, but table V shows that the eifect of 
the brittleness of the impregnant is not 
so pronounced on glass fibers as on the 
weaker and less-heat-resistant cotton 
textiles. 

One test often used as a criterion for 
flexibility of a piece of varnished doth is 
to bend it around a one-eighth-inch- 
diameter rod. If no cracks are observed 
in the varnish, the cloth is considered to 
be sufficiently flexible. Table V shows the 
results of a more severe test for the weak¬ 
ening or cracking of the varnish on cotton 
and fiber-glass cloths after various heat 
treatments. After the heat treatment, 
the samples were creased by bending 
double both ways and creasing between 
thumb and index finger as creasing paper 
for tearing. The two-inch-diameter elec¬ 
trode was placed directly over the crease 
in making dielectric strength tests. 

It will be noted by comparing values in 
the third column in table V that creasing 
causes the “as received” yellow cotton to 
lose 62 per cent of its original minimum 
value, yellow fiber glass loses 41 per cent, 
black cotton 88 per cent, black glass 41 
per cent. After 350 degrees Fahrenheit 
for two hours the percentage loss for 
yellow cotton is 80 per cent as against 39 
per cent for the ydlow glass doth. 

Insxdation Resistance 

A. Volume Resistance 

The volume resistivity of the alkali- 
free glass used for dectrical insulation is 
much greater than that of the glasses 
listed in the International Critical Tables. 


This is attributed to the absence of soda* 
and potash which have been found by 
Littleton and Morey^ to decrease the 
volume resistivity of solid glass consider¬ 
ably. Figure 2 shows the volume re¬ 
sistivity of electrical-insulation glass at 
different temperatures. Six determina¬ 
tions between 1,360 degrees Fahrenheit 
and 2,460 degrees Fahrenheit were made 
in essentially the same manner as was 
used by Kohlenrausch^ in determining 
the conductivity of salt solutions. The 
electrodes used were made of platinum 
and were calibrated with a number of 
standard solutions having approximately 
the same range of resistivity as molten 
glass. A 1,000-cycle source of power was 


used and resistance measurements made 
by means of a General Radio type 650A 
impedance bridge. 

B. Surface Resistance 

Because of the high ratio of exposed 
surface area to the total weight of fiber 
glass (about 1,600 square feet per pound) 
measured values of insulation resistance 
at normal temperatures may be con¬ 
sidered as purely surface resistance with¬ 
out appreciable error. This surface re¬ 
sistance is affected not only by tire glass 
constituents, but to a very marked degree 
by the relative humidity of the atmos¬ 
phere. Tliis is illustrated in table VII 
which shows the insulation resistance 


Table Vll. Insulation Resistance in Megohms of Standard Unimpregnated Tapes One Inch 
Square After 72 Hours at 100 Degrees Fahrenheit and 90 Per Cent and 75 Per Cent Relative 

Humidity 



^*Froin the Loom” 

Washed 


90 Per Cent 
Relative 
Humidity 

75 Per Cent 
Relative 
Humidity 

90 Per Cent 
Relative 
Humidity 

75 Per Cent 
Relative 
Humidity 

0.015 by 1 inch asbestos. 

0.0X1 by 1 indi cotton. 

. 0.67. 

. 1.03. 

- 1.08. 

.... 36 . 

. 80.6.... 

. 6.5 

380 

0.015 by 1 inch glass. 

.12.4. 

-200 . 
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Fisttvt 7. View In 
twisting mill showing 
the fabrication of 
continuous-fiber 
glass yarns 


across one-inch-square samples of stan¬ 
dard unimpregnated tapes both from the 
loom and washed (boiled 15 minutes in 
0.5 per cent solution of soap in distilled 
water), after being held at 100 degrees 
Fahrenheit and the indicated relative 
humidities for 72 hours. 

Figure 3 shows the variation in insula¬ 
tion resistance of one-inch-square samples 
of black varnished cotton and glass dqth 
over a period of 30 days at 100 degrees 
Fahrenheit and 90 per cent relative 
humidity. 

When fiber-glass tape is coated (not 
impregnated) with a solution of a water- 
soluble bakelite and then dried, the instda- 
tion resistance becomes higher than that 
of the untreated tape. Figure 4 shows the 
variation in insulation resistance at 90 
per cent relative humidity of a sample 
prepared in this manner. The solution 
of bakelite was I 2 V 2 pet cent solids by 
weight and the sample was dried for 90 
minutes at 250 degrees Fahrenheit. 

All insulation resistance determinations 
were made with a Leeds and Northrup 
insulation-resistance test set of the guard- 
circuit type consisting of high-sensitivity 
galvanometer, Aryton shunt, and lamp 
and scale device. The electrodes were 
brass clamps supported in a bakelite 
board on two-inch centers one being 
guarded by a brass ring. The bakelite 

282 Transactions 


board served as the cover for a 4 V 2 -inch- 
diameter glass jar, in the bottom of which 
was a saturated solution of the proper 
salt for the desired humidity. (KNOs was 
used for 90 per cent relative humidity 
and NaCl for 75 per cent relative hu¬ 
midity at 100 degrees Fahrenheit.) The 
guard circuit was complete from electrode 
to galvanometer. Soince of current was 
five 45-volt radio B batteries in series. 
Readings were taken one minute after the 
specimen circuit was closed. 

The results obtained by R. E. Ferris 
and G. L. Moses of tlie Westinghouse 
Electric and Manufacturing Company 
on the insulation resistance of a cotton- 
insulated coil and an asbestos in stdate d 
coil at 99 per cent relative humidity 
show essentially the same trend over a 
period of 14 days as is seen in figure 3 
although the asbestos failed to ground on 
the 13th day. 

Hygroscopicity 

One of the most difficult problems to 
solve in connection with electrical insula¬ 
tion is that of failure due to the absorption 
of moisture. In some cases this is the 
primary concern of design and mainte¬ 
nance engineers. Glass insulation, being 
nonhygroscopic, is proving valuable under 
extreme conditions of high relative hu¬ 
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midity coupled with intermittent high 
overload temperatures. Notable ex¬ 
amples have come from the bituminous 
coal fields of western Pennsylvania. One 
company, which operates a large number 
of mining locomotives, reports that the 
average life of motor windings operating 
under the worst conditions • has been 
lengthened considerably by the use of 
fiber-glass-insulated coils. 

Reference to table IV will show tliat 
after washing and thorough dr 3 dng, the 
average thickness of cotton and asbestos 
tapes had increased. This does not 
occur in glass tapes. 

Glass insulation is available in the 
same forms and sizes as are other fabrics, 
the following being stocked: 

Tape. Continuous fiber 0.005 inch by 
V 4 inch to 0.015 inch by IV 2 inches; staple 
fiber 0.010 inch by ‘A inch to 0.026 inch by 
IV 2 inches. 

Braided Sleeving, Made from continuous- 
fiber yarns in standard inside diameters 
of Vio inch, Vs inch, 2 V 4 inches with wall 
thickness of 0.015 inch. 

Varnished Cloth and Tape, Black and yellow 
varnished cloth and tape are available in the 
same widths and thicknesses as varnished 
cotton cambric. 

Glass Insulated Wire, All sizes of round and 
square wire are being covered successfully 
with glass yarn, different thicknesses being 
used to obtain the same over-all diameters 
as standard wire insulated with asbestos, 
cotton, paper, and silk. 

Combination Mica and Glass, A number of 
mica and glass combinations are being used 
for transformer coil, and armature coil, and 
slot insulation. This combination is a class- 
C insulation except for a small amount of 
organic binder. 

Summary 

In summing up the characteri.stics of 
fiber glass those which make it valuable 
for electrical insulation are: 

1. Noninfiammable and highly heat resist¬ 
ant. The operable temperature is limited 
only by the impregnant used, and there is a 
very definite temperature range between the 
operable temperature of organic fabrics and 
that of heat-resistant irapregnants where 
glass is unique. 

2. Exceptionally high tensile strength. 

3. Nonhygroscopic. 

4. Resists attack by moisture, acids, oils, 
and corrosive vapors. 

5. Good thennal conductivity. 

6. Excellent dielectric strength when im¬ 
pregnated. 

7. High insulation resistance. 
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Discussion 

L. E. Fogg and R. B* Power (Kennecott 
Wire and Cable Company, PhiUipsdale, 
R. !.)•* Mr. Atkinson has outlined the 
properties of liber glass which promise to 
make it an important factor in the field of 
electrical insulation. These properties are 
such that frequently fiber glass may be 
used advantageously in place of other 
insulations and it may provide a satisfactory 
solution for a nimiber of difficult insulation 
problems. There are, however, a few com¬ 
ments that should be made with regard to 
the use of this material. 

There is one point in connection with the 
mechanical strength of the material which 
would bear some clarification. The results 
of the flexing, endurance tests as reported in 
table in show that a certain amount of 
heat treatment apparently toughens the 
insulation, and might make such treatment a 
desirable part of the preparation of the 
material. The cause for this improvement 
is not readily apparent, and should have 
some explanation by the author. 

In table IV giving dielectric strength 
comparisons, Mr. Atkinson has indicated 
slight improvements of the glass, and slight 
loss for the other insulations through wash¬ 
ing. For thin insulations there is always an 
increase in the dielectric strength as the 
thickness of the material is decreased. It 
seems probable that this factor is more re¬ 
sponsible for the slight mcreases and de¬ 
creases noted above, than any other change 
in the insulations. The cotton and asbestos 
fabrics, showing increases in thickness with 
washing, show a corresponding decrease in 
dielectric strength, while the glass, with a 
decrease in thickness shows an improved 
dielectric strength. 

The lubricating oil applied to the fiber 
during manufacture may have some slight 
effect on the dielectric strength of the glass 
tape. However, this oil may be very detri¬ 
mental if thermal and electrical conditions 
of insulation use are such as to make dielec¬ 
tric loss an important factor. 

It is worth pointing out that the dielectric 
strength of asbestos may vary greatly from 
the values shown in the same table, depend¬ 
ing on the method of preparing the asbestos 
tape. Some comparative dielectric-strength 
measurements were made recently at our 
laboratory on fiber glass and asbestos tape 
in which the asbestos had been fabricated 
on a cotton backing. Although the fiber 
glass gave results almost identical with those 
of Mr. Atkinson, this asbestos tape showed 
about 60 per cent higher dielectric strength 
than did the samples he reported. 

It is unfortunate that in most applications 
of fiber glass as insulation it is necessary to 
use some bonding, saturating, or coating 
material in conjunction with the glass. 
Some tests which we have made recently 
show that if fiber glass alone could be used it 
would retain some insulating properties at 
temperatures approaching its softening 
point. Such temperatures cannot be at¬ 
tained in practical applications, however, 
and in most cases the maximum operating 
temperatures for fiber-glass-insulated equip¬ 
ment will be limited to a moderate value by 
associated insulating materials. These facts 
should be kept in mind when considering 
fiber-glass insulation for high-temperature 
operation. 
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Unquestionably, glass as a fibrous insulat¬ 
ing material will eventually find its proper 
place among other similar materials. The 
information presented by Mr. Atkinson 
should indicate some places where its use 
would be definitely practicable. 


R. W. Wieseman (General Electric Com¬ 
pany, Schenectady, N. Y.): For rotating- 
machine windings a large variety of class A 
organic insulathig materials are available. 
These materials are inexpensive, easy to 
apply, and they have been used successfully 
for many years. As the machine voltage, 
speed, and size increased inorganic mate¬ 
rials were introduced to increase the life of 
the windings by resisting the action of 
mechanical stresses, corona, and elevated 
temperatures. 

Unfortunately only two inorganic mate¬ 
rials were suitable for rotating-machine 
windings up to the present time, namely, 
asbestos and mica in built-up form. Mica is 
an excellent high-voltage high-temperature 
moisture-resisting insulator if properly 
filled and bonded. It is limited mechani¬ 
cally, however, by the characteristics of its 
bonding medium. Some asbestos textiles 
contain as much as 20 per cent cotton. It 
is well known that asbestos absorbs moisture 
readily and it contains natural ferrous 
particles and conducting salts which must be 
removed if it is to be used in the region of 
high-voltage stresses. Asbestos, therefore, 
is usually confined to low voltages where 
mechanical strength is required at elevated 
temperatures and as an armor for high- 
voltage mica insulation. It is apparent 
that present inorganic materials, although 
satisfactory, are not ideal for rotating- 
machine insulation. 

The introduction of glass-fiber insulation 
is welcomed by those interested in rotating 
machines. Y^en properly filled with a 
suitable varnish or compound, glass fiber is a 
good class B insulating material. Up to the 
present time glass fiber alone is not a com¬ 
petitor to mica for high-voltage windings. 
Glass fiber, however, should be beneficial 
in many respects. First, it can replace 
cotton which is used for structural purposes 
in class B insulation, and thereby produce 
better mechanical and thermal properties. 
Second, it can replace asbestos with an 
improvement in uniformity, mechanical 
strength, and voltage strength. Third, it 
can partially replace mica on low- and 
medium-voltage coils with an improvement 
in mechanical strength. It also can be used 
as an armor or outside covering for high- 
voltage mica-insulated coils, 

D-c and a-c machines have been built 
with glass-insulated wire in both the arma¬ 
ture and field windings. Coils of many kinds 
have been insulated with glass tape and 
mica in several combinations. The end 
connections of armature windings have been 
insulated with treated glass tape and com¬ 
binations of glass and mica tape. A 1,600- 
kw 600-volt d-c machine was insulated 
entirely with mica and glass. None of its 
six windings contains cotton or asbestos in 
any form. Insofar as machine temperatures 
are concerned the thermal limitation of the 
windings of this machine is governed only 
by the insulating varnish and filling com¬ 
pounds used in building the insulation 
structure. 

Glass fiber in various' forms can be used 
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to advantage in rotating-machine insulation. 
The extent to which it will replace present 
materials will depend somewhat on technical 
and economic conditions because its feasi¬ 
bility has been established. 


E. F. Dissmeyer (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Mr. Atkinson’s paper provides a very com¬ 
plete comparison of the characteristics of 
.cotton and glass when used as insulating 
materials. In the future, glass will un¬ 
doubtedly provide an answer to many of our 
insulation application problems. 

A number of other characteristics of glass 
insulation would, of course, be of interest. 
Certain of these are: 

1. How does the dielectric strength of glass 
under impulse conditions compare with that of 
other insulating materials? 

2. In transformer applications, a majority of the 
dielectric strength between turns is provided by the 
oil-saturated paper covering on the conductors. 
Would a glass reinforcement over the paper provide 
better dielectric strength? 

3. One of the problems which confronts the 
manufacturer is that of getting varnish into the 
interior of coils. With cotton insulations, the 
varnish can be wicked'* in only a short distance. 
How do the **wicking’' properties of glass compare 
with those of cotton? 


E. L. Lotz (New Jersey Wood Finishing 
Company, Woodbridge, N. J,); The in¬ 
formation on fiber glass presented by Mr. 
Atkinson is extremely valuable and timely 
in view of the newness of the product and 
of the widespread interest in this type of 
insulation and of the possibility of the in¬ 
creased temperature ratings of electrical 
equipment and allied insulation. 

With the tremendous advances made in 
the manufacture of insulating varnishes and 
impregnating compounds in the last few 
years, it has become more and more ap¬ 
parent that the limiting factor in the opera¬ 
tion of insulation at high temperatures is 
not the varnish or impregnating compound, 
but the carrier on which they are used. 
Cotton when impregnated or coated and 
subjected to high temperatures (126 degrees 
centigrade) fails only in a mechanical sense, 
that is, it fails in so far as tensile and tearing 
strength are concerned but does not fail 
electrically as the dielectric strength of the 
varnish or compound will, if anything, be 
higher after the heat treatment. The use of 
fiber glass as the carrier should insure both 
good electrical and mechanical properties 
even after exposure to high temperatures 
for long periods of lime. 

The dielectric strength of cotton and glass 
impregnated with the same varnish is sub¬ 
stantially the same as is also the case for the 
two in the unvarnished state. This means 
that the dielectric strength is determined 
almost entirely by the type of varnish used, 
as is clearly shown in table VI of the paper. 

The curves in figure 3 are very interesting 
and would lend to show that varnished glass 
cloth is considerably better than varnished 
cotton cloth under conditions of high humid¬ 
ity. I have tested both glass and cotton 
for resistance to moisture and have found 
that varnished cotton compares very favor¬ 
ably with varnished glass in respect to power 
factor and dielectric strength. The experi¬ 
ment consisted of vacuum-drsdng samples of 
black varnished cotton and fiber glass at 
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Fi$ur^ 1. Water 
absorption of var* 
nished glass and 
cotton 


105 degrees centigrade for six hours under 
a vacuum of 0.1 millimeter and then expos¬ 
ing the samples to 98 per cent relative humid¬ 
ity and determining the amount of water 
absorbed, the power factor, and dielectric 
constant. The result of this experiment is 
shown in figure 1 of this discussion. The 
curves are plotted against hours of exposure 
and show that even though the varnished 
glass absorbed much less water, the result¬ 
ant power factor was just as high as the 
varnished cotton. The curve designated 
V.C,-P,F. means the power factor of the 
varnished cotton, whereas, G-P,F. is the 
similar curve for varnished glass. In both 
cases, there was an initial rapid increase in 
water absorbed, power factor, and dielectric 
constant in the first ten hours. 

In order to compare the dielectric strength 
after exposure to moisture, samples which 
had been vacuum dried as above were im¬ 
mersed in water at 24 degrees centigrade 
for 24 and 42 hours and the amount of 
water absorbed and decrease in dielectric 
strength measured. The dielectric strength 
was measured using one-fourth inch elec¬ 
trodes and the short time ASTM method of 
test. The results are shown in table I of 
this discussion. After 24 hours, the var¬ 
nished glass had absorbed 0.77 per cent 
water by weight and had a reduction in di¬ 
electric strength of 46,2. Varnished cotton 
^3.2 per cent water by weight, but 
the reduction in dielectric strength was only 
30.^. After 42 hours the glass had ab- 
j ^^ter by weight with a 

reduction in dielectric strength of 59.2 
^* 0 =*^*“*' varnished cotton absorbed 

per cent water by weight and had a 
decrease in dielectric .strength of 48.6 per 


Table |. Ab»orp«on-Dleledrie 

Strength 


^iSxposure 


Water 
Absorbed 
(Per Cent 
by Weigkt) 


Per Cent 
Reduction 
in- Dielectric 
Strength 


alack Fiber G 
24 hours in wj 
degrees ceni 
^ howin W) 
degrees cmi 
B lack Cotton ‘ 
24 hours in wi 
decrees cent 
42 hours in wi 
degrees cent 


..0.77.. 
.. 1.1 .. 


..3.2 .. 
..4,36.. 


...46.2 

...59.2 


...30.85 


...48.5 
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In the above experiments, the same var¬ 
nish was used on both the cotton and glass 
and it is reasonable to assume that in each 
case the varnish itself would be affected to 
the same degree so that the difference in the 
performance of the two must be directly 
dependent on the carrier. Since glass is 
nonhygroscopic the mechanism of the water 
absorption is probably of the nature of a 
surface layer on the glass fibers. In the 
case of cotton most of the water is taken up 
by a wick action and since the carrier itself 
does not contribute anjrthing to the dielec¬ 
tric strength, the presence of the large 
amount of water in the cotton does not show 
up in the dielectric-strength measurements. 


Lloyd E. Miller (Reliance Electric and 
Engineeimg Company, Cleveland, Ohio): 
Mr. Atkinson’s paper is so complete as to 
det^, that it leaves practically nothing to 
the imagination and very little concerning 
the physical characteristics given in the 
paper, to discuss. 

There is, however, a feature that might 
very well be discussed regarding the com¬ 
mercial usage of this material. The high 
temperature to which fiber glass can be sub¬ 
jected has been stressed in this paper and in 
previous papers and talks. It might be 
said to have been overstressed. It has been 
stressed so much that it has been ill ad¬ 
visedly seized on by many as proof that with 
this material the industry is now ready to 
double the temperature at which electrical 
machinery can be operated. 

The fact that impregnants must be used 
in conjunction with fibrous insulation, and 
the fact that all satisfactory impregnants to 
<^te are entirely, or in part, of organic mate¬ 
rial, and are, therefore, the limiting factor 
in such combination, seems to have been 
neglected. It is noted that Mr. Atkinson 
mentions this in his paper, but it seems that 
It should be more strongly emphasized than 
m the past. This fact should serve as a 
spur to the varnish manufacturers. 

^It does seem that the electrical industry 
might profitably consider higher tempera¬ 
tures than are now simctioned, but extreme 
changes due to new materials should be 
approached with caution. 

It should be borne in mind that the 
ability of fibrous insulation to withstaind 
mgh temperatures is not of itself sufficient to 
justify such changes. Fire hazard must be 
considered, as must also strains and move¬ 
ments set up by expansion and contraction. 


There is no doubt that the new fibrous 
glass has given the electrical industry a sub¬ 
stantially improved insulating material. 
It can be accepted as a fact that its heat- 
resisting properties are considerably above 
those which can be used by the industry at 
the present time. It would, therefore, seem 
that efforts of the manufacturers should be 
along the line of making the product easier 
to use and apply. 


Graham Lee Moses (nonmember; West- 
ingbouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): Mr. Atkinson 
and his colleagues in the Owens-Coming 
Fiberglas Corporation have undoubtedly 
made a very significant contribution to the 
insulation art. Insulation engineers have 
long felt that existing class. B insulating 
materials had definite limitations and it is 
hoped that this new material will overcome 
these defects. 

Our experience with fiber glass parallels 
Mr. Atkinson’s on some phases of tests on 
the fundamental material. However, our 
experience has largely been in connection 
with actual commercial machines. We 
have found that its success depends upon 
the correct application. It has proved 
satisfactory on equipment where weight and 
space requirements necessitate high-tem- 
perature operation and the insulation is 
exposed to high humidity conditions. Our 
e^erience in the application of glass insula¬ 
tion to transportation apparatus is detailed 
• in an article by Mr. Ferris and myself which 
appeared in the December 1938 issue of 
Electrical Engineering, 

Our practical and design experience with 
glass insulation on commercial apparatus 
covers a period of nearly two years involving 
over 60 types of motors and generators and 
several hundred units. It has also been 
used on many types of control. 

Fiber-glass insulation has its share of 
desimble characteristics and naturally bfi p 
its limitations. It should not be substituted 
wholesale for any existing insulating medium 
but should be applied with care and con- 
sidemtion only where it is required and its 
use is economically justified. Applications 
should be avoided which bring out or em¬ 
phasize its limitations or weaknesses. 

Glass insulation by virtue of its excellent 
tensile strength under high tempemture 
conditions lends itself to being used for 
bintog cl^s B coils and holding other forms 
of insulation in place. It makes an ex¬ 
cellent finishing tape producing the desired 
str^gth with long life at high temperatures 
and a fine glossy finish when properly 
tr^ted. The excellent tensile strength per¬ 
mits the use of thinner class B tapes thereby 

obtaining improved space factor. 

Because it is a woven material its inherent 

(untreated) dielectric strength is only com¬ 
parable to tbat of similar conventional 
materials. When treated it takes on the 
characteristics of the impregnant film as do 
materials. In our opinion it 
should not be used for the main ground in¬ 
sulation on high-temperature class B ap¬ 
paratus. This material is of course not to be 
considered to replace mica for ground insula¬ 
tion. 

One of ^e present limitations of glass 
filiation IS its relatively low resistance to 
abrasion when the fibers are not lubricated 
or supported by impregnation. In tape 
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form the fibers are lubricated by an oil 
film applied during manufacture. In the 
apparatus this must be supplemented by 
varnish or other impregnant. When this 
lubricant or impregnant is eliminated or its 
qualities destroyed, vibration is apt to 
cause abrasive destruction. This very defi¬ 
nite limitation must be faced by engineers 
applying this material. 

Another limitation is the relatively low 
shear strength of the glass fibers. This is 
an exhibition of the brittleness which has 
long been associated with glass. To avoid 
this, apparatus should be designed to pre¬ 
vent exposing glass insulation to sharp 
comers or edges. 

The smooth, silky appearance produces 
another handicap as it permits the warp to 
slip on the weft, unless a very close weave is 
used. This tendency can be minimized by 
pretreating the tape in varnish and only 
partially curing before applying the tape. 

The next logical step in the development 
of high-temperature insulation is the pro¬ 
duction of a high-temperature impregnant 
properly to lubricate or support glass insula¬ 
tion and give it high dielectric strength at 
elevated temperatures. In most of the pre¬ 
vious points discussed the impregnant is an 
important factor. The importance of this 
cannot be overemphasized and the develop¬ 
ment of fiber-glass insulation has in effect 
^'passed the bair* to the impregnant manu¬ 
facturers. 

In our search for improved insulation to 
operate at elevated temperatures it must be 
remembered that as in^ation improves it 
ceases to become the determining factor. 
Already there are important considerations 
requiring the operation of some classes of 
machinery at temperatures below that now 
permissible for insulation. 

One interesting and spectacular experi¬ 
ment which we made, was to operate glass- 
insulated magnet coils at temperatures 
around 676 degrees centigrade (1,067 degrees 
fahrenheit). Some of these operated several 
hours without failure even though the im¬ 
pregnant was completely destroyed. Natu¬ 
rally, life at this temperature is limited and 
there was no intent to operate apparatus 
at such temperatures but it was merely done 
to demonstrate the reliability under ex¬ 
treme conditions due to failure elsewhere in 
the control equipment. 

Briefly glass insulation is an important 
addition to our family of insulating mate¬ 
rials. It is not a panacea nor a cure-all. 
In our opinion it should be applied judi¬ 
ciously with full appreciation of the limita¬ 
tions as well as the important advantages. 
Westinghouse engineers, in the early stages 
of this development, recognized the possi¬ 
bilities of fibrous glass insulation and recom¬ 
mended the use of the continuous-filament 
type. 


T. 'SL Walters (General Electric Company, 
Pittsfield, Mass.); The data presented in 
this paper add considerable to our mider- 
standing of this new and very interesting 
insulating material. The point is well 
brought out that in the field of varnished 
fabrics the fabric base is the weaker part of 
the structure and consequently, replacing 
the organic with an inorganic fabric has a 
very beneficial effect on the heat r^istance 
of this class of material. 

There are several other points which I 


would like to bring up. One is that while 
the data show definitely that fiber glass will 
successfully withstand a much higher tem¬ 
perature than either cotton or asbestos 
before losing its tensile strength, these tests 
were all on a short-time basis. It would 
be interesting to know just how high a tem¬ 
perature these new fibers will stand success¬ 
fully for very long periods of time. Also, 
as a matter of record, were the tensile 
tests reported taken at the temperatures 
shown on figure 1, or were they taken at 
room temperature after aging at the indi¬ 
cated temperatures? 

In the section concerning dielectric 
strength, it is stated that "The dielectric 
strength of unimpregnated fiber-glass in¬ 
sulation as it comes from the loom is about 
the same as that of equivalent cotton 
textiles.” This being so, I would be inter¬ 
ested in the author’s theory as to why fiber¬ 
glass insulation produces higher dielectric 
strengths than cotton when the same var¬ 
nishes are used. A possible explanation is 
given for the results obtained after heat 
treatment but not for the higher results 
obtained on the samples before aging. 

In another part of this same section, a 
statement is made that "In hand applica¬ 
tion ordinary varnished tapes are often 
stretched sufficiently to exceed the elastic 
limit of the varnish, thereby impairing 
their insulating value,” followed by the 
statement that since glass fibers do not 
stretch, the varnish on glass tapes is not 
impaired. Varnished cotton cloth can also 
be made which will not stretch. Quite 
often, however, due to the nature of the 
surface to which the tape is being applied, 
it is necessary to use tape which will stretch. 
The decrease in dielectric strength in this 
instance, is small for the amotmt of stretch 
usually required for satisfactory taping. 


Wm. A. Del Mar (Habirshaw Cable and 
Wire Corporation, Yonkers, N. Y.): Fiber 
glass, from the point of view of the cable 
designer, is not so much an insulating mate¬ 
rial as a vehicle or filling for such insulating 
materials as wax, varnish, or lacquer. In 
this respect it may be regarded as a com¬ 
petitor of cotton, dry paper, and asbestos. 
The characteristics of fiber-glass insulation, 
such' as dielectric strength, power factor, 
and ability to resist heat, cold, or moisture, 
are essentially those of the associated wax, 
varnish, or lacquer. Fiber glass gives body 
and strength to these materials, enabling 
them to be. applied in thicker layers. Its 
advantages over other fibers are that it 
does not impair the useful characteristics of 
the wax, varnish, or lacquer with which it is 
associated. From this it would appear that 
the title of this paper is misleading as fiber 
glass is merely an inorganic vehicle for air or 
organic insulation. 

Fiber glass has a defimte value for certain 
classes bf wire such as magnet- wire, fixture 
whre, and small motor leads but; so far, it has 
not made much headway for the larger types 
of cables. 

Fiber glass is a valuable braid material 
as it do^ not decay, bum, or become water¬ 
logged. Here, again, its characteristics are 
limited by the organic filler which must be 
used. It is more likely that its application 
to power cables for some time to come will 
be along this line rather than for the insula¬ 
tion itself. The present high cost of the 


fiber glass, as compared with other braid 
materials, limits its use in large cables to 
services where other available materials 
show abnormally rapid deterioration. 

Varnished glass cloth insulation, as now 
made, does not stand heat (96 hours at 
126 degrees centigrade) as well as heat- 
resisting varnished cambric made with the 
same varnish. It becomes more brittle 
than the cotton base material. It is to be 
hoped that this material will be developed 
to the degree of heat resistance that seems 
to be inherent in the component materials. 


K. N* Mathes (General Electric Company, 
Schenectady, N. Y.); Mr. Atkinson’s paper 
constitutes an excellent survey of the 
properties of glass fiber insulation. From 
the standpoint of the manufacturer of el^- 
tric apparatus the properties and service 
life in built-up form are of primary impor¬ 
tance. Service trials and laboratory tests 
have established that the electrical and 
particularly the physical properties of glass 
fiber insulation depend largely upon the 
nature and thoroughness of the compound 
or varnish treatment. 

Untreated glass fibers are extremely sensi¬ 
tive to nicking, and unless protected can 
even cut and destroy each other under con¬ 
ditions of abrasion and vibration. For this 
reason a film of oil or sizing is applied to ^e 
fibers to protect them in the textile operation 
and allow their use as yam or fabric. The 
sizing used at present is somewhat corrosive 
to copper, hygroscopic, and, in addition, is 
not truly compatible with most insulating 
varnishes. Because of the nature of the 
sizing and the high density in the case of 
the continuous-filament yam, it is difficult 
to secure complete varnish or compound 
penetration. Although glass is not hyg^ro- 
scopic in the sense that the solid fibers can 
absorb water, moisture can be picked up in 
the following ways: 

1. As an adsorbed film upon the gloss surface. 

2. By adsorption in the shing. 

8. By capillarity between fibers or threads. 

4. By capillari^ between fibers and surrounding 
varnish which may not satisfactorily wet the fiber. 

As a result the moisture resistance of glass 
fiber as measured by the electrical properties 
in many cases is only comparable to cotton. 

When used as major insulation, the glass 
fabric serves merely as a matrix to carry the 
insulating vamish. The extent of the 
deterioration of the varnish over long periods 
of time is extremdy important. The most 
characteristic effect is the slow embrittle¬ 
ment and tendency toward cracking which 
may seriously impair the dielectric strength. 
In contrast, the overlapping flakes of pasted 
mica depend upon vamish only as a binder. 
In addition, since all organic varnishes de¬ 
teriorate under the action of corona, the 
varnished glass fabric cannot be considered 
as a substitute for mica in high-voltage 
applications. 

This discussion emphasizes limitations 
and precautions which are important to 
recognize since glass fiber is assuming so 
rapidly an important place in the field of 
electrical insulation. Glass insulation has 
found use in many t 5 qjes of electric appara¬ 
tus, and will find increased use with further 
devdopment, and as service data more 
firmly establish the advantageous proper- 


JuNE 1939, VoL. 58 


Atkiitson—Fiber Glass 


Transactions 285 



ties. In comparison with other types of in¬ 
sulation, in many cases economic considera¬ 
tion may be the deciding factor for use. 


H. C. Louis (Consolidated Gas, Electric 
Light and Power Company of Baltimore, 
Md.): The data in the paper giving the 
results of the elaborate tests on fiber-glass 
insulation show this material to have some 
very desirable and superior characteristics 
and to open up some very attractive possi¬ 
bilities. The development of this insulating 
material marks a definite step forward in the 
progress of insulation development. 

Numerous mechanical tests were made as 
described in the paper, but we wish to stress 
the importance of giving full consideration 
to the effect of fatigue effects from vibration. 
The possibility of deterioration or even 
pulverization of such material due to this 
effect in extended service should not be 
minimized. Operating experience shows 
numerous troubles in materials to be trace¬ 
able to vibration fatigue, and possibilities 
of anticipating and preventing this call for 
the very best efforts and attention in investi¬ 
gations of the material tmder consideration. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.); The utilities are, 
of course, gratified to learn again that the 
manufacturers are investigating the new 
kinds of insulation as they are brought 
forth. Obviously, when these insulations 
are suitably developed by themselves or as 
incorporated in apparatus, many utilities 
will be glad to use them when they become 
attractive commercially as well as techni¬ 
cally. 

Referring to the newer insulation, that is, 
glass, it would be of interest to learn what 
developments have been made with other 
types of binders than the varnish and bake- 
lite mentioned by the author. This ques¬ 
tion, of course, is raised in connection with 
frequent or continuous operation of glass 
insulation in apparatus at such temperatures 
as 160 or 176 degrees centigrade. 


F. W. Atkinson: L. E. Fogg, R. B. Power, 
and Lloyd E. Miller refer to the fact that the 
operable temperatures for glass insulation 
in most applications must be limited by the 
impregnant used. Mr, Miller advises cau¬ 
tion in design and rating changes in the 
direction of higher temperature operation, 
and Herman Halperin raises the question as 
to impregnants which may be capable of 
withstanding temperatures such as 160 
degrees centigrade or 176 degrees centigrade. 

The author fully realizes the necessity for 
caution in raising the temperature ratings 
of electrical apparatus in general and that 
many other considerations make it impos¬ 
sible to operate at temperatures even ap¬ 
proaching those which glass will stand. 
However, as E. L. Lotz and Gr^am Lee 
Moses have pointed out in their discussion, 
as far as the insulation is concerned, the 


limiting factor with impregnated glass is the 
impregnant, whereas with class A insula¬ 
tions, it is the fabric. Our tests of numerous 
varnishes on glass and cotton fabrics defi¬ 
nitely show that the better heat-resistant 
varnishes will stand temperatures consider¬ 
ably higher than those which cause cotton to 
lose practically all of its mechanical strength. 
Our experience with the relative heat resist¬ 
ance of varnished glass cloth and varnished 
cotton cambric does not parallel that of 
Wm. A. Del Mar. Of three different samples 
of yellow varnished cotton cambric held at 
126 degrees centigrade for 168 hours, only 
one could be bent 180 degrees around a 
one-eighth-inch-diameter mandrel without 
cracking. All of the six samples of yellow 
varnished glass cloth (each varnished by a 
different company) withstood this test. 
A few of the better commercial varnishes 
(applied to glass cloth) have been found to 
pass this test after a week at 176 degrees 
centigrade. One experimental impregnant, 
partly organic, retained remarkable flexi¬ 
bility after 120 hours at 200 degrees centi¬ 
grade and its minimum dielectric strength 
was over 1,600 volts per mil (short-time 
method, one-fourth-inch electrodes, mate¬ 
rial 0.010 inch thick). It seems reasonable, 
then, to assume that: 

1. The temperature limits of class A insulations 
are determined by the fabric and not by the im¬ 
pregnant. 

2. With a fabric that will stand it, varnishes are 
available which can be used where hot spot tem¬ 
peratures are 150 degrees centigrade or higher. 

3. The final word has not been written about 
heat resistance in impregnants as varnish manu¬ 
facturers and individuals are making great strides 
in the improvement of this quality. It is believed 
^at the introduction of glass fabrics into the 
insulation field has provided further inducement to 
effort on this particular research problem. 

K. N. Mathes and Graham Lee Moses 
have mentioned the low resistance of un¬ 
treated glass fabrics to abrasion and shear 
on sharp edges. This probably is the 
weakest property of the untreated glass at 
the present time, although that is not true of 
treated fabric and it does not seem to be of 
primary^ importance. Laboratory tests 
along this line are not very conclusive so it 
seems pertinent to refer to the experience 
encountered by manufacturers in the actual 
application of “Fiberglas** insulating mate¬ 
rials during the three years since their intro¬ 
duction. Few have reported any lasting 
difficulty due to abrasion and shear and some 
have indicated as much as 15 per cent saving 
in labor in the winding of coils. This would 
hardly be possible if much difficulty were 
encountered due to nicking and shearing 
during fabrication. It should be pointed 
out further that continuous research is defi¬ 
nitely minimizing this weakness. 

Mr. Mathes mentions the important point 
of thoroughness of impregnation of treated 
Fiberglas insulation. This problem, of 
course, is as applicable to glass as to the 
other textile insulating materials but no 
particular ^culty has been found in our 
laboratory in obtaining thorough impregna¬ 


tion of glass doth, and the impregnation of 
wound coils is being carried on by numerous 
manufacturers with facility and efficiency at 
least as great as with cotton and asbestos. 
We have found, however, that some t 3 rpes 
of varnish wet glass fibers much better than 
others and this seems to be the high hurdle 
in accomplishing thorough impregnation of 
Fiberglas. Heat treatment definitely im¬ 
proves impregnation by strengthening the 
bond between the varnish and the fibers. 
We believe this to be, in part, the answer 
also to the question of Messrs. Fogg and 
Power regarding the increase in flexing 
strength of varnished cloth after heat treat¬ 
ment. Another explanation is that the 
pol 3 nnerization of thermosetting varnishes 
adds considerably to their toughness. 

T. R. Walters raises the question of varia¬ 
tion in tensile strength of Fiberglas with 
time of exposure to high temperatures. 
Our experience indicates that there is very 
little change in the tensile strength of elec¬ 
trical glass (alkali-free) after the first 24 
hours. 

Cloths made of this type of glass and used 
for steam-turbine blanket covers retained 
from 30 per cent to 40 per cent of their 
original tensile strength after 12 days next 
to a hot plate maintained at 900 degrees 
fahrenheit (482 degrees centigrade). This 
is about the same loss in strength as shown 
in figure 1. The significant thing, however, 
is that even after this treatment, the glass 
cloth is stronger than cotton and asbestos are 
with no heat treatment. 

Messrs. Louis and Moses bring up the 
point of deterioration due to vibration. 
We know definitely that if this is an inherent 
weakness in Fiberglas insulation, it can be 
proved only after a longer period of time 
than Fiberglas-insulated apparatus has been 
in operation; for as far as is known, no 
failures have been attributable to vibration. 

^ Unfortunately we have at the present 
time no data to compare directly with the 
interesting curves presented by E. L. Lotz. 
However, we have measured the 00-cycle 
power factor of a number of different 
samples of varmshed cotton and varnished 
glass cloth at room conditions, and have 
found no cotton sample whose power factor 
was lower than 13 per cent nor any glass 
sample whose power factor was higher than 
7 per cent. 

So far as we know, no impulse tests, as 
Mr. Dissmeyer has suggested, have been 
made. As far as the reinforcement of the 
dielectric strength, of the paper insulation 
in transformers is concerned, untreated glass 
could offer little; but varnished glass should 
provide much greater dielectric strength 
and resistance to the effects of corona. With 
reference to the **wicking** of varnish in 
glass-covered coils, there seems to be no 
difficulty. In fact, although coil manu¬ 
facturers are naturally loath to disseminate 
such information, there is reason to believe 
that some of them consider that a fewer 
number of dips are necessary for some types 
of glass-insulated coils than for other types 
of insulation. 
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Temperature Limits and Characteristics 
of Mica as Used in Conjunction 
With Class **B** Insulation 

By ROBERT H. SPRY 

ASSOCIATE AIEE 


T he type of dass B insulation re¬ 
ferred to in this paper is primarily 
intended for small and medium sizes 
of general purpose motors, generators, 
and assodated equipment. 

Of the many different varieties of micas 
found in the world’s mineral deposits, 
only two are used for dectrical insulation, 
namdy, muscovite and pWogopite. Com- 
merdal sources of supply are found 
mainly in India, Madagascar, Africa, 
Brazil, and Canada. The mica-bearing 
veins are very erratic in their occurrence; 
in some localities they are found on and 
near the surface, while in others, they are 
several hundred feet below the groimd. 
The yidd of commerdal mica obtained 
per ton of rock may be as low as one per 
cent. In general, the area of rough mica 
slabs varies from approximately 2 square 
inches to 50 square inches. However, 
in exceptional cases, pieces are found as 
large as three feet by four feet. After 
the extraneous rock and other incrusta¬ 
tions are removed from the slab of mica, 
it is then split into thicknesses of approxi¬ 
mately one-dghth inch—commerdally 
termed ‘‘blocks.” The blocks are fur¬ 
ther dassified for quality and graded for 
size by experienced native labor. Details 
regarding the various recognized qualities 
and gradings may be found in ASTM 
method I)-361-37r. 

Muscovite mica is often referred to as 
India mica, white mica, ruby, potassium 
mica, etc. Clear muscovite films have a 
dielectric strength of approximately 3,000 
volts per mil to 900 volts per mil for 
thicknesses of 0.002 inch to Vie 
inch respectivdy at 25 degrees centi¬ 
grade. For temperatures of 300 degrees 
centigrade the dielectric strength is 
roughly equal to 75 per cent of the stated 
values. The power factor varies from 
0.0001 to 0.0008 at 26 degrees centigrade 
for a frequency range of 60 cycles per 
second to 1,000 kilocycles per second. 


A paper presented under the auspices of the AISB 
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winter convention. New York, N. Y., January 23— 
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Robert H. Spry is electrical engineer with the Mica 
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The dielectric constant under the same 
conditions is 6.5 to 8.6. 

Phlogopite mica, which is more uni¬ 
versally known as amber or silver mica is 
softer physically than the muscovite 
micas. Selected grades of phlogopite 
mica may be operated at temperatures of 
800 degrees centigrade to 900 degrees 
centigrade as compared to 400 degrees 
centigrade to 500 degrees centigrade for 
muscovite mica. Its dielectric proper¬ 
ties are, however, poorer than the musco¬ 
vite micas, the dielectric strength being 
approximately 70 per cent of the values 
quoted above and the power factor has a 
rather wide spread of 0.003 to 0.09. 

The most important cliafacteristic of 
mica which permits its wide use as a di¬ 
electric is its basal cleavage. Films or 
splittings as thin as 0.0003 inch may be 
produced by skilled natives. Specifica¬ 
tions of commercial splittings range from 
0.0006 to 0.0013 inch in thickness. By 
using these thin films or splittings, a high 
degree of flexibility is obtained for such 
applications as coil wrappers and molding 
micanite plates. 

The physical limitations of the size or 
area of the natural micas are overcome, 
to a large extent, by assembling the 
films into large sheets with the aid of 
suitable binders. A wide variety of 
types of “built-up” or Micanite plates 
and wrappers are obtained by combina¬ 
tions of binders, adhesives, carriers, and 
heat and pressing operations. The fol¬ 
lowing general classifications of micanite 
plate and other combinations of mica 
fall within the AIEE definition of class B 
insulation: 

Group I, Hard, rigid sheets for commuta¬ 
tor segments, etc., contain a minimum 
percentage of binder (shellac or Glyptal) 
which has been polymerized to prevent 
exuding of the binder and slippage of the 
mica films when subjected to heat and pres¬ 
sure. Organic-bonded heater plates for 
resistance elements that are mechanically 
supported also come within this group. 

Group II. Hot molding plates for cylin¬ 
ders, vee rings, slot cells, etc., containing 
from 10 per cent to 20 per cent of shellac or 
Glyptal binders which are undercured to 
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facilitate molding and forming operations. 
Additional heat treatment or curing cycl^ 
are required on this type of plate to make it 
siiitable for supporting mechanical loads at 
elevated temperatures. 

Group III. Cold flexible plate for slot, 
phase, and ground insulation can be formed 
readily at room temperatures. The binder 
is essentially composed of nondrying oils, 
plasticizers, and natural and synthetic 
resins. It, therefore, should not be used 
under high mechanical loads where sta¬ 
bility is of paramount importance. 

Group IV. Composite Insulation. The 
mica splittings are usually backed with, or 
sandwiched between, carriers such as 
capacitor tissue, silk, cotton, cellulose ace¬ 
tate, Fiberglas, asbestos, slot papers, or 
varnish-coated cloths. The carriers provide 
sufficient mechanical strength to enable the 
mica films to be applied directly to the 
conductors and coils. The binders used 
in these combinations are comparable to 
those listed in group III with the addition 
of asphalts and pitches. 

The percentage of mica by weight in 
the composite insulations varies over 
wide limits, depending upon the materi¬ 
als used. For the thinner carriers such 
as capacitor tissues and silk, the average 
quantity of mica is in the order of 65 per 
cent, the remainder being binder and 
carrier. 

In the past decade, numerous inor¬ 
ganic materials have been tried for 
binders in order to increase the operating 
limits of electrical apparatus. The ap¬ 
parent limitations of all the inorganic 
binders are the high heat treatments or 
temperatures required to make tlie 
binders chemically and electrically stable. 
Following such heat treatments, inor¬ 
ganic binders lose their flexibility and 
become, in most cases, a brittle, crystal¬ 
line structure. Therefore inorganic- 
bonded mica is limited to simple rigid 
forms such as plates and cylinders. The 
large number of plasticizers and syn¬ 
thetic resins now available has improved 
the retention of flexibility in organic 
binders and varnishes. A specific ex¬ 
ample of the improvement in the heat 
resistance of varnish films within the last 
six years is represented by the following 
data which we have collected on var¬ 
nished cambric cloth. 

The test procedure in determining the 
respective heat resisting properties of 
the varnish film is accomplished by 
hanging narrow tapes (approximately 
one inch in width by six indies to ten 
inches in length) in ovens maintained 
at temperatures of 100 degrees centi¬ 
grade and 125 degrees centigrade plus 
or minus 2, degrees, respectively. Sam¬ 
ples are withdrawn at regular intervals 
and bent around a one-eighth-inch diame¬ 
ter mandrel. A checking or craddng of 
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the varnish film is considered as the end 
point or failure and the total number of 
hours is recorded for the particular 
sample. In 1932 the average life of 
varnished doth was in the order of 500 
to 600 hours at 100 degrees centigrade, 
3-nd 100 to 150 hours at 125 degrees 
centigrade. Today the special varnished 
dot^ of comparable thicknesses are 
capable of withstanding in the order of 
2,500 to 3,000 hours at 100 degrees centi¬ 
grade, and 350 to 450 hours at 125 de¬ 
grees centigrade. By sacrificing some 
of the dectrical properties, the heat re¬ 
sistance can still be greatly improved on 
certain grades of varnished cambric 
cloth. It is recognized that in view of 
the fact that the entire surface of the 
varnish film is exposed to the oxidizing 
and/or polymerizing action of the atmos¬ 
phere, the rate is considerably greater 
than would be encountered in practical 
applications of multiple layers. There¬ 
fore a correlation between test data and 
practical experience must be made for 
each condition encountered. 

Because of basic differences between 
varnish-coated products of class A insula¬ 
tion and the combinations of mica and 
coils for class B insulation, it is difficult 
to establish reliable test methods for de¬ 
termining heat-resisting properties. The 
binders for the mica products must first 
have a certain minimum degree of adhe¬ 
sion to hold the splittings in place in addi¬ 
tion to the other electrical and physical 
requirements; second, due to the over¬ 
lapping laminated structure of the mica 
films, tests such as tensile strength, 
tearing, bending, etc., are unreliable 
because they depend essentially upon 
the carrier and not the over-all combina¬ 
tion of the insulation. 

It appears that the only dependable 
and satisfactory way in which to de¬ 
termine the aging characteristics and 
tmnperature limits of class B insulation 
is to apply them to the individual unit of 
electrical apparatus where such variations 
as heating and cooling cycles, expansion 
and contraction, vibration, high and low 
humidities, corrosive vapors and gases, 
etc., are present. 

Doctor T. S. Taylor’s paper on “Re¬ 
peated Thermal Expansions and Con¬ 
tractions .and Their Effect Upon Long 
^bmature Coil Insulations” (AIEE, 1924) 
is the only specific data that can be found 
on this subject. A model of four slots 
having an over-all length of 110 inches 
was built up from punchings. Ventilat¬ 
ing ducts V 2 inch and 1 inches wide were 
included inan attempt to duplicate present 
engineering practice. Eight coils, two per 
slot, were insulated with various t 3 rpes of 
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class B mica-tape insulation. The model 
wassubjected to heating and cooling cycles 
with increasing temperatures of 75, 100, 
130, and 160 degrees centigrade for a 
total of some 11,500 periods. Following 
each series of tests a potential of 37,000 
volts was applied from conductor to 
ground with no breakdowns. At the 
duration of the experiment, an examina¬ 
tion of the coils disclosed that the car¬ 
riers and binders were completely de¬ 
stroyed in and near the sever^ air ducts 
and that considerable deterioration had 
occurred in the slot section. I refer to 
this paper somewhat in detail for predi¬ 
cating the following comments. 

First, for the relatively short period 
of time consumed in making these ob¬ 
servations as compared to several years 
of operating life of the normal motor, 
temperatures in the order of 160 degrees 
centigrade were sufficient to destroy the 
organic carriers of the mica filmc and 
the bonding properties of the varnishes. 

Second, in and near the air ducts, where 
the insulation was not mechanically 
supported, and also subjected to a higher 
rate of oxidation, there was excessive 
deterioration and swelling of the compos¬ 
ite structure. 

Third, the dielectric properties of the 
mica were not affected as evidenced by 
the high potential tests. 

Fourth, in the absence of vibration 
and continuous voltage stresses, the 
individual factors of expansion and con¬ 
traction of these long coils did not have 
a deleterious effect upon the insulation. 

If the model had been subjected to vi¬ 
bration and electrical stresses comparable 
to conditions found in practice, it is quite 
possible that some of the mica filtn.Q would 
have shifted, particularly those in and 
near the air duct; also there would no 
doubt have been added deterioration due 
to ionization in the spaces created by the 
volatilization and disintegration of the 
binder and carrier. 

Thermal conductivity of a given insula¬ 
tion and indirectly its life, is a function 
of its density or compactness. There¬ 
fore, if the best composite insulation now 
being made should be loosely applied 
and poorly impregnated, its ability to 
withstand elevated operating tempera- 
.tures would be seriously reduced. This 
factor alone probably accounts for the 
large deviations in the operating life of 
electrical apparatus. Any time-tem¬ 
perature relationships should also take 
into consideration the compactness of the 
coil as well as its intimate physical 
contact with the slot walls or other sup¬ 
porting and heat-conducting mediums. 

If it were posable to analyze failures 
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on the basis of those due to vibration 
versus pure dielectric breakdown, we 
would no doubt become more critical 
and active in establishing standards for 
the former. The swelling or protruding 
of the coil insulation due to lie normal 
coefficient of expansion of the composite 
structure and possible volatilization of the 
bond at elevated temperatures in the air 
ducts and at the end of the slots creates a 
localized mechanical problem. Contin¬ 
ued vibration may be sufficient to pulver¬ 
ize both the carrier and mica at these 
areas. At the higher operating voltage 
stresses the swelling of the coils may also 
introduce ionization in the coil structme. 

Where space factor or the minimum 
frame size for a given horsepower output 
is limited such as, railway motors, the 
AIEE have established separate and 
special operating temperature limits for 
the class B insulation. The permissible 
hot spot temperature has been increased 
from 125 degrees centigrade to 175 de¬ 
grees centigrade. Quite frequently the 
heat generated by the losses in 
starting and the core losses due to higher 
operating flux densities exceed 175 de¬ 
grees centigrade on motors having insuf¬ 
ficient thermal capacity. Unless some 
emergency exists, the duration of these 
excessive temperatures is for relatively 
short periods of time and therefore gives a 
reasonable operating life for the motor. 
The deteriorating effects of the higher 
operating temperatures and the ex¬ 
treme conditions of vibration and weather 
on the insulation of railway motors is in 
most cases of secondary importance to 
the maintenance of time schedules. To 
obtain a reasonable operating life at 
riiese temperatures the insulation must be 
essentially inorganic such as mica and 
asbestos or glass fibers. Special attention 
must be given or changes in design made 
to see that the mica splittings in the entire 
coil structure are mechanically held in 
place and prevented from slipping. The 
common flat iron or heating element 
employing organic-bonded micanite 
heater plate is a typical and comparable 
example showing that if the mica is 
mechanically held in place the operating 
temperatures can be materially increased 
above the present AIEE temperature 
limits. 

The mica splittings used in class B 
insulation have two outstanding physical 
advantages over other flexible inorganic 
materials such as asbestos and glass 
fibers. First, due to the solid and non- 
porous structure, the surface leakage 
path is tremendously increased. Second, 
moisture or water is adsorbed by the 
laminations of the mica splittings and does 
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A Discussion of Proposed ASA 
Transformer Standards 


By R. T. HENRY 

FELLOW AIEE 


T he proposed American Standards 
Association standards for trans¬ 
formers, regulators, and reactors which 
are about to be circulated for a trial 
period involve several departures from 
previous standards. 

The temperature rise has been sepa¬ 
rated from the ambient and total tempera¬ 
tures. It is the temperature rise which 
determines the amount of material re¬ 
quired and therefore the rating; whereas 
the ambient and total temperatures are 
involved only in the operation and life 
of the insulation and have little or nothing 
to do with the rating. 


A paper presented under the auspices of the AIBB 
committee on ^ectrical machinery at the AIBB 
winter convention, New York, N. Y., January 23- 
27,1939. 

R. T. Hbnry is electrical engineer in charge of 
design for the Buffalo Niagara and Eastern Power 
Corporation, Buffalo, N. Y, 


Insulation levels have been established 
in zones for dielectric tests instead of 
basing the tests on rated voltage. These 
insulation levels are based on the level of 
protection available in the various volt¬ 
age classes. 

The proposed standards include im¬ 
pulse tests in addition to the low-fre¬ 
quency dielectric tests. These impulse 
tests are specified in kilovolts instead of 
gap spacings. 

The insulation strength of transformers, 
regulators (except induction type), con¬ 
stant-current transformers, and instru¬ 
ment transformers have been co-ordi¬ 
nated, thus providing the same insulation 
strength for various types of apparatus of 
corresponding voltage ratings. The in¬ 
sulation levels for both power and distri¬ 
bution transformers have been made the 
same for 23 kv and above. 

The test code has been enlarged and 


brought up to date and now includes 
complete instructions for making the 
various tests on transformers, etc. 

The proposed guides for operation of 
transformers recognize the fact that the 
life of insulation depends not only on the 
temperature but on the duration of such 
temperature as well and that while trans¬ 
formers can be operated with a copper 
temperature of 95 degrees centigrade 
(55 degrees centigrade rise at 40 degrees 
centigrade ambient) for limited periods 
without serious damage, continuous op¬ 
eration at such temperatures would re¬ 
duce the life of the insulation to a few 
years at best. The recommendations 
for loading are therefore based on a 
maximum ambient temperature of 40 
degrees centigrade but a daily average 
ambient temperature of 30 degrees centi¬ 
grade. 

The guides also recognize that the 
permissible continuous loading is greater 
than the rating at low ambient tempera¬ 
tures and less than the rating at high 
ambient temperatures. In addition, the 
guides recognize that transformers can 
carry appreciable overloads for limited 
periods and the recommendations provide 
for short-time overloads for recurrent 
conditions and higher short-time over¬ 
loads for emergency conditions. 


not materially reduce the dielectric 
strength because of the nonabsorption 
characteristics of the individual lamina¬ 
tions. The interstices of the asbestos 
and glass fibers must be filled with a 
varnish or compound to give additional 
dielectric strength above that of the air. 
Until suitable inorganic varnishes are de¬ 
veloped, the most logical type of class 
B insulation having the highest over-sdl 
electrical and temperature limitations 
would be one composed of mica splittings 
and asbestos or glass fibers. 

Notwithstanding the apparent im¬ 
provements in varnishes, binders, and 
new carriers or base materials, we must 
recognize that either the electrical or 
physical limitations of class B insulation 
are still dependent upon organic sub¬ 


stances and until they are radically 
changed or supplanted by inorganic 
binders and varnishes having suitable 
electrical and phjrsical properties, plus 
stability at higher temperatures, we must 
not overlook this factor in proposing 
changes in general standards for operat¬ 
ing-temperature limits of electrical ap¬ 
paratus. 

In view of the variables which are so 
difi&cult to measure and correlate, any 
standards of temperature limits must, of 
necessity, be a compromise between the 
conservative viewpoint of low operating 
temperatures, reliability, long life, high 
efficiency, and the liberal viewpoint of 
lower first costs by reduction of size, 
higher operating temperatures, shorter 
life, reduced eflBiciencies, higher main¬ 


tenance cost, and possible shut-downs for 
major repairs. Several years of operat¬ 
ing experience has proved the AIEE 
standards for class B insulation, that 
is, a maximum hot-spot temperature of 
125 degrees centigrade to be a fair and 
practical compromise. 

The available information in regard to 
time-temperature characteristics of dec- 
trical insulation of all types as applied to 
electrical apparatus, is very meager. It 
would therefore seem very desirable for 
both the manufacturers and the operating 
companies to undertake a definite pro¬ 
gram for the investigation of this im¬ 
portant subject. Any information thus 
found would be to the mutual knowledge 
and advancement of our engineering 
society. 
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Asbestos and Glass-Fiber Magnet- 
\/ire Insulation 


By K. N. MATHES 

ASSOCIATE AIEE 

M agnet wire may be divided 
into dass O, dass A, class B, and 
class C, on the basis of the AIEE tem¬ 
perature ratings.i Many types of dass 
0 or dass A magnet-wire insulations are 
in common use. The variety of class B 
magnet wire insulations is, for obvious 
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ASBESTOS DENSITY — POUNDS PER CUBI^CH 


H. J. STEWART 

ASSOCIATE AIEE 

impregnating material, which may be¬ 
come brittle and crack, cannot be used. 
Heat resistance may have to be sacrificed 
in order to obtain the necessary degree of 
flexibility. Similarly insulation may be 
subjected to higher temperatures when 
not exposed to conditions of moistme. 
It is important, therefore, to study many 
other propertres of a dsiss B magnet wire 
even though the temperature stability 
may be of primary importance. 

Conclusion 

The temperature limitations of olagg B 
magnet wire must be studied in terms of 
many related factors. The stability of 
the associated varnish is one of the most 


007 


Figure 1. Volts per mil versus density of dry 
asbestos 

Thickness 25 mils 


reasons, much more limited. Different 
types are listed in table I. 

Fdted asbestos fiber has been promi¬ 
nent as a dass B fibrous magnet-wire insu¬ 
lation. The recently devdoped com¬ 
mercial production of glass-fiber-insu¬ 
lated magnet wire has created consid¬ 
erable interest. This paper is limited to a 
coiisideration of the properties and appli¬ 
cation of ttese two ^es of dass B fibrous 
constructions. 

Class E magnet wire is used prindpally 
where high temperatmres are encountered. 
The temperature stability of insulation, 
however, cannot be considered alone as it 
is qualified by many other factors when 
considering a particular applicatimi; In 
some cases flexibOity may be of first im- 
portance and an extremdy hea t-resistant 

™™^1***’“**"*1^ »“sp»ees of the AIEE 

conwttee on electrical machinery at the AIEE 

K. N. is In the general engineering labora- 

teS Company.^henec. 

N. Y,, H. J, Stbwart is wire and cable 
engineer with the same company at York, Pa. 

papw!^*^ ^ numbered references, see list at end of 
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Rsure 2. Volts per mil versus thickness of 
dry asbestos 

Density 0.035 pound per cubic Inch 

important considerations. Where good 
moisture resistance must be retained, op¬ 
erating temperatures should be restricted 
to approximately 125 degrees centigrade 
in order to preserve the varnish film. 

Experience has indicated that for many 
types of service conditions and with the 
proper material reasonable insulation 
life can be expected for a range of tern- 
peratoes from about 125 to 175 degrees 
centigrade. Of course insulation life 
decreases rapidly at the higher tempera¬ 
tures. In specif applications, which are 
completely free from vibration and where 
dielectric requirements are not severe, 
operation at temperatures above 175 de- 
gre^ centigrade may be permitted. The 
designer of electrical apparatus must 


correlate these factors to suit his particu¬ 
lar problem. 

The advantages of asbestos-insulated 
magnet wire in class B operating service 
are well established. 

Glass-fiber magnet-wire insulation is 
finding an important field of use in elec¬ 
trical apparatus. The superior electrical 
properties and possibility of decreased 
space factor are important in many ap¬ 
plications, and further improvements 
can be expected as development proceeds. 
Glass-fiber insulation is still too new to 
permit the presentation of extensive in¬ 
formation concerning its life under serv¬ 
ice conditions. 

Properties of Unvarnished 
Asbestos and Glass Fiber 

In the analysis of any electric insula¬ 
tion wherein several components com¬ 
prise the whole, it is essential to give care¬ 
ful consideration to the selection of these 
components and evaluate their individual 
characteristics. 

The term “asbestos*’ is a commercial 
term applied to any mineral which can be 
readily separated into more or less flexible 
fibers. Asbestos is a heat-resisting non- 
metallic mineral silicate including two 
groups—the serpentine or chiysotile 
group (hydrous silicates of magnesium) 
and the amphibole group (metasilicates 
of magnesium, calcium, iron, sodium, and 
aluminum, with a little water of hydra¬ 
tion). 


Table I 


Continuous 

(enamel) 

Ribbon 

Fibrous 


Inorganic oxide 
bound with or- 
£:anic binder^ 
Asbestos paper 

Varnished asbes¬ 
tos fiber 


Inorganic material 
coated with or¬ 
ganic material 
Paper or cloth 
baked mica tape 
Varnished glass 
fiber 



Table II 


Property 

Asbestos 

Glass Fiber 

Fusing point (de- 

1,6604 

About 700 

grees centigrade) 

Yield point (loss of 
resilience) (de- 

No signifi¬ 
cance 

550 to 600 

grees centigrade) 

Dehydration tem- 

Over 386 

NTone 

perature* (de¬ 
grees centigrade) 

Stress - relieving 

No signifi- 

Above approxi- 

temperature (de- 

cance 

matelv 150 

grees centigrade) 

Acid resistance 

Fair 

Good (attacked! 
by hydro- 

Resistance to co¬ 
rona 

Decomposes 

slowly 

producing 

magnesium 

nitrate 

fluoric) 

Unaffected 


water). 
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Chrysotile asbestos is the variety com¬ 
monly used in the electrical industry. 
Due to the fineness of fibers, and their 
strength and flexibility, it can be carded 
for felting or spun into roving (a soft rope¬ 
like material) for application to wire in 
mucli the same manner as other textile 
materials. 

The flexibility of asbestos is closely re¬ 
lated to the combined water content, 
which, in the chrysotile variety, averages 
14 per cent and accounts for its superior¬ 
ity to all other types. Flexibility is main¬ 
tained consistently at all temperatures be¬ 
low 386 degrees centigrade.^ At higher 
temperatures the water of hydration is 
gradually driven off and the fibers can be 
easily pulverized. From a consideration 
of heat resistance alone, it can be said 
therefore, that asbestos possesses ample 
margin for all magnet-wire applications 
in motor and generator armature and 
field coils. 

Emphasis must be placed on two fac¬ 
tors; magnetic iron and surface impuri¬ 
ties (conducting salts present on the sur¬ 
face of all asbestos fibers). Magnetic 
iron cannot be separated from the fiber 
commercially and extreme care must be 
used in the selection of a source having a 
low content (0.50 per cent maximum of 
magnetic iron for noiiferrous grades) 
which is so generally dispersed that the 
possibility of large particles, causing 
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Figure 3. Increase in per cent moisture versus 
minutes at 25 per cent and 65 per cent rela¬ 
tive humidity, at 25 degrees centigrade 


Samples conditioned 16 hours at 150 degrees 
centigrade 


grounds between turns in apparatus coils, 
is remote. The same care must be exer¬ 
cised in selection to obtain material free 
from surface conducting salts since it has 
definitely been proved that the dielectric 
strength is not so much dependent upon 
the basic asbestos as on the amoimt of 
surface impurities present which have a 
great affinity for moisture. 

The dielectric properties of untreated 
dry asbestos fiber plotted as a function of 
density and thickness are illustrated in 
figures 1 and 2. 

Asbestos fiber for electrical insulation 
is graded as number 1 or number 2 de¬ 
pending upon the average length as de- 



Figure 4* Decrease in per cent moisture 
versus minutes at 50 per cent relative humidity 
and 25 degrees centigrade 

Samples conditioned at 100 per cent relative 
humidity and 40 degrees centigrade 

termined by screen test. The asbestos 
fiber is mixed with cotton to facilitate tex¬ 
tile operations, 10-15 per cent being the 
usual average content for magnet-wire 
materials. The fiber is processed into 
laps for direct application or spun into 
roving (either with or witliout a cotton 
core) and wound on suitable packages for 
spiral wrapping on the conductor. 

Glass fiber is a synthetic material of 
definite composition and quality. The 
commercial production of glass fiber has 
been described previously.*^ Textile fiber 
glass may be classified as staple fiber (6 to 
8 inches long) and continuous filament. 
The fibers are 0.00025 inch in diameter or 
smaller. Because of the enormous sur¬ 
face area of the fine glass fibers, severe 
weathering and low electrical surface re¬ 
sistivity may be experienced unless the 
fibers are drawn from excellent electrical 



Figure 5. Maximum insulation increase for 
round double-coHon- or double-glass-3n- 
sulated magnet wire 


0 —National Electrical Manufacturers* As¬ 
sociation values for cotton 

glass. An alkali-free glass has been de¬ 
veloped for electrical purposes which has 
high surface electrical resistivity and good 
resistance to ordinary moisture condi¬ 
tions. The alkali-free glass may disin¬ 
tegrate under some steam conditions and 
is not as stable as asbestos in this respect. 

The surface of the glass fiber is particu¬ 
larly sensitive to cutting or nicking by 
adjacent fibers and must be protected by 
a sizing material possessing proper lu¬ 
bricating and binding properties. The 
sizing material used at present contains 
hygroscopic materials which impair the 
electrical and physical properties. In 
addition, the sizing is somewhat corrosive 
to copper and is not truly compatible witli 
most insulating varnishes. 

Altliough tlie glass fiber does not per¬ 
mit volume absorption of moisture, it 
cannot strictly be called nonhygroscopic 
since electrical properties may be dam¬ 
aged by moisture picked up in the follow¬ 
ing ways: 

1. Adsorption on the glass-fiber surface. 

2. Absorption in sizing material. 

3. Capillary action between fibers or 
threads. 

4. Capillary action between fiber and sur¬ 
rounding varnish. 

The per cent regain and loss of weight 
for unvarnished cotton, asbestos, and 
glass fiber as a function of time at various 
humidities are given in figures 3 and 4. 
The potential advantages of glass fiber 
can be emphasized by comparison with 
the asbestos fiber which is truly a bundle 
of extremely fine fibers with surfaces con¬ 
taminated by conducting salts. 

For use as wire insulation, both staple 
and continuous glass fiber are used. 
Staple-fiber yam is tightly spun, bonds 
together well because of its rdatively 
rough finish, and can withstand greater 
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elongation than continuous-filament yam. 
In contrast, continuous-filament yam can 
be softly sptm, yet is stronger, more re¬ 
sistant to abrasion, and smoother in ap¬ 
pearance than staple-fiber yam. Con¬ 
tinuous-filament yam is available in much 
finer sizes than staple-fiber yam, which is 
used where heavy insulation thicknesses 
are desired and varnish saturation is 
difficult to secure. 

A number of other basic properties 
listed in table II are of interest in the 
comparison of asbestos and glass fiber. 

Properties of the Insulated Wire 

In brief, two principal factors are of in- 
terest in connection with magnet wire: 

1. The ease of handling and the ability to 
withstand the factory winding operation and 
electrical tests. 

2, The design characteristics (temperature 
rise, space factor, etc.) which will aUow a 
reasonable insulation life under service con¬ 
ditions. 


Up to the present time generally ac¬ 
cepted test methods are not available to 
e'N^uate completely the relative merits of 
fibrous magnet-wire insulations. As a 
result, practical experience must be com¬ 
bined with improved test methods to in¬ 
dicate the relative value of the insulation. 

In many cases magnet wire may re¬ 
ceive its most severe test in the factory 
during winding and assembly. Not only 
flexibility and resistance to abrasion but 
elongation and impact strength may be of 
extreme importance. 

Laboratory tests caimot hope to dupli¬ 
cate all types and combinations of service 
conditions, but can be made under con¬ 
trolled conditions. Tests on magnet wire 
may be divided into three classifications: 

1. Tests on the wire itself. 

2* ^ Tests on built-up coils to represent con¬ 
ditions present in various types of appara¬ 
tus. 

3. Tests on apparatus. 

Each method of test has certain advan- 


conditions. The most practical criteria 
of a particular wire insulation comes from 
an analysis of actual operating results. 
The problem, however, sometimes is com¬ 
plicated by the difficulty of determining, 
after a failure in the field, which portion 
of the system failed first and the reason. 

Various physical properties of cotton- 
covered and varnish-treated asbestos- 
and glass-fiber-insulated wire are com¬ 
pared in table III. 

Flexibility 

When bent or stretched, a felted insu¬ 
lation such as asbestos exhibits an uneven 
thinning of the insulation in certain spots. 
In contrast, a wrapped fiber insulation 
such as glass fiber spreads more evenly— 
the parallel threads, when properly ap¬ 
plied, tend to separate slightly and main¬ 
tain a constant space factor. The su¬ 
perior flexibility of a wrapped-thread 
type of insulation becomes of practical 
importance when large wires must be 
bent on short radii without damage or 


Table IV 




Abrasion Resistance (Ayera^e 
Turns per Mil of Insulation 
Thickness to Cause Failure) 



Asbestos 

Glass Fiber 



Large Small 
Wire Wire 

Large 

Wire 

Small 

Wire 

As received..... 
Exposed one 
month to 
170 to 180 
degrees cen- 

..36.44... 

.19.2. 

....80 

tigrade 


...0.48...26... 

..1.1. 



when small wires may be subject to 
elongation from automatic winding ma¬ 
chines. 
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Dielectric strength versus increas¬ 
ing impact 
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over-aU analysis. Most laboratory tests 
are accelerated—one or more conditions 
are made extreme in order to shorten the 
time of test. Accelerated test results 
must be carefully interpreted and only 
r^tive results can be expected. Long 
time tests (extended over a period of 
months with a variety of conditions, such 
as temperature, moisture, and voltage 
cycles) have much more significance in 
terms of actual operating service. Even 
long time test results serve only to indi¬ 
cate relative values of different types of 
insi^tion and cannot be extrapolated to 
indicate the absolute life under operating 
conditions, particularly since a combina¬ 
tion of conffitions not present in the test 
may be the deciding factor. 

Once in place, insulation must meet a 
combination of various types of service 


Impact Resistance 

Ability to withstand impact is impor¬ 
tant when wire must be forced into place. 
A comparison of the dielectric strength of 
asbestos-, glass-fiber-, and cotton-insu¬ 
lated wire wound into coils and subjected 
to increasing direct impacts is given in 
figure 6. 

Heat Stability 

The quantitative appraisal of class 
3 wire insulation is particularly difficult. 
The permissible operating tempera^re 
depends on many factors and the length 
of life expected. It is necessary to dis¬ 
cuss the relative effect of exposure to high 
temperatures on the physical and dielec¬ 
tric properties. 

Deterioration of physical properties 
may be even more important than im- 




paired electrical properties. It is pre¬ 
cisely this factor which is also most diffi¬ 
cult to measure. The effect of vibration 
and conditions caused by temperature 
cycles encountered in service cannot 
easily be duplicated in the laboratory. 
Abrasion and impact tests are made which 
may serve as an indication of resistance to 
such conditions in service. Table IV in¬ 
dicates the effect of temperature on the 
relative resistance of asbestos- and glass- 
fiber-insulated wire to ffie abrasion of 
smooth, tungsten-carbide rods in the form 
of a rotating cylindrical cage. 

By referring to figure 6 again the effect 
of heat aging can be observed by compar¬ 
ing the position of the dotted to the solid 
curves. Glass is superior to asbestos in 
this respect. 

Table V indicates the relative effect of 
exposure at 170 to 180 degrees centigrade 
on the dielectric strength of asbestos- and 
glass-fiber-insulated magnet wire. It is 
important to recognize that these tests 
were made on wire placed in a well-ven¬ 
tilated oven, and that aging occurs much 
more rapidly than when the wire is sealed 
deep in apparatus where oxygen is largely 
excluded. A month of exposure of 170 to 
180 degrees centigrade was sufficient to 
damage the varnish film and thereafter 
the rate of deterioration was slower. 

Both asbestos and glass must be con¬ 
sidered as physical spacing mediums. 
Failures or loss of dielectric strength un¬ 
der high heat and moisture conditions are 
primarily failures of the treating mate¬ 
rials used in the insulation system. 

Moisture Resistance 

Insulation resistance is one accepted 
criterion of the effect of moisture on in¬ 
sulation in coils. The average insulation 
resistance between parallel wires of wound 
coils is plotted as a function of time at 100 
per cent relative humidity and 40 degrees 
centigrade in figure 7. These coils were 
wound to duplicate field coils and were 


completely varnish treated. The upper 
curve indicates the possibility of improve¬ 
ment in the moisture resistance of glass 
insulation. In this case the original siz¬ 
ing was removed from the glass fiber and 
• replaced with an improved material be¬ 
fore varnish treatment. 

Application of Class B Magnet Wire 

No sweeping conclusions should be 
drawn from this compilation of data. 
Although tests show glass-insulated wire 
as definitely superior to asbestos in elec¬ 
trical properties, the mechanical proper¬ 
ties after exposure to high temperature 
may be inferior in some respects. Since 
glass-fiber insulation is so new, only pre¬ 
liminary service data have been collected; 
years of experience liave proved the serv¬ 
iceability of asbestos insulation. 

Keeping in mind the effect of tempera¬ 
ture on various properties, it is possible 
to divide approximatdy the types of ap¬ 
plication for both asbestos- and glass- 
fiber-insulated magnet wire into three di¬ 
visions based on operating temperatures 
as listed below. 

1. Temperatures up to 126 degrees centi¬ 
grade—^For reasonable life the film of the 
binding varnish is not seriously impaired 
and rdatively good moisture and physical 
and dielectric properties are retained. 

2. Temperatures from 125 to 176 degrees 
centigrade—^Film structure of varnish 
deteriorates but sufficient varnish may re¬ 
main to act as a binder. Moisture resist¬ 
ance, electrical and physical properties 
are somewhat impaired. 

3. Temperatures above 176 degrees centi¬ 
grade—^The binding varnish is destroyed. 
Electrical and particularly physical proper¬ 
ties are considerably impaired. 

In most cases operating temperatures 
above 176 degrees centigrade are impos¬ 
sible because vibration and wear destroy 
the insulation mechanically. 

It is perhaps too early to compare ex¬ 



Figure 7. Electrical resistance versus days 
at 100 per cent relative humidity and 40 
degrees centigrade 


tensively the field of application for as¬ 
bestos- and glass-fiber-insulated magnet 
wire. For the larger size of wires, the in¬ 
creased cost of glass-fiber insulation must 
be justified, either by increased quality 
or by saving in over-aU cost. 

The following two factors should be 
studied: 

1. Possibility of decreased space factor, 
resulting in smaller motors or increased 
copper area with the same slot space and 
resulting greater output or efficiency. 

2. Possibilities for saving in labor. 

Method of Manufacture 

A commonly used method of asbestos 
magnet-wire manufacture consists of 
wrapping asbestos roving spirally around 
the conductor, applying compound, and 
removing the excess with suitable polish¬ 
ing dies. With this method, uniformity 
of the insulation is limited by the uniform¬ 
ity of the roving which, in the smaller 
sizes, is difficult to control. Low pro¬ 
duction speeds result because of lack of 
strength when the finer sizes of roving are 
used, and this method is generally limited 
to large wires with insulation increases 
greater than for double cotton. 

A method whereby the asbestos is 
felted on the wire was introduced in re¬ 
cent years which permits the application 
of carded asbestos directly to the wire, 
giving a homogeneous, intertangled mass, 
of asbestos at all points on the conductor. 
Improved space factor, greater density of 
insulations, more uniformity, and reduced 
cost are achieved. Wire sizes from num¬ 
ber 30 to 4/0 can be readily insulated 


Table V 


Dielectric Strength (Volts Per Mil) 


Asbestos 

Single Glass 

Double Glass 

Average^ 

Average^ 

Average** 


Wire as received, tested at 25 degrees 
centigrade, 50 per cent relative humidity. 

.87.6. 


.170 

Wire as reeved, and exposed 16 hours at 

40 degr^ centigrade, 100 per cent rela¬ 
tive humidity..... 

.29.8. 

.106. 

. 86 

Wire exposed one month at 170 to 180 de¬ 
grees centigrade, tested at 25 degrees 
centigrade, 50 per cent relatiye humidity. 

.63.4. 


.114 

Wire exposed bne month at 170 to 180 de¬ 
grees centigrade, exposed 16 hours at 



40 degrees centigrade, 100 per cent 
relative humidity.. 

.11.3. 


. 32 


of 20 results on different sizfes of wire hrom 0.0201 to 0.114 inch. 
♦♦Average of five results on 0.72-tnch wire. 
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maintaming double cotton insulation in¬ 
creases or less in special applications. 
With greater density and uniformity im¬ 
proved dielectric strength has resulted. 
This method has one deficiency—^loss of 
insulation flexibility on larger sizes of 
rectangular wire which may be overcome 
by the use of proper treating materials. 

Since glass fiber is so readily twisted 
into strong, fine thread, it is applied in 
this form to wire. The yam is wound 
with parallel ends in a universal winding 
and is applied by wrapping the ribbon of 
parallel ends around the wire as it runs 
through the wrapping machine in a man¬ 
ner very nearly the same as that used 
with cotton or silk. Care is used to elimi¬ 
nate sharp edges and unnecessary rub¬ 
bing surfaces in order to reduce abrasion 
and friction to a minimum. Since the 
yarn has very little extensibility, the in¬ 
sulating process must be very precise to 
avoid yam breakage. 

Staple glass fiber has been applied to 
wire directly as it comes from the fiber¬ 
making machine in the form of a wrapped 
sliver of parallel filaments. Wire insu¬ 
lated in this way does not have the den¬ 
sity nor uniformity of a wrapped-thread 
type of insulation. 

Fibrous-insulated class B magnet wire 
must be compound or varnish treated in 
order to attain sufficient abrasion resist¬ 
ance to be suitable for winding operations. 
An adequate treatment should give the 
wire the following characteristics: 

1. Good abrasion resistance-obtained by 
adequate bonding, penetration, and filling 
of the interstices between fibers. 

2. Hard and smooth surface film, 

3. Good flexibility. 

These desirable qualities are functions 
of the following factors: 

1* Type and nature of treating varnish or 
compound. 

2. Method used to secure penetration. 

3. Temperature and degree of baking. 

Because so many factors are concerned, 
no one exact method can be described at 
this time for varnish or compound treat¬ 
ment of fiber-insulated wire. 
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A GREAT MANY papers have been 
presented in recent years on the 
subject of lightning as it affects the elec¬ 
trical industry and particularly trans¬ 
mission lines. Quite a few of these papers 
have dealt with the lightning perform¬ 
ance of high-voltage lines in service 
covering individual systems in various 
sections of the country. 

A committee paper was presented in 
1935 on “Lightning Performance of 
220-Kv Lines” ^ which summarized and 
discussed the records of some 19 lines in ’ 
the 220-kv class comprising practically 
all lines of that voltage operating in the 
United States and Canada. This type 
of record with its broad inclusive coverage 
of lightning performance of lines was re¬ 
ceived with so much favor that it was 
recommended by the AIEB power trans¬ 
mission and distribution committee that 
the lightning and insulator subcommittee 
collect and pre^nt similar records giving 
the lightning performance of high-volt¬ 
age lines in the general voltage classifica¬ 
tion of 132 kv. The data and discmssion 
presented in this paper have resulted 
from the above situation. 

Scope and Plan 

In collecting data on these higher-volt- 
age lines, it was decided to include the 
transmission voltage range from 110 kv up 
to 165 kv, inclusive, for lines operating 
in the United States and Canada. 

The data were obtained by sending a 
questionnaire to companies who either 
operated or had under their control lines 
in the above classification. The ques¬ 
tionnaire included 71 questions which 


Paper number 39-60, prepared by the Ughtnina 
and insulator subcommittee of the AIBB com¬ 
mittee on power transmission and distribution 
recommended by the AIEB committee on power 
transmission and distribution, and presented at the 
AIEB winter convention, New York, N. Y. 
January 23-27, 1939, Manuscript submitted 

November 25, 1938; made available for preprinting 
December 30, 1938. ^ 

Personnel of AIEB Ughtning and insulator sub- 
Mmmittee: Philip Spom, chairman; H. A 

Fr^, I. W. Gross, D. C. Jackson, Jr., W. W. Lewis! 
J. T, Lusignan, F. W. Packer, and C. F. Wagner. 

The committee wishes to acknowledge the whole- 
h^rted co-operation of the contributing companies 
who have generously contributed data to make this 
report possible and their prompt response in an¬ 
swering the questionnaire on which the data pre- 
sented in this report were based. It also acknowl¬ 
edges the assistance of G. D. Uppert of the Ameri¬ 
can Gas and Electric Service Corporation in pre¬ 
paring the data received into suitable form for 
analysis as given herein. 

1. AIEE Lightning Reference Book, page 1272. 
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were designed to give principally what 
was considered important information on 
line construction and line operation and 
to bring out outstanding features which 
might Ihrow some light on the lightning 
performance of these lines over the past 
ten years. Some information not di¬ 
rectly connected with the lightning per¬ 
formance of the line was requested and 
has been included in the data presented 
herewith. 

Each company was asked its opinion as 
to whetlier the ten-year lightning per¬ 
formance of each of its lines was satisfac¬ 
tory, and if not, what types of improve¬ 
ment were being considered. The de¬ 
tailed questionnaire with accompanying 
prints of typical towers and counterpoise 
designs is too lengtliy to reproduce here, 
but the pertinent data received has been 
tabulated, analyzed, and discussed. 

Extent of Lines Reported 

The questionnaire was sent out to 36 
companies in the United States and 
Canada. Operating records and data 
were received from 24 companies. Four 
companies reported that they had no lines 
in the voltage range indicated and seven 
companies failed to send in an answer. 
It will therefore be seen that of the 35 
companies contacted, the response to the 
committee attempt to get information 
in this way has been most gratifying, re¬ 
plies having been received from 70 per 
cent of the companies. 

It is interesting to note that of the 24 
companies sending in data, records have 
been received on lines operating in 20 
states in the United States and also from 
Canada. The lightning severity as shown 
by the isokeraunic level where these lines 
operate ranges from 22 storms to 68 
storms per year, that is a ratio of slightly 
over three to one. 

Table I gives in some detail the char¬ 
acter of the transmission lines on which 
data were obtained. The table shows 
that tlie records cover 7,140 miles of line 
(right of way) of which 3,890 are of 
two-circuit, steel-tower construction; 
1,725 of single-circuit steel construction; 
and 1,526 of single-drcuit, wood construc¬ 
tion. Fifty-four per cent of the mileage 
is of 132-kv construction; 31 per cent 
of 110-kv rating; and the balance dis¬ 
tributed among the other voltage classes. 


I^htvingPttfcmmvce^Tmm^mmnUm! Eltctocm, 




^TOWERS. 
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Fig. 10 

XX 

Fic.ll 

1 
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XX 

Fig. 15 


T. 

53 

1 

Fig 

13 


Fi3ure$10-15. Typi- on the data sent in are of minor impor- 
cal counterpoises tance. 


Tower and Counterpoise 
Configuration 

In figures 1 to 9 are given the typical 
tower structures in use as tabulated in 
column 7. Likewise, figures 10 to 16 
give types of counterpoise configuration, 
where used, as listed in column 21 of 


Figures 1-9. Typical transmission structures 


All the lines operate at 60 cycles unless 
otherwise noted in footnotes 1 and 2 of 
the table. 

Presentation and 
Discussion of Data 

It has not been possible to include all 
the data received as a result of the ques¬ 
tionnaire, but the major part of it, par¬ 
ticularly that which covers the lightning 
characteristics of the line and its light¬ 


ning performance, has been correlated 
and tabulated in table II. The names of 
the companies and lines are given by 
symbol only as a result of a specific re¬ 
quest by a few companies that com¬ 
pany name and line be withheld from 
publication. 

While replies to the questionnaire were 
in most cases complete and carefully pre¬ 
pared, in a few cases some questions were 
apparently misunderstood with the result 
that the data submitted presented some 
difficulties in interpretation. However, 
such instances are few and it is believed 
that any errors of interpretation placed 


table II. 

Ground Wires 

The effect of ground wires in reducing 
lightning outages is shown both in table 
III and figure 16. From table III it ap¬ 
pears where no ground wire is used, single- 
circuit steel lines show an average of 29.8 
outages per hundred miles of line per 
year; with one ground wire, the outages 
figure becomes 9.8; and with two ground 
wires 7.0. The same general type of 
reduction is shown for wood-pole con¬ 
struction although the figure of 0.44 
outages for the single-circuit, wood line 
with one ground wire is probably ques¬ 
tionable for comparison purposes as it 
includes the record of only one line. 

The benefit in going from one ground 
wire to two is clearly indicated in table 
III where tlie outages on two-circuit steel 
lines drop from 7.1/4,2 to 5.2/3.5 as the 
ground wires are increased from one to 
two. The figures separated by the slant 
indicate outages per hundred miles of line 
per year, the first figure before the (/) 
being for single-circuit outages and the 
second figure for two-drcuit outages. 
These figures for two-circuit steel tower 
lines give a ratio of 1.36 for single-circuit 
outages and 1.20 for double-circuit out¬ 
ages as between the one-ground-wire and 
the two-ground-wire arrangement. For 
single-circuit steel-tower lines the ratio 


Table I. Miles of Three-Phase Line (Risht of Way) 

Wood-Pole and Steel-Tower Construction 


Line 

Kilovolts 

Single Circuit 

Double Circuit 


Wood 

Steel 

Wood 

Steel 

Total 

166. 




.... 135 2 

136 9 

154. 

89.5,.., 



.... 28 7 


140. 


_ 283.3. 


52 7 

336 0 

132. 

120. 

... 693,3.... 
... 37.6.... 

....1,076.7. 


,...2,181.6*.... 
_ 274 1 . 

!.! .’3,86i!6 
.... 311.7 

116. 


_ 37.3. 


110 6 

147.9 

no . 

... 806.0.... 

.... 326.9. 


....1.107.4t.,.. 

!! ;2‘,24o!3 

Totals... 

....1,626,4.... 

....1,724.2. 

Total wood.... 
Total steel. 

....1,626.^ 

....5,614.6 

....3,890.3. 

.7,140.9 



Total. 

....7,140.9 




* Itictude3 31.6 nules of four-circuit single-phase 26-cycle line. 


t Includes 171.9 miles of 26-cycle line. 
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Table H 


LIGHTNING PERFORMANCE AND 


LINE CONSTRUCTION 



LIGHTNING PROTECTION 


COUNTEWGROUND GR. RES, OF 
POISES I RODS STRUCTURES 


AVG. MAX 



wnro^^HH^^^^ ^irara E^MUttiBBEaEicaB^B 



iiiiiiPiiS 

SSgSSBBiS 


''»«< ^OO^ TE5 SeE END OF TH lff ^ J . ^ ^ [N OlNg^ 


!Si3S^s±i^mSkllZEI^ni^ESm^SBB5S 

H^sKRinSSiH 


■ NO I 0 Ig-SH^J _ I _ I _- 


296 Transactions 


Lightning Performance of Transmission Lines 


ElECTRICAI, ENGiNBBRIN& 



















































































































CONSTRUCTION OF 110 KV. TO 165 KV. LINES 


FAULT CLEARING 
^ TIMECCYCLESl 

M I 

. u relays 


LINE OPERATION 

OUTAGES DUE TO LIGHTNING 
ONE CIRCUIT / TWO CIRCUIT 


CASESoruj: Z Ool 
2 o 3 “ 1 - 

U,«, - ay o< 

o 2 I a zt 

2 o o a —2 

o< 1 S o ti- 
•Jt: <0 S< 

o g - wM 

OC o CL 

a. ri 


CONSIDERING 
IMPROVEMENTS 
TO BETTER LINE 
PERFORMANCE 



■ga—EaKamm—MMirara ra—MCTi i 

^n^iaiEiBaifflQaisiaaioairaiKiiaiiBi 

■aa—EElBMiiimi—gMgMraCTra —ra— 


amoM 
caias 


inoiEEiiaiEiaBiBiBjiaiEiEaBEBEa 




la^EEliaiiiBiEiBnraEflnKHnra 
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BIDBICEIiaBil 
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101 ^ 




UiBi>UK!iW>MWMt>J!dUJU>V>Wi 
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BEli 

B3I 

E9I 


amapnaiOTii 



NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


YES-CR 


YES-CRI^GR.ROS, 


YSS-REDUCE GR.RE5. 


YES-REDUCEGR.RE$. 


YES-WOUCEGftREi 


YE5-REDUCEGR.RES. 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


NO 


aawwBawwuawttawili 


EZQi 


EatBMmmtmfanammKmmaanmMnaisBmn 

BnaBiBiianmDiDimaDiEaEiEn 

^ 555 £[ 5 [ 555 B^@™™qs 3 i 

JGEMBMBBBnMHSHEglEBgEglEEll 


3.8 


1.0 


5.3 


13.8 


2 . 8 / 0.6 


1 . 7/0 


M /l.l 


0/0 


3 . 0 / 4.0 


6 . 3 / 0 . 


6.2 


0/0 


0/0 
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\Mmm 
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ma 
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BD 
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Table n (continuso) L. I G HTNING PERFORMANCE AND 




LINE CONSTRUCTION 


CONDUCTOR 
HEIGHT 
AT TOWER 

min.-(ft^ I 


TOP MID. BOT 


8 9 


INSULATORS 


NUMBER 

Z.M 

— bJ - 1 - 

u X 



LIGHTNING PROTECTION 


COUNTER^GROUND GR. RES. OF 
I POISES I RODS STRUCTURES 


14 15 


a 

Ztn 

3 III 

2 r Fio. SI 


20 21 22 



AVG. MAX 


kS Itg 
Oi “7 

Sio: tiL- 

fla < t) 


26 27 


_ 

innan^araamBB^!S9B^^BE9^EDniKI3EIE|iaraaaiBsl 


iiBB gSH g mM gB B aaa^aaaaaa a 

igaa^aaaaa^^aasaBBiSBSBaa^ri 


ii3SaaSgig8jBB™^ ^aa B a^a mni3BBaEaiSi 

IM^gHiii^^g g Ma ^ aaaaa^i 

i^BBBBBBBag^aaBaaaaaaaaaB 


lEypBESBBaaai^^aaBaaB^H.^- 


for FOOT N0TE5 SEE ENB OF THW TABLE. 
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CONSTRUCTION OF 110 KV. TO 165 KV. LINES 



LINE OPERATION 


OUTAGES DUE TO LIGHTNING 
ONE CIRCUIT / TWO CIRCUIT 


bJ < 
O tiJ 
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CASES OF 

i°oJ 2 
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Table II (continued) LIGHTNING PERFORMANCE AND 
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foot N0TE5 TO TABLE I 

(I) RR-RINe ANDRINS} RH-RINSAND HORN; LH-LINE HORN 

P'THOMAi OMONSj T-PRoTECTOR 
TU8EJ5 LR-LINE RINfi ONLY; FC-FLOX CONTROLS* 
PB-FAST RCCLOSINS, HI6H SPEED O.C.B ’ 

<E» 5-SeVERE; H-HEAVY*. M-MEDIUM; L-LlfiHT 
«» ONE CIRCUIT ONLY. 

«! ‘-'NM ON ONE RISHT OF WAY 

S! TWOPE? ONLY-CENTER CONDUCTOR 8 UNITS. 

( 7 ) DEAD ENDS ONLY 

<8) LINES ISA AND ISB ON SAME TOWERS (t79 TOWERS) ISA 
ALONE ON 37 TOWERS. 


(a) ONE 6R0UND WIRE PER CIRCUIT, 
f b) TOP CONDUCTOR ONLY. 

( e) ISO ANO ISE ON SAME TOWERS FOR 198TOWERS 
(U) 2 TO S GROUND RODS AT TOWERS WITH CONCRETE 
ANCHORS ONLY. 

<•) ground RODS INSTALLED APRIL I9S7. 

(f) LINE IN TWO SECTIONS - 1 CIRCUIT 28 MILES / 2 
CIRCUIT 9.2 MILES. 

<G) on COUNTERPOISE SECTION ONLY. 

(b) 25 CYCLE SINGLE PHASE. 

(t) BUILT FOR I32KV.-OPERATED AT 44KV. 

< J) guilt for l32KU-OPtRATBO AT GGKV 
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CONSTRUCTION OF 110 KV. TO 165 KV LINES 



LINE OPERATION 


OUTAGES DUE TO LIGHTNING 
ONE CIRCUIT / TWO CIRCUIT 
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PERFORMANCE 
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(10 AFTER INSTALLIN« «R0UND ADOS SUT BEFORE COUNTERFOt'SES. 
< I) PROTECTOR TUBES INSTALLED SPRING OP 1994 AND 
RING AND RINGS REMOVED. 

Cml PROTECTOR TUBES INSTALLED ON ONE CIRCUIT SUMMER 
OF 1933- RINGS AND HORNS REMOVED FROM THIS CIRCUIT. 

(n) TOP AND MIDDLE PHASES ONLY; BOTTOM PHASE 10 UNITS 
(ol SINGLE AND DOUBLE CIRCUIT OUTAGES NOT SEGREGATED. 
(R) 25 CYCLE LINE. 

(4l BUILT FOR 132 KV., OPERATED AT 33 KV. 

(r I ONE CIRCUIT WITH PROTECTOR TUBES - AND SECTION- 
ALIZED AT MID-POINT-PROTECTOR TUBES INSTALLED 
MPTEMBER 1935. 


<41 PROTECTOR tubes EVERY fIFTH TOWER. 

(tl RINGS AND RINGS ONE CIRCUIT - SPOONS ON OTHER 
CIRCUIT. 

(ttl LINE 2AA AND CONTINUING 2A LINE INCLUDED TOGETHCR 
AS 96.8 MILES. 

(V) SOME LONGER SPACED UNITS IN USE. 

(w) WOOD ARMS. 

(K) AS REQUIRED TO REDUCE RESISTANCE TO GO OHMS 
OR LESS. 

< Y) ON PART OF LINE ONLY. 

(s) GROUND WIRES ON G7.3 MILES ONLY 
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Rgure 16. Effect of ground wires on light¬ 
ning outages of single-circuit lines 


of outages (from table III) is 1.40. While 
these figures are indicative of the benefit 
accruing from using a second groimd wire 
it should be kept in mind that many of 
the two-ground-wire lines have been con¬ 
structed with more insulation and other 
lightning resistant features than have 
generally been employed on some of the 
older single-circuit lines. 

A dearer graphic picture of the benefits 
of the use of ground wires is shown in 
figure 16. On all single-circuit lines with 
and without ground wires, where the 
record is dear, it is shown that 50 per 
cent of the lines induded here have out¬ 
ages not exceeding 24 for 100 miles with 
no ground wire. 6.5 with one ground 
wue, and 2.0 with two ground wires. 

Considerable theory and discussions 
have been presented in the past on the 
desirability of locating the ground wire 
at a considerable height above the l i n e 
condu^rs. In an attempt to obtain 
statistical data on this subject, the aver¬ 
age line outages for 10 years, or the period 
recited, have been plotted against the 
height of ground wire above the top con¬ 
ductor. The record is shown in figure 
17. While it appears that two lines, one 
with a ground wire 18.9 feet and the 
other 20 feet above the line conductor, 
have a practically perfect operating rec¬ 
ord, it should be pointed out, however, 
that both of these lines also have line 
msulation and clearance at the tower 
considerably higher than has been gen- 
crally reported for other lines of the 
same voltage classification. With out¬ 
ages ranging from 0 to 61.0 per year 
where the ground wire heights range from 
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7 to 13 feet above the conductor, however, 
it would appear that there are other fac¬ 
tors more important than the height of 
the ground wire above the conductor that 
control the outages. 

Single-Circuit 

AND Two-Circuit Outages 

A comparison of single- and double-dr- 
cuit outages is given in figure 18. It will 
be noted that for 50 per cent of the two- 
circuit lines the double-circuit outages do 
not exceed about 1.0 and the single¬ 
circuit outages 4.0 per 100 miles of Hne 
per year. It thus appears that the double¬ 
circuit outages are 20 per cent of the total 
outages on two-circuit lines for 50 per cent 
of the cases. For 80 per cent of the lines, 
32 per cent of the outages are double cir¬ 
cuit. As the yearly outages increase, 
single- and double-circuit outages be¬ 
come nearly equal. 

A comparison of single-circuit steel and 
wood lines is also shown graphically in 
this figure 18. Here wood does not show 
up to any particular advantage against 
steel. 

Tower Footing Resistance 

The beneficial effect of tower footing 
resistance in reducing lightning outages 
has been presented both theoretically and 
from practical operating data previously. 
To throw some further light on this as¬ 
pect of lightning protection, the pertinent 
data have been taken from table II and 
plotted against average tower footing 
resistance in figure 19. The trend to 
low outages with low resistance is quite 


marked here. The general conclusion 
that can be drawn from this curve is that 
if the line outages are to be kept to a low 
value, the tower footing resistance should 
be not in excess of 10 ohms per tower. 
It should be noted, however, that low 
tower footing resistance, or counter¬ 
poises, alone will not suffice, as shown 
by a few yearly outages from 5 to 22 
even where the resistance is 10 ohms or 
less per tower. 

Local Lightning Severity 

Any accurate comparison of the light¬ 
ning performance of lines must of neces¬ 
sity take into account the lightning con¬ 
ditions under which the line is called upon 
to operate. An attempt to reduce light¬ 
ning outages to a common basis would 
require a reasonably accurate evaluation 
of the lightning severity in the territory 
where the line is located. No easy way 
of doing this presents itself. However, 
columns 46 and 47 of table II indicate to 
some degree the severity of the lightning 
territoiy. The data in column 46 is the 
estimate of lightning severity given by 
the reporting companies. The figure in 
column 47 is the isokeraunic level taken 
from the 20-year average isokeraunic data 
as published by the United States Govern¬ 
ment. The lightning territory in this 
tabulation ranges from lightning storms of 
a density of 22 storms per year up to a 
maximum of 68 per year, that is, a ratio 
of over three to one. No attempt has 
been made to evaluate line outages taking 
into account this variation of lightning 
density as it is felt tliat the data as a 


Fi9ure17. Effect of 
ground wire height 
on line outages. 
Steel-tower lines 
only 
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whole do not lend themselves readily to 
this type of analysis. The conclusions 
drawn from such an analysis might be so 
susceptible to error that no quantitative 
correlation has been attempted. In gen¬ 
eral, however, it is quite noticeable that 
the higher figures for line outages per 
year are associated, as might be ex¬ 
pected, with the higher lightning density 
of the territory where the line is located. 

Insulators and Line Clearance 

All insulators are, of course, of the sus¬ 
pension type and range in size from 
4V4“inch spacing to 6V2-inch. The num¬ 
ber of insulators used in suspension strings 
ranges from 6 to 8 for wood structures 
and from 6 to 11 for steel structures in 
the 110-kv class to 9 to 11 for wood and 
8 to 12 in the 132-kv class. This is ex¬ 
clusive of the long spaced (GVrlnch) 
unit, used on a few lines. 

Where wood structures are used, it 
will be noted that there is no general 
tendency to decrease the number of in¬ 
sulators used. However, in some of the 
110-kv wood-pole lines seven units are 
used, although there is little apparent 
indication that this number of units was 
used with the intention of utilizing tlie 
wood as normal-frequency voltage in¬ 
sulation. 

In the matter of clearances at towers 
between the conductor and the tower 
structure, it will be noted that the clear¬ 
ance ranges from a minimum of 31 inches 
for 110-kv lines up to a maximum of 67 
inches at 45 degrees and 30 degrees con¬ 
ductor swing, respectively. For the 132- 
kv lines the range of clearances is from 
37 inches to 66 inches at conductor swings 
in the order of 50 degrees. 

In general it is not apparent from an 
analysis of the line outage data that the 
amount of insulation provided in the in¬ 
sulator string itself has a great deal of 
bearing on ^e performance' of the line 



Rsure 18. Lishtning outages on transmission 
lines. Single- and double-circuit lines with 
wood or steel structures 


under lightning conditions. In other 
words, any attempt to overinsulate a line 
beyond normal requirements does not 
appear to have much influence on its 
lightning outage record. 

Heights of Conductors 

The opinion has sometimes been ex¬ 
pressed in tlie past that a line which was 
built low to the ground was more im¬ 
mune from lightning troubles. Tlie data 
presented in table II, however, fail to 
bear out this contention. For example, 
a comparison of the operating record of 
the lines of company 4, where the height 
of conductors is 46 feet, with the record 
of company 8, where the height of con¬ 


ductors is 100 feet, shows on an average 
higher outages for the line built closer 
to the ground. A comparison of other 
lines given in the table gives the same 
type of conflicting data. From this 
record it might be concluded that what¬ 
ever factor the height of the line above 
ground may have in influencing the light¬ 
ning outages, it is frequently submerged 
in other factors of line construction. 

Arcing Protection and 

Prolonged Outages 

In an attempt to determine whether 
high-voltage transmission systems in 
general are subject to prolonged outages, 
the data in columns 44 and 45 of table II 
have been listed. Analysis of these data 
shows that in general bumed-down con¬ 
ductors and prolonged outages, except 
in the case of one company, are relatively 
rare and are confined almost entirely to 
those circuits where the most modem 
type of arcing protection is absent. Most 
of the cases reported are on lines having 
insulator strings equipped with arcing 
horns on the line side only, or where no 
arcing protection at all is applied to the 
insulator strings. A summary of the 
record shows the following: 



Rings 

and 

Homs 

or 

Rings 

and 

Rings 

Line 

Rings 

Only 

No 

Pro¬ 

tec¬ 

tion 

Burned-down 




conductors. 

1.. 

.. 44.. 

.. 31 

Prolonged outages... 

9.. 

.. 85.. 

.. 27 

Miles of line. 

...1,962.. 

..2,022.. 

. .2.613 


A study of the relay and breaker times 
to clear faults (columns 29, 30, and 31 of 
table II) does not clearly indicate that 
moderately fast clearing of the fault will 
mitigate line troubles unless some effec¬ 
tive arcing protection is applied to the 
insulator assemblies. It should be 
pointed out, however, that the relay and 
breaker operating times in table II are 
those presumably in use at the present 
time, so that troubles reported in many 
cases may have occurred before means 
were taken to speed up relay and breaker 
time. 

Satisfactory Performance op Lines 

and Improvements Considered 

In answer to the question as to whether 
the lightning outage performance of the 
lines as given by each company was satis¬ 
factory or not and whether improvements 
were being considered to better that per¬ 
formance, it will be noted from columns 


Table III. Effect of Ground Wires on Lightning Outages of 165-110 Kv Transmission Lines 



Number of 

Lines 

Line 

MUea 

Outages per 100 
Miles of Line 
per Year 

No-ground-wire lines 

Single-circuit wood. 

. 6. 

. 260.9. 

. 30.2 

Single-circuit steel. 

.3. 

. 290.8. 

. 29.8 

Total. 


. 641.7. 

. 30.0 

One-ground-wire lines 

Single-circuit wood. 

. 1. 

. 68.3. 

. 0.44 

^ngle-circuit steel. 

.27. 

.1,086.1. 

. 9.8 

Double-circuit wood. 




Double-circuit steel. 

.61. 

.2,236.3. 

.7.1/4.2. 

Two-ground-wire lines 

^ngle-drcuit wood. 


. 940.0. 

. 6.1 

^ngle-circuit steel. 

.4. 

. 241.9. 

. 7.0 

Double-circtiit wood . 

Double-circuit steel. 

.18. 

. 969.9. 

.6.2/3.5 
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ing to correlate and analyze the operating 
records of some 150 transmission lines it 
is not hoped more than to touch on the 
salient points. The following conclu¬ 
sions, from the analysis made, however, 
seem to be justified: 


48 and 49 in table II that in the large 
majority of cases, companies reporced the 
operation was considered satisfactory. It 
should be pointed out, however, as men¬ 
tioned by one reporting company, that 
while the outage record of some lines is not 
considered particularly low, the particular 
operating conditions do not require the 
high grade of line performance which 
rmght be required under some other op- 
eratmg conditions. For example, where 
two-circurt lines are in use, a high single¬ 
circuit outage record is not highly ob¬ 
jectionable. On the other hand, where 
the outage record is high for double¬ 
circuit outages, or for single-drcuit 
outages on single-drcuit lines, the con-. 
dition is entirely different. Again, where 
lines are operated in paraUel with other 
lines between the source of power and 
load, or serve as a tie between two sources 
of power, the outage performance of such 
lines under lightning conditions may not 
be as exacting as in the case of lines which 
^ the only source of power supply to 
important loads. 

It will be noted that the general t 3 rpes 
of unprovement being considered com- 
lowering tower footing resistance, 
either by ground rods or counterpoises, 
use of protector tubes, and, as reported 

^ company, fast-redosing high- 
speed breakers. 

Conclusions 

^ presenting such a voluminous ingg«; 

Of data as given in table U and attempt- 


1. Ov^head ground wires are a very effec¬ 
tive means of reducing line outages. 

2. Placing the ground wire at excessively 
great heights above the line conductor does 
not seem to be justified. 

3. Low tower footing resistance is necessary 
to reduce line outages due to lightning 
(provided lightning discharge devices such 
^ protector tubes are not used). Values 
in the order of 10 ohms or less are suggested 
as desirable. 

4. The conductor height above ground 
(tower height) does not appear to be an 
important contributing factor in affecting 
line outages. 

5. Considerable benefit should be possible 
in improving the outage performance of 
lin^ by the judicious use of wood as insu¬ 
lation against lightning. 

6. Double-circuiting a line is an effective 
method of redu^g service outages as shown 
by the low ratio of double-circuit outages 
to total outages on such lines. 

7. Effective arcing protection on insulator 
assemblies is desirable to reduce line 
troubles. Homs on the line side only do 
not supply such protection. 

8. The generally considered means of 
bettering the lightning performance of lines 
m the 110- to 166-kv class as reported here 

(1) lowering tower footing resistance, 
by ground rods or counterpoises, (2) pro¬ 
tector tubes, and (3) fast-re<^osing high¬ 
speed breakers. 

9. The committee welcomes discussions 
from any of the companies who have con- 
tabirted data on which this paper has been 
bas^, particularly as they may throw any 
further light on special features of their line 
con^ction which have affected the line 
performance. Comments will also be ap- 
pr^ated on features not possible to cover 
fully m answers to the committee question- 
mue, or not fully covered in this presenta¬ 
tion and discussion. 


304 


'I'ransactions 


Discussion 

E. R, WUtehead (Duquesne Light Com¬ 
pany, Pittsburgh, Pa.): This paper is of 
special mterest and value to me at this 
time because the company with which I 
^ ^ociated has just completed a rather 
* ^ ligbtamg performance 

Its 66-kv transmission ring. While 
ttere are minor variations in the tower con- 
nguiution a sufficiently representative one 
consists of a double-circuit vertical arrange- 
mmt as m figure 1 of the paper. Top and 
bottom phases are separated 18 feet between 
ci^t^ while the middle phases are sepa- 
vertical separation is 
8 feet be^een top and middle phases and 
7 feet between middle and bottom phases. 
The smgle ground wire is 7 feet above the 


top conductor. Six units axe used in sus¬ 
pension and seven units for dead end. Air 
clearance is generally feet. 

Lightning tripouts in outages per hundred 
tower mile years vary from a low of 3.97 to 
a high of 66.8. The two sections to which 
these figures apply lie on opposite sides of 
the city, and in the past it has been assumed 
without question that the great differences 
were attributable to ''preferred storm 
paths.” 

In an effort to verify this assumption, 
several exposed 22-kv subtransmission lines 
without ground wires were chosen adjacent 
to these 66-kv line sections and tripouts from 
lightning compiled in the same terms over a 
five-year period. The figures are 61 and 
70, respectively. It is apparent that "pre¬ 
ferred storm paths” will not account for the 
great difference in performance. 

Since the study was primarily directed 
toward the improvement of poorly per¬ 
forming line sections, the worst of these, 
28.36 miles in length, was selected together 
with an adjacent section 16.08 miles long 
and 32 towers chosen at random for ground 
resistance measurements. Here again it 
had been tacitly assumed that the poor 
performance could be explained by the storm 
frequency and very high ground resistances. 
The belief in the presence of high tower 
footing resistances arose from an earlier 
survey which included measurements of 
ground rods disconnected from the towers. 

Footing resistances from 1.6 to 78 ohms 
were measured, the average being 16 ohms. 
Calculations based upon this average re¬ 
sistance and upon perfect ground-wire 
shielding gave an over-all fiashover figure 
of 4.26 per cent. The actual flashovers for 
this section average 11 per year, requiring 
the absurd total of 260 strokes to the tower 
line per year. As previously stated, ex¬ 
posed 22-kv lines in the same general area 
had an outage record of only 70 per hundred 
miles per year. From this sample, taking 
mto account the relative heights of the 
66-kv and 22-kv lines, it has been estimated 
that the actual number of strokes to the 
28.36-mlle 66-kv line section was approxi¬ 
mately 32. 

Hxe^ first step toward more accurate 
analysis was the construction of a tower¬ 
footing-resistance distribution table from 
the field data and the recalculation of the 
ov^-all fiashover percentage. This calcu¬ 
lation included midspan fiashover for mid¬ 
span stroke tower fiashover for midspan 
^ke, and tower fiashover for tower stroke. 
The result in this case was 12.46 per cent. 

It is de^ that average ground resistance is 
not at ml a suitable datum upon which to 
base estimates of line performance, nor can 
one easily correlate the data in the present 
paper with calculations. Using this per¬ 
centage and assuming perfect shielding, the 
r^uned number of strokes to the line is 88. 
This figure is still more than double a 
reasonable number. 

"rae second refinement was an attempt to 
ey^uate the effect of the electrostatically 
induced potential on the line wire. As has 
been pointed out,i the effect is to lower the 
tower-top potential necessary to cause in¬ 
sulation flwhover, and the per cent fiash- 
overs will increase correspondingly 
. ^ ap]^oximate method was d^ved to 
mdude effect by considering a doud 
height of 1,000 feet, rectangular bound 
charge of 2,000 feet length, a li ghtning qur- 





rent of ^/ao microsecond, and discharge 
increments of one microsecond each. At 
the point of stroke the maximum induced 
voltage is proportional to the stroke current, 
and a fixed constant of proportionality may 
be added to the tower footing resistance 
when solving for the current required to 
cause flashover. The result of this ap¬ 
proximation was to increase the per cent 
flashovers to a value of 16.0. 

With such a small increase attributable 
to the effect of induced voltage on the line 
wire, it was felt that the assumption of 
perfect shielding was invalid. 

If X is the fraction of total strokes which 
strike a line conductor, then we may define 
the ''shielding factor” as (1 — X) and the 
equation governing fiashovers is 
Xn + {1 -X)Pn^ F 

where 

n — total strokes to tower line 
P = per cent flashovers for complete 
shielding 
F = flashovers 

Inserting 

P 0.15 P = 11 n » 32 
in this equation, there is 

OMX + 0.16 = = 0.344 

OMX = 0.194 
X « 0.228 

Shielding factor = 1 — « 0,772, a value 

which has been deduced as the shielding 
efficiency of the Glenlyn-Roanoke 132-kv 
line which has a single ground wire.* 

In order to test this analysis further, a 
number of tower-footing-resistance measure¬ 
ments were made on the line sections having 
the best performance. All values were 
under ten ohms, and since the distribution 
curve was taken in ten-ohm steps, this value 
was used to compute comparative per¬ 
formance of these sections. 

The results were: 


Average Flashovers 
per Year 

Line Actual Calculated 


Colfax-North.3.6.3.70 

Colfax-Pine Creek.1.4....1.67 

Pine Creek-North.3.0.2.29 

B. L-Woodvaie.1.7.2.01 

Woodville-Dravosburg...... 1,5.2.28 


With one exception, the calculated faults 
are in excess of the actual as would be 
expected when Megger resistance values 
are used instead of the surge values which 
are somewhat lower. Moreover, some sub¬ 
normal insulation and clearances may exist 
on this line. 

It appears that the effect of induced liue 
voltage would be negligible on most of the 
lines whose performance is reported in 
the paper, but if shielding were generally of 
the order of 0.76 for single-ground-wire lines 
it should be evidenced by components inde¬ 
pendent of ground resistance in the curves 
of figure 19. Because of the absence of this 
component, one is tempted to conclude that 


practically complete shielding exists for the 
great majority of lines listed. 

A partial explanation of this apparent 
disagreement may lie in the fact that while 
the ground wire on our lines is 7 feet above 
the top conductor on the drawing, it has 
been found as low as 3V2 feet above the top 
conductor in numerous instances because 
of the substitution of suspension towers for 
strain towers. The exact proportion of 
these cases is unknown at this writing. 

For the transmission engineer who con¬ 
templates reconstruction of old lines to 
improve lightning performance the question 
of shielding and its numerical measure is of 
paramount importance, and the writer will 
welcome any comment which the authors 
of the paper may make with regard to this 
point. 
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S. K, Waldorf (Pennsylvania Water and 
Power Company, Baltimore, Md.): In 
item 26 A of table II of the paper are given 
data on the Safe Harbor-Penyville Line of 
the Pennsylvania Water and Power Com¬ 
pany. The single case of burned-down 
conductor and prolonged outage on this line 
was due to sleet, and not to lightning. ^ 
additional year of operation without outage 
of this line has been obtained since the data 
were submitted to the committee, making 
four years in all. 

In the committee’s report an attempt has 
been made to evaluate the benefits to be 
derived from various factors which enter 
into lightning protection, such as overhead 
ground wires, insulation level, etc. As the 
committee has pointed out, it is very diffi¬ 
cult to determine the influence of any one 
factor upon performance. For instance, in 
figure 17 of ^e paper, showing the effect of 
ground wire height on line outages, the 
points are widely scattered, indicating that 
there are other factors which are probably 
more important than this one item. How¬ 
ever, in figure 19, showing the effect of 
tower footing resistance on line outages, the 
behavior of lines having counterpoise is 
shown to be definitely superior to those hav¬ 
ing ground rods. It should be noted that 
these data do not indicate any special 
benefits due to counterpoise other thin as 
a means for reducing tower footing re¬ 
sistance, but they do indicate that tower 
footing resistance is a powerful factor in 
lightning protection. 

In figures 10 to 16, inclusive, are given a 
number of general arrangements for coimter- 
poise. The arrangement which has be^ 
most effective on the system of the Penn¬ 
sylvania Water and Power Company has 
been a graded installation scheme where the 
number and length of counterpoise con¬ 
ductors, have been varied to suit individual 
tower grounding conditions. It was on the 
^e Harbor-Perryville 132-kv line that the 
first extensive use of this scheme of counter¬ 
poise installation was made by the Penn¬ 
sylvania Water and Power Company. On 


this line as many as eight conductors in 
parallel were used as a counterpoise syst^ 
connected to towers having high footing 
resistances initially. In such cases four 
geometrically and electrically parallel con¬ 
ductors were installed along the right-of-way 
on each side of a tower. Based on experi¬ 
ments in the field, later practice has be^ 
to limit counterpoise conductors to six in 
parallel, three conductors on each side of a 
tower. Where it has been necessary to in¬ 
stall three parallel conductors, they have 
in many cases been extended to the adjacent 
towers and the wire used in this way rather 
than in adding a fourth wire. 

Figure 16 indicates a superiority of two 
overhead ground wires over one overbad 
ground wire. During the past lightning 
season, the Pennsylvania Water and Power 
Company has had the opportunity of com¬ 
paring the operation of two 69-kv lines of 
very nearly identical characteristics except 
as regards the number of overhead ground 
wires and their position. These two lines 
are the Holtwood-York line, 22.8 miles 
long, with two overhead ground wires 10 
feet above the topmost line conductors at 
all towers, and the Holtwood-Coatesville 
line, 29.4 miles long, with a single overhead 
grotmd wire 3^/2 feet above the topmost 
line conductors at strain towers and 7^/j 
feet above at suspension towers. Before 
the installation of counterpoise, the average 
tower footing resistances were within one 
ohm of each other at 133 ohms and after the 
installation were again within the same limit, 
but at 9 ohms. The Holtwood-York line 
has been operating for three years since 
improvements were made, and has had an 
average of 2.9 outages per 100 miles of line 
per year. The Holtwood-Coatesville line 
has operated for only one year since im¬ 
provements were made, with one outage 
occurring, making an average of 3.4 outages 
per 100 miles of line per year. Although 
the limited period of operating experience 
makes it still too early to draw any conclu¬ 
sions, the similar behavior of these two lines 
indicates that the shielding provided by a 
single overhead ground wire may be better 
than heretofore has been believed to be the 
case. 

Examination of the data on the relative 
frequency of single-circuit and double¬ 
circuit outages shows that bn those lines 
having a large number of double-circuit 
outages, the high values of tower footing 
resistance are probably the principal cause 
of the poor performance. 

The committee has not found any great 
dependence of performance upon insulation 
level. Perhaps a partial explanation of this 
conclusion is that the insulation level varied 
no more than about in the ratio of 5 to 3 
whereas the footing resistances varied as 
much as 20 to 1. Variations in the latter 
factor probably obscured any effects of 
variation in the former. Lewis and Foust 
pointed out in 1934 that flashover of shielded 
lines occurs only when the product of tower 
footing resistance and tower lightning cur¬ 
rent exceeds the insulation level of the line. 
Experience in ensuing years has shown this 
to be essentially correct, which establishes 
the dose relationship between line insula¬ 
tion and lightning performance. 

When tower footing resistances are high, 
no reasonable amount of insulation will 
protect against flashover. Data from lines 
in this classification will show no effects of 
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line insulation upon performance. Analy¬ 
sis of some data available on 19 110-kv 
steel-tower lines, 787 miles long; 5 132-kv 
steel-tower lines, 263 miles long; and 9 110- 
kv wood-pole lines, 460 miles long, all with 
overhead ground wires, other than those 
given in the paper, shows a more definite 
benefit due to increased line insulation. 
In the 110-kv class, steel lines having six 
insulator units in strings showed an average 
of 40 interruptions per 100 miles of circuit 
per year, those with seven units showed 
10.9 interruptions, those with eight units 
had 6 interruptions, and those with nine 
units showed 2.2 interruptions. On 132-kv 
steel lines, those lines with 9 insulator units 
in strings experienced 21.1 outages per 100 
miles of circuit per year, those with 11 units 
showed 2.8 outages, and those with 12 units, 
2.1 outages. Thus, this study showed a 
decided benefit due to increased insulation 
on steel-tower lines, but the benefit is prob¬ 
ably more apparent than real, because no 
account was taken of variations in footing 
resistance when classifying the data. With 
wooden construction, the investigation 
showed that on 110-kv lines the outages 
per 100 miles of line per year were 3.7 with 
six insulator units, 7.3 with seven units, 
and 7.2 with eight units. Apparently the 
effect of the wooden insulation in series with 
the porcelain masks the effect of the in¬ 
creased number of insulator units, in addi¬ 
tion to any uncertainties introduced due to 
neglecting the effect of tower footing re¬ 
sistances. 

In conclusion 7 it is stated that arcing 
protection on insulator assemblies is desir¬ 
able to reduce line troubles. It would 
seem more logical on lines having overhead 
ground wires to use the money for improving 
grounding conditions, rather than for arcing 
protection, and thus greatly reduce.the num¬ 
ber of fiashovers. With modern high-speed 
switches, severe burning of conductors is 
rare. 

Line BA in table 11 shows a considerable 
number of double-circuit outages but no 
single-circuit outages over a period of ten 
years. This behavior is most unusual and 
some reasonable explanation for it would be 
valuable. In this report the committee 
has tried to segregate the effect of the vari¬ 
ous means employed to reduce lightning 
outages on transmission lines. In making 
such a segregation the results of necessity 
must be more or less inconsistent as the 
three factors; overhead ground wires, in¬ 
sulation, and tower footing resistances, are 
interdependent. Each one is dependent on 
the other two for its proper functioning in 
this scheme of protection. 


E. W. Knapp (Shawinigan Water and Power 
Company. Montr^, Que., Canada): The 
committee responsible for the collection and 
preparation of the data incorporated in this 
paper are to be congratulated on the con¬ 
cise and dear manner in which the wealth 
of information has been presented. A study 
of the general situation brings to mind a few 
additional points which might prove of in¬ 
terest. 

The system which I wish to discuss con¬ 
sists of two double-drcuit sled-tower lines 
86 miles long on the same right-of-way. 
The lines are operated at 110 kv, and have 
seven units of insulation. Lines A and B 
have two overhead ground wires while 


Table I. Lightnins Outages, 1929-1938, Inclusive 



Single Line Outages 



Double Line Outages 







Overhead No Overhead 


Overhead 

No Overhead 


Gronnd 

Ground 


Ground Wire 

Ground Wire 

Total 

Wire 

Wire 

Total 

A 

B 

C 

D 


A/B 

C/D 


0.93 . 

.... 0.82 .. 

... 0.23 .. 

.. 9.3 ,.. 

.11,2 ... 

.... 2,8 ... 

... 4.3. 

. 7.1 

8.3% . 

....7.8% .. 

...2.0% .. 

..82.4% ... 

.100%... 

.40%.... 

...60%. 

.100% 


lines C and D have no overhead ground 
wires. An analysis of the lightning out¬ 
ages during the past ten years reveals the 
data shown in table I of this discussion, 
based on outages per 100 miles of line per 
year. 

There are three points of special interest: 

1. The line farthest away from the overhead 
ground wires suffered the most lightning outages. 

2. The two lines without overhead ground «wires 
suffered the greater number of double line outages. 

3. There was a greater percentage of double line 
outages on the lines with overhead ground wires, 
although the total outages were considerably lower. 


Philip Spom and I. W. Gross: Mr. White¬ 
head’s method of analysis to determine 
lightning outages on existing lines is quite 
interesting, and if experience continues to 
bear out the close relation between actual 
and calculated values, it should be a method 
decidedly helpful in predetermining the 
lightning performance of new lines before 
they are actually constructed and placed in 
service. 

As Mr. Whitehead points out, the matter 
of shielding, that is, keeping lightning off 
the phase wires, is most important since it 
is quite apparent that no matter how low 
the tower footing resistance is, it will not be 
effective in preventing flashover if the stroke 
terminates on the line wires rather than the 
ground conductor. This subject well war¬ 
rants further study and confirming field 
data. 

Mr. Waldorf has drawn the conclusion 
(apparently based on figure 19) that '’the 
behavior of lines having counterpoise is 
shown to be definitely superior to those 
having ground rods.” While this appears 
to be a reasonable deduction, if the data of 
figure 19 only are considered, it will be noted 
in referring to table II that only four of the 
lines out of some 150 have counterpoises 
throughout 30 per cent of their length or 
over. Mr. Waldorf’s 26-4 line, which has 
counterpoise for 93 per cent of its length, 
he reports as having no outages in four 
years. It will be noted that this line has 
an average structure ground resistance of 
11.4 ohms. On the other hand, line 21E, 
which has counterpoise for 38 per cent of its 
length, with an average structure footing 
resistance of 10 ohms, shows 9.8 average 
outages per hundred miles of line per year. 
Line 16 1 having ground rods only for 56 per 
cent of its length has an average structure 
resistance of 10 ohms and a yearly outage 
record of 0.9 per hundred miles of line. 
While it may be true that a reduction of 
tower footing resistance to a given level by 
counterpoises will result in less line outages 
than a similar reduction by the use of ground 
rods, it does not appear from the data which 


have been presented in table II that such a 
conclusion is wholly justified. 

The specific cases mentioned by Mr. 
Waldorf, one where two ground wires were 
used and one where only one was used in¬ 
dicating the same relative order of line per¬ 
formance, he has interpreted as indicating 
that one single overhead ground wire may 
be giving far better shidding than generally 
believed. The summarized data in the 
paper tend to lend weight to this point of 
view, although as pointed out in the paper, 
the data in many cases are not complete 
enough to show definitely the influence of 
other factors such as number of insulators, 
line spacing, lightning territory, etc. 

The citation by Mr. Waldorf of outages 
on steel-tower lines as affected by the num¬ 
ber of insulator units tends to show some 
benefit by increasing the number of units 
from six to nine. This, of course, is an in¬ 
crease in insulation of 50 per cent between 
extreme limits of insulation. AlS he has 
clearly pointed out, it is necessary to take 
into consideration all of the lightning pro¬ 
tective features of the line before definite 
conclusions can be drawn on the merits 
of any one influencing factor. An attempt 
to analyze data of this kind, as well as that 
given in table II of the paper, requires a 
rather detailed study of many of the line 
characteristics before any hard and fast 
conclusions can be drawn. 

Mr. Waldorf suggests the improvement 
of ground resistance on a line with over¬ 
head ground wires, in place of supplying 
arcing protection, and we are in thorough 
agreement with this statement where mod¬ 
em, high-speed breakers clear the fault; 
and, in fact, in recent lines on our own 
system, we have eliminated the arcing pro¬ 
tection where high-speed breakers are used. 
Where slow line relaying, however, still 
exists or is a necessity as a result of system 
operation, arcing protection may still be 
desirable. 

In referring to line 34 in table II, we are 
inclined to believe that the absence of single- 
circuit outages in the reported figure of 36.6 
outages per hundred miles of line per year 
is due to the absence of a breakdown of the 
total outages for the ten-year period. The 
figures are reported as received, but, as 
pointed out by Mr. Waldorf, they may well 
be questioned. 

In conclusion, it is not expected in at¬ 
tempting to analyze the mass of data such 
as given in table II that all the various 
factors can be definitely evaluated. It was 
the hope of the committee in submitting 
this report to collect sufficient authentic 
data on a large group of lines in the country 
so that careful analysis might show the 
trends in the construction and the general 
experience in the operation of such lines 
under lightning conditions. 
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Low-Gas-Pressure Cable 

G. B. SHANKLIN 
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D uring the past several years 
the company with which the writer 
is associated hsis been conducting an 
extensive research and engineering study 
of the possibilities of high-voltage cable 
utilizing gas as a pressure medium. The 
purpose has been to develop a practical 
cable system of this type and determine 
its best field of usefulness from an engi¬ 
neering and economic standpoint. The 
results of this work to date will be out¬ 
lined in the present paper. 

Since the need of high-voltage under¬ 
ground transmission arose some 40 
years ago there has been and will always 
be a continual effort to obtain better 
and more economical designs of cable 
systems. Out of these years of experi¬ 
ence certain principles and trends have 
been established. Of all the different in¬ 
sulating materials available, oil- or 
compound-impregnated paper is recog¬ 
nized as the best and most economical for 
cable rated 22 kv and above. It is also 
widely used at lower voltages. All of 
the various high-voltage cable systems 
that have been generally used, or sub¬ 
jected to full-size experimental field trial, 
in recent years have utilized impreg¬ 
nated paper as the basic insulation. 

The cable systems mentioned utilize 
impregnated paper in different ways to 
accomplish certain desired results, but 
all of them follow, or try to follow, the 

Paper number 39-71, recommended by the AIBB 
committee on power transmission and distribution, 
and presented at the AIBB winter convention, 
New York, N. Y., January 28-27, 1939. Manu¬ 
script submitted November 1, 1938; made avails 
able for preprinting December 22, 1938.. 

O. B. Shanklin is engineer in the cable section 
of the central station department, General Blec- 
tric Company, Schenectady, N. Y. 

A number of engineers associated with the author, 
too numerous to list in full, have contributed to this 
development. The writer particularly wishes to 
acknowledge the valuable help of J. A. Scott 
and J. B. Felter, who carded out the laboratory 
tests, S. J. Garahan, W. C. Hayman, C. A. Piercy, 
E. L, Crandall, F, W. Engster, P, H. Bullet, 
L. L. Phillips, V. A. Shehls, and T. C^ Aitchison, 
all of whom gave generously of their support and 
encouragement. The fine spirit of co-operation 
shown by the Consolidated Edison and Yonkers 
Electric Light and Power companies is fatefully 
acknowledged. 
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same fundamental principles. These are: 

(а) . Use materials that are chemically and 
physically stable and of low dielectric loss 
and high dielectric strength. 

(б) . Eliminate all traces of impurities 
initially and prevent entrance of such 
impurities during shipment, field installa¬ 
tion, and service. 

(c). Prevent progressive ionization deterio¬ 
ration at all times. 

Experience has demonstrated that the 
first step in accomplishing these results 
involves vacuum di 3 dng and impregna¬ 
tion under pressure after fabrication of 
the cable. Uniformly perfect initial 
impregnation is the only known method 
of obtaining full control of cable quality 
and economically meeting the require¬ 
ments outlined. Incomplete initial im¬ 
pregnation in the factory leads to loss of 
uniformity, with weak spots along the 
cable length. Pretreatment of paper 
tape also makes the complete removal of 
impurities a questionable process. 

The two high-voltage cable systems so 
far used to an extent that classifies them 
as standard are the ordinary “solid type“ 
cable and the “oil filled” cable. The 
essential features of these two cable 
systems will be briefly outlined for pur¬ 
poses of leading up to a logical field of 
usefulness for the low-gas-pressure cable 
system that will be described, 

Solid-Type Cable 

This is the original type of high-voltage 
cable, used for 40 years or more. About 
20 years ago a growing demand for higher 
operating voltages and reduced costs led 
to marked improvement in insulation 
quality and increase in working voltage 
stress (decrease in insulaition thickness). 
Within recent years uniformity and prac¬ 
tically perfect initial impregnation have 
been obtained by improvement of the 
Jmpregnation treatment and the use of 
nonsoKdifying impregnating compounds 
of lower viscosity. Present-day insu¬ 
lation thicknesses represent an average 
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working voltage stress of from 42 to oH 
volts per mil. 

Solid-type cable has now about rcuL'IuHl 
its ultimate development. Present Uinb 
tations are inherently physical. Com¬ 
plete impregnation has improv’cd the 
insulation but has increased the physical 
problem. Today, we are faced with I he 
following inherent difficulties: 

(a). No method of controlling relatively 
wide pre.ssure fluctuations due to tempera¬ 
ture changes in service. Compound ex¬ 
pansion during heating increases pressure 
and this puts an undue stress Imrden cm the 
lead sheath, causing permanent si retching, 
fatigue splits, and other sources of leakage, 

(/;). During periods of cooling negative 
pressures (vacuum) devedop. Air and inois' 
ture arc drawn into the system through any 
leaks that exist. 

(c). Stretching of sheath and migration of 
the nonsolidifying compound lead to 
void formation. During periods of nega¬ 
tive pres.surc cumulative ionization damage* 
is liable to occur. 

Ofl-FUled Cable 

The success of oil-fille<l cable is too well 
known to require repetition here. It 
completely overcomes the inherent dif 
ficulties of solid-type culile just dis 
cussed.® Ionization is eliminated en¬ 
tirely and predetermined safe workitig 
stresses on the lead sheath are under con¬ 
trol at all times. Positive oil pressure 
is maintained, preventing entrance* of 
impurities at points of accidental leakage. 
Low working oil pressure (1 to 30 pounds, 
depending upon contour) greatly simplt 
fies design, installation, and maintenance.^ 
This low pressure allows ordinary leiul 
sheath finish up to 15 pounds and u simpli! 
reinforced sheath finish from 15 to 30 
pounds. The cable can be iiiHtulled 
anywhere that solid-type cable cun, 
drawn into ducts, buried, etc. 

Today, the average working voltage 
stress in oil-filled cable is from «0 to 143 
volts per mil, depending upon voltage 
rating. This is more than twice that of 
solid type, and the ultimate reduction in 
insulation thickness has not yet been 
reached. It will depend upon retjuired 
impulse strength to resist lightning and 
switching surges. Experience has shown 
that normal 60-cycle working stress is 
not a limiting factor in determining 
minimum insulation thickness. The rm- 
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Figure 1. Unit over¬ 
all installed costs in 
underground ducts 


son for this is that even one or two pounds 
positive oil pressure in the feed channels 
is sufficient to prevent void formation in 
a properly designed cable.® Accordingly, 
the oil-filled cable system is inherently a 
low-pressure system. There is no need 
of complicating matters by increasing oil 
pressure above that actually required by 
the contour and length of section to be 
fed. Technically, the standard low- 
pressure oil-filled cable system is correct 
and superior to all high-voltage cable 
systems so far devised. It is only from 
an economic standpoint that it leaves 
room for improvement. 

Figure 1 gives comparative over-all 
installed unit costs for oil-filled and solid- 
type cable s 3 rstems in underground 
ducts as a function of voltage rating. 
At any given voltage the costs will vary 
with load but the curves in figure 1 are 
representative averages for the most eco¬ 
nomical conductor sizes. It will be 
noted that the unit cost of oil filled in¬ 
creases more rapidly than that of solid 
cable systems with decrease in voltage 
rating. At 38 kv the costs are about the 
same. Below 38 kv solid-type cable is 
moire economical in average cases. 

The reason for this is that the reser¬ 
voirs, stop joints, and other accessories 
used with oil-filled cable are relatively 
more costly than those used with solid 
cable. Total accessory cost decreases 
much more slowly than total cable cost 
with decrease in voltage rating, conduc¬ 
tor sizes remaining the same. Also, 
total cable cost for oil filled, while con¬ 
siderably less at higher voltages, due to 
smaller diameter and lesser material, de¬ 
creases more slowly than solid-cable cost 
as voltage rating decreases. Figure 1 
explains why solid-t 3 rpe cable is still more 
commonly used below 38-kv rating. 

Gas-Pressure Cable 

Experience with oil-filled cable has 
demonstrated in a striking way the 
ben^ts of maintaining positive pressure 
during shipment, installation, and serv¬ 
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ice. In attempting to develop newer 
and better cable systems these basic 
principles should be followed. 

Maintenance of pressure requires a 
pressure medium. There are only two 
well recognized pressure mediums, liquid 
(oil) and gas. The development field 
utilizing oil as a pressure medium is now 
covered and is best exemplified by the 
standard low-pressure oil-filled cable sys¬ 
tem. The use of gas as a pressure me¬ 
dium leaves a more versatile field of ex¬ 
ploration. In the way of simplicity, at 
least, it is attractive. There are no hy¬ 
drostatic head pressures to deal with and 
the accessory designs are simple, at least 
for low pressure systems. Installation 
and maintenance are also simplified. 

Soon after entering this field of develop¬ 
ment we concluded that a dry, inert gas 
in direct contact with and saturating the 
impregnated-paper insulation gave the 
best assurance of maintaining pressure 
through the whole cable cross section with 
minimum time lag during temperature 
and pressure variations. It was further 
concluded that longitudinal gas feed 
channels in the cable would facilitate 
control of uniform gas pressure along the 
cable length in service; in fact, were 
necessary fuHy to accomplish this pur¬ 
pose. The feed channels fulfill another 
important function in providing surplus 
gas at any point of accidental leakage. 

Without longitudinal feed channels 
that will readily convey surplus gas, 
pressure would be rapidly lost at such 
leakage points and cause failure. 

The tests and development work lead- 
ing up to present conclusions will be de¬ 
scribed in detail but first it wiU be ex¬ 
plained why, at least for the time being, 
we are concentrating on low-gas-pressure 
systems of moderate voltage rating, 
and consider this the most promising 
field of development. 

Figure 2 shows the voltage at which 
ionization starts as a function of gas 
pressure. The curve is a representative 
average of all the tests on single- and 
three-conductor gas-pressure cable that 
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will be described, using nitrogen gas as a 
pressure medium. The measurements 
were made after load-cycle drainage of 
compound. 

The voltage at which ionization started 
in these gas-filled voids is shown in figure 
2. The drooping shape of the curve 
is significant and important. Fifteen 
pounds pressure comes within safe work¬ 
ing limits for ordinary single lead sheath. 
The steepest part of the curve in figure 2, 
and a good part of the gain in ionization 
voltage, occurs in this relatively low 
pressure range. The ionization volt¬ 
age at 16 pounds pressure is 80 volts per 
mil, which is the lower limit of working 
stress for oil-filled cable. 

Forty pounds pressure comes within 
safe working limits for ordinary double 
reinforced sheath, as proved by some 
years of experience with oil-filled cable. 
This is the next steepest part of the curve 
and the ionization voltage at 40 pounds 
pressure is 112 volts per mil. This gain 
in voltage stress is not obtained, how¬ 
ever, without increased cost. For aver¬ 
age cable sizes double reinforced sheatli 
increases cable cost from 10 to 15 per 
cent as compared with single sheath. 
This can be justified only when balanced 
by an equivalent saving in insulation cost 
(reduced thickness). Actually, it is not 
completely justified then, because years 
of experience with oil-filled cable has 
established the fact that single sheath at 
15 pounds pressure has given a better 
service record than double reinforced 
sheath at 40 pounds pressure. 

As a first stage in the practical de¬ 
velopment of gas pressure cable it is our 
intention to establish the ultimate safe 
operating voltage for cable with single 
lead sheath and 15 pounds pressure 
and resort to reinforced sheath with 30 to 
40 pounds pressure only for higher volt¬ 
ages. At just what voltage this can be 
justified will depend upon field experience. 
We do not yet know ultimate safe working 
voltage stresses. At the present writing, 
and judging from laboratory tests alone, 
single-sheath cable at 10 to 15 pounds 
pressure will have an ultimate working 
voltage stress (average) of about 75 volts 
per mil, and reinforced sheath cable at 
30 to 40 pounds pressure about 100 
volts per mil. If this is proved by field 
experience then, economically, single¬ 
sheath cable will have a maximum operat¬ 
ing voltage of about 40 kv. This volt¬ 
age range happens to fill the economic 
gap caused by the relatively high cost 
of oil-filled cable below 38 kv as shown in 
figure 1. We believe that the greatest 
field of usefulness for gas-pressure cable 
is in filling this gap. 
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Refemng again to figure 2, the ioniza¬ 
tion voltage at 200 pounds pressure is 
162 volts per mil. This is by no means a 
sufficient gain in voltage stress, as com¬ 
pared with the 40-pound results, to 
warrant a fivefold increase in gas pres¬ 
sure, with the rather serious complica¬ 
tions it introduces. 

With few exceptions, important high- 
voltage cable lines in this country are 
installed in duct systems, mostly under 
paved city streets. Any cable used must 
be flexible so that it can be drawn from 
shipping reels into these ducts and trained 
around the manhole walls to form ex¬ 
pansion bends and facilitate racking of 
joints. Gas-pressure cable with single 
sheath at 15 pounds and ordinary double- 
reinforced sheath at 40 pounds is readily 
adapted to these requirements. We are 
only concerned with the radial stresses 
on the sheath. Longitudinal stresses 
are of no great importance. Ordinary 
lead plumbing wipes are used and there 
is no tendency for the cable to move or 
“whip” due to excessive internal pres¬ 
sure. All of this has been demonstrated 
by experience with oil-filled cable. 

At 200 pounds pressure a very elabo¬ 
rate type of sheadi reinforcement would 
have to be used, taking care of both radial 
and longitudinal strains. All plumbing 
wipes would also have to be reinforced 
radially and longitudinally. Curvature 
in the duct run and expansion bends in 
the manholes would have to be dispensed 
with or the cable given rigid support 
with sufficient bearing surface to avoid 
crushing. 

This special high-pressure reinforce¬ 
ment would add at least 20 to 25 per cent 
to cable cost as compared with ordinary 
single-sheath low-pressure oil-filled cable. 
This is, without question, more than the 
difference in cost of oil-filled cable ac¬ 
cessories and high-pressure gas cable 
accessories. 

On the above basis it is reasonable to 


conclude that the over-all installed cost 
of a 200-pound gas-pressure system for 
138-kv service in underground ducts 
would exceed the cost of an equivalent 
low-pressure c^-fiUed system. In view 
of the experimental nature of reinforced 
sheath operation at 200 pounds pressure 
and the difficulties of maintenance and 
repair work, we feel it advisable first to 
determine the practical possibilities of 
low-pressure gas systems for moderate 
voltage use and leave the supervoltage 
field to oil-filled cable for a while longer. 

Laboratory Tests 

General Conditions 

The series of laboratory tests on gas- 
pressure cable, started about five years 
ago, have included different types of 
impregnating compound, different densi¬ 
ties of paper tape, various gases, and 
variations in method of constructing and 
treating the cable. Both single-con¬ 
ductor and three-conductor cable have 
been tested. 

Single-Conductor Cable 

All single-conductor cable used in 
these tests had either 350,000-circular-mil 
or 400,000-circular-mil stranded conductor 
with one-half-inch hollow core. The 
insulation was 0.300-inch impregnated 
paper tape, and over this a one-eighth- 
inch lead sheath. The cable was given a 
very complete vacuum dr 3 dng and im¬ 
pregnation treatment and the test lengths 
(50 feet) were end sealed and sent to the 
laboratory without drainage, other than 
blowing the core free of compound and 
filling with gas to ten pounds pressure. 

In the laboratory the lengths were 
drawn into 2.0-inch steel pipe and special 
high-pressure porcelain test terminals 
assembled at each end. The hollow 
core of the cable and the space in the 
steel pipe were interconnected through 
the terminals. Both were evacuated and 
filled with gas to required pr^sure. An 


Figure 2. Voltage 
stress on solid insu¬ 
lation at which ioni¬ 
zation starts as a 
function of gas pres¬ 
sure in voids of 
gas-pressure cable 
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insulated current transformer furnished 
load heating current to the conductor. 
The lengths were subjected to 60-degree- 
centigrade load cycles and simultaneous 
gas-pressure cycles from atmospheric to 
100 and 200 pounds for a number of days 
until a capillary balance was reached 
and drainage of compound from the core 
ceased. Power factor versus voltage 
curves were then measured in pressure 
steps from atmospheric to 200 pounds at 
room temperature and 60 degrees centi¬ 
grade. After this the lengths were sub¬ 
jected to load-cycle overvoltage endur¬ 
ance with periodic measurement of power 
factor and ionization. Two to three 
complete load cycles per day were ap¬ 
plied from room temperature (25 to 30 
degrees centigrade) to 60 and 65 degrees 
centigrade. 

Three-Conductor Cable 

The three-conductor test lengths were 
75 feet long with 350,000-circular-mil 
sector conductors and 0.200-inch paper 
tape, shielded. All filler material was 
omitted from filler spaces, which acted as 
gas feed channels. The first test length 
had no support in the filler spaces. Re¬ 
maining lengths had steel spiral support 
in the filler spaces similar to that used 
with oil-filled cable. The insulated and 
shielded conductors were cabled together 
with a metal-tape binder and a one- 
eighth-inch lead sheath was applied after 
treatment. 

After vacuum drying and impregna¬ 
tion in the usual manner the lengths 
were left in the treating tank and drained 
of surplus compound in an atmosphere 
of the same gas later used as a pressure 
medium on test. Drainage was at 60 to 
70 degrees centigrade for a considerable 
period of time. Afterward the lengths 
were leaded in an atmosphere of the 
same gas, end sealed, and sent to the labo¬ 
ratory under ten pounds pressure. 

The lengtlis were. subjected to short- 
time ionization tests up to 30 pounds 
pressure and long-time load-cycle over¬ 
voltage tests up to 15 pounds pressure. 
It was consequently not necessary to 
install them in steel pipe and all tests were 
made with bare lead sheath exposed. 
Ordinary porcelain pothead terminals 
were assembled in inverted position to 
facilitate drainage of compound from 
the cable, which, in effect, was arranged as 
an inverted U. The three conductors 
were connected in series for application 
of load-cycle current. In all other re¬ 
spects test procedure was as outlined for 
single-conductor cable, except that the 
load cycles were carried to 70 and 80 de¬ 
grees centigrade. 
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Figure 3. Test length 
number 5—ioni¬ 
zation curves after 
prolonged load- 
cycle bleeding— 

measured at 25 de¬ 
grees centigrade 


degrees centigrade, as would be expected. 
It should also be noted that while the 
solid loss power factor at 25 degrees centi¬ 
grade is practically horizontal before 
ionization starts the corresponding 60- 
degree-centigrade curves in figure 4 
show a pronounced up slope of solid loss 
power factor as voltage increases. This 
is inherent in this type of cable and, since 
it obscures true ionization loss, only the 
room temperature results will be used 
as an indication of ionization in the load- 
cycle endurance charts that will be 
presented for the different test lengths. 
As a matter of fact, even the room- 
temperature measurements show this 
positive coefficient of solid loss power 
kctor in most of the test lengtlis and 


Test Length Number L Single conduc¬ 
tor, impregnated with relatively thin oil 
similar to that used in oil-filled cable and 
having a viscosity of 37 Saybolt at 100 de¬ 
grees centigrade. Pressure medium, CO 2 
gas. 

Due to the thin oil and the large volu¬ 
metric absorption of CO 2 , the bleeding 
under load and pressure cycles was ex¬ 
cessive, approximately 33 per cent of the 
original oil in the paper being expelled. 
Ionization was also poor, beginning at 
about 35 volts per mil atmospheric pres¬ 
sure. The length was submitted to a 65- 
degree-centigrade load-cycle endurance 
run at 300 volts per mil and 200 poimds 
pressure. Failure occurred in 22 hours. 

Test Length Number 2, All conditions 
similar to those for length number 1 with 
the exception that the cable was im¬ 
pregnated with a heavier all-mineral-oil 
compound similar to that used in solid- 
type cable and having a viscosity of 95 
Saybolt at 100 degrees centigrade 

The expulsion of compound was im¬ 
proved, being about 25 per cent, and 
ionization was also improved. In spite 
of this, failure occurred in 7 V 2 hours on 
load-cycle endurance at 300 volts per mil, 
200 pounds pressure. 

Test Length Number 5. This length 
was a duplicate of length number 1, the 
only difference being that nitrogen gas 
was used instead of carbon dioxide. 
On load-cycle endurance at 300 volts 
per mil, 200 pounds pressure, failure 
occurred in 80 hours. This was an im¬ 
provement compared with length number 
1 but the thin compoimd still bled too 
freely. 

Test Length Number 4. This length 
was similar to length number 2 with the 
exception that nitrogen gas was substi¬ 
tuted , for carbon dioxide. This gave 
decided improvement in both compound 
expulsion and ionization. On the same 
65-degree-centigrade load-cycle endurance 
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as length number 3 failure occurred after 
801 hours. 

Test Length Number 5. Exactly simi¬ 
lar to length number 4 and all test condi¬ 
tions the same with the exception that 
the 60-degree-centigrade load-cycle en¬ 
durance run was made at low pressure 
(15 and 10 pounds) and at voltage 
stresses just above the ionization point (80 
and 100 volts per mil). The load-cycle 
endurance run was continued for a long 
period of time, more than two years. 

Figure 3 gives 26-degree-centigrade 
ionization curves at different pressures 
after the length had been subjected to a 
large number of load cycles and alternate 
applications of vacuum and 200 pounds 
nitrogen pressure before the endurance 
run. Compound expulsion had prac¬ 
tically ceased by the time figure 3 was 
obtained. The corresponding 60-degree- 
centigrade power factor curves are given 
in figure 4. It will be noted that ioniza¬ 
tion starts at a higher voltage at 60 


this must be allowed for. 

Figure 5 gives a chart of the 60-degree- 
centigrade load-cycle endurance run, 
105 days at 15 pounds and 80 volts per 
mil, 255 days at 10 pounds and 80 volts 
per mil, and 470 days at 10 poimds and 
100 volts per mil. The total length of 
the load-cycle voltage test was 830 days. 
At the end of that time the cable had 
stabilized so test was discontinued and 
the length carefully dissected for study of 
X wax. 

Referring to figure 5, after the first 9 
days at 15 pounds, 80 volts per mil, 
ionization practically disappeared and 
remained negligible until 100 volts per 
mil was appUed at the end of 360 days. 
At the beginning ionization was more 
pronounced, as would be expected, but 
again decreased and practically disap¬ 
peared after an additional 300 days. 
The 60-degree solid loss gradually in¬ 
creased from 1.0 per cent to approxi¬ 
mately 2.0 per cent. It then decreased 


Figure 4. Test length 
number 5—^ioniza- 
tion curves at same 
time and in same 
order as those in 
figure 3-—measured 
at 6Q degrees centi¬ 
grade 



40 80 120 160 200 240 
AVERAGE STRESS-VOLTS PER MIL 


280 


ShankUn—LouhGas-Pressure Cable 


Ei^sctrical Engineering 









High-Gas-Pressure Cable 

Referring again to figure 2, the ioniza¬ 
tion voltage at 200 pounds pressure is 
162 volts per mil. This is no means a 
sufficient gain in voltage stress, as com¬ 
pared with the 40-pound results, to 
warrant a fivefold increase in gas pres¬ 
sure, with the rather serious complica¬ 
tions it introduces. 

With few exceptions, important high- 
voltage cable lines in this country are 
installed in duct systems, mostly under 
paved city streets. Any cable used must 
be flexible so that it can be drawn from 
shipping reels into these ducts and trained 
around the manhole walls to form ex¬ 
pansion bends and facilitate racking of 
joints. Gas-pressure cable with single 
sheath at 15 pounds and ordinary double- 
reinforced sheath at 40 pounds is readily 
adapted to these requirements. We are 
only concerned with the radial stresses 
on the sheath. Longitudinal stresses 
are of no great importance. Ordinary 
lead plumbing wipes are used and there 
is no tendency for the cable to move or 
"whip" due to excessive internal pres¬ 
sure. All of this has been demonstrated 
by experience with oil-filled cable. 

At 200 pounds pressure a very elabo¬ 
rate type of sheath reinforcement would 
have to be used, taking care of both radial 
and longitudinal strains. All plumbing 
wipes would also have to be reinforced 
radially and longitudinally. Curvature 
in the duct run and expansion bends in 
the manholes would have to be dispensed 
with or the cable given rigid support 
with sufficient bearing surface to avoid 
crushing. 

This special high-pressure reinforce¬ 
ment would add at least 20 to 25 per cent 
to cable cost as compared with ordinary 
single-sheath low-pressure oil-filled cable. 
This is, without question, more than the 
difference in cost of oil-filled cable ac¬ 
cessories and high-pressure gas cable 
accessories. 

On the above basis it is reasonable to 


conclude that the over-all installed cost 
of a 200-pound gas-pressure system for 
138-kv service in underground ducts 
would exceed the cost of an equivalent 
low-pressure oil-filled system. In view 
of the experimental nature of reinforced 
sheath operation at 200 pounds pressure 
and the difficulties of maintenance and 
repair work, we feel it advisable first to 
determine the practical possibilities of 
low-pressure gas systems for moderate 
voltage use and leave the supervoltage 
field to oil-filled cable for a while longer. 

Laboratory Tests 

General Conditions 

The series of laboratory tests on gas- 
pressure cable, started about five years 
ago, have included different types of 
impregnating compound, different densi¬ 
ties of paper tape, various gases, and 
variations in method of constructing and 
treating the cable. Both single-con¬ 
ductor and three-conductor cable have 
been tested. 

Single-Conductor Cable 

All single-conductor cable used in 
these tests had either 350,000-circular-mil 
or 400,000-circular-mil stranded co^iductor 
with one-half-inch hollow core. The 
insulation was 0.300-inch impregnated 
paper tape, and over this a one-eighth- 
inch lead sheath. The cable was given a 
very complete vacuum drying and im¬ 
pregnation treatment and the test lengths 
(50 feet) were end sealed and sent to the 
laboratory without drainage, other than 
blowing the core free of compound and 
filling with gas to ten pounds pressure. 

In the laboratory the lengths were 
drawn into 2.0-inch steel pipe and special 
high-pressure porcelain test terminals 
assembled at each end. The hollow 
core of the cable and the space in the 
steel pipe were interconnected through 
the terminals. Both were evacuated and 
filled with gas to required pressure. An 



Figure 2. Voltage 
stress ort solid insu¬ 
lation at which ioni¬ 
zation starts as a 
function of gas pres¬ 
sure in voids of 
gas-pressure cable 


insulated current transformer furnished 
load heating current to the conductor. 
The lengths were subjected to 60-degree- 
centigrade load cycles and simultaneous 
gas-pressure cycles from atmospheric to 
100 and 200 pounds for a number of days 
until a capillary balance was reached 
and drainage of compound from the core 
ceased. Power factor versus voltage 
curves were then measured in pressure 
steps from atmospheric to 200 pounds at 
room temperature and 60 degrees centi¬ 
grade. After this the lengths were sub¬ 
jected to load-cycle overvoltage endur¬ 
ance with periodic measurement of power 
factor and ionization. Two to three' 
complete load cycles per day were ap¬ 
plied from room temperature (S5 to 30 
degrees centigrade) to 60 and 65 degrees 
centigrade. 

Three-Conductor Cable 

The three-conductor test lengths were 
75 feet long with 350,000-circular-mil 
sector conductors and 0.200-inch paper 
tape, shielded. All filler material was 
omitted from filler spaces, which acted as 
gas feed channels. The first test length 
had no support in the filler spaces. Re¬ 
maining lengths had steel spiral support 
in the filler spaces similar to that used 
with oil-filled cable. The insulated and 
shielded conductors were cabled together 
with a metal-tape binder and a one- 
eighth-inch lead sheath was applied after 
treatment. 

After vacuum drying and impregna¬ 
tion in the usual manner the lengths 
were left in the treating tank and drained 
of surplus compound in an atmosphere 
of the same gas later used as a pressure 
medium on test. Drainage was at 60 to 
70 degrees centigrade for a considerable 
period of time. Afterward the lengths 
were leaded in an atmosphere of the 
same gas, end sealed, and sent to the labo¬ 
ratory under ten pounds pressure. 

The lengths were subjected to short- 
time ionization tests up to 30 pounds 
pressure and long-time load-cycle over¬ 
voltage tests up to 15 pounds pressure. 
It was consequently not necessary to 
install them in steel pipe and all tests were 
made with bare lead sheath exposed. 
Ordinary porcelain pothead terminals 
were assembled in inverted position to 
facilitate drainage of compound from 
the cable, which, in effect, was arranged as 
an inverted U. The three conductors 
were connected in series for application 
of load-cycle current. In all other re¬ 
spects test procedure was as outlined for 
single-conductor cable, except that the 
load cycles were carried to 70 and 80 de¬ 
grees centigrade. 
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Figure 8. Test 
length number 7*^ 
load - cycle endur¬ 
ance at 80 degrees 
centigrade, 85 and 
100 volts per mil— 
ten pounds per 
square inch nitrogen 
pressure 
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crease. When the last measurements 
were made at 160 days the 80-degree- 
centigrade power factor had increased to 
2.9 per cent. Failure occurred 7 days 
later (167 days, or 667 days tptal). No 
doubt there was a rapid increase in 
power factor during the last few days 
before failure. 

Dissection of length number 7 showed 
the same distribution of wax in the butt 
spaces as found in length number 6. 
The wax was more pronounced, how¬ 
ever, there were no carbonization, tree 
designs, or other signs of overstressing 
except at the point of failure. 

Test Length Number 8, This length 
was impregnated with the same heavy 
mineral oil as lengths numbers 6 and 7, 
mixed with 1.5 per cent of an experi¬ 
mental, viscous compound to increase 
viscosity. The viscosity of the mix¬ 
ture was 350 Saybolt at 100 degrees 
centigrade. While the viscosity was 
increased there did not appear to be an 
equal increase in tackiness and film ten¬ 
sion, the compound bleeding at high 
temperature being about the same as 
previously. 

The 80-degree-centigrade ten-pound 
load-cycle endurance-run data at 86 
volts per mil will be found in figure 9. 
The run has continued for 220 days to 
date and the length is still on test. As 
far as it has gone, the endurance run 
has shown about the same results as ob¬ 
tained with length number 6. 

This length, alone, would not indicate 
any real benefit from increased viscosity 
of impregnating compound. We attri¬ 
bute this mostly to a lack of film tension 
in this particular mixture. Good film 
tension is, of course, necessary to hold 
the compound in place by. capill^ attrac¬ 
tion. 

. Test Length Number P. Similar to 
length number 8 except that the heavy 
oil compoimd contained 20 per cent 
rosin. The mixture had a viscosity of 
200 Saybolt at 100 degrees centigrade. 
This mixture had more tackiness and 
better film tension than that in length 
number 8. 

The rosin used was not the modem 
water-white type but was an older and 
less highly refined grade. It was de¬ 


sired to study the stability of this older 
grade before trying the newer. 

The 80-degree-centigrade ten-pound 
load-cycle endurance chart at 85 volts 
per mil will be found in figure 10. Al¬ 
lowing for the upward slope of the solid 
loss power factor the ionization from the 
start has been quite small and seems to 
confirm the opinion that an impregnating 
compound of high viscosity and high film 
tension improves ionization characteris¬ 
tics in gas pressure cable. The solid 
loss, however, began to increase rapidly 
after 37 days and, to date (170 days), ap¬ 
pear^ to be still increasing. Test will be 
continued on this length. 

Hot spots were found along the cable 
soon after the increase in dielectric loss 
was observed but the cable has not yet 
shown signs of final failure. The instabil¬ 
ity of this length is undoubtedly due to 
the grade of rosin used. It is recognized 
as lacking the stability of highly refined, 
water-white rosin. 

Test Lengths Numbers 10 and 11, 
These two lengths of three-conductor 
cable are similar to length number 9 
with following exceptions. Length num- 
b^ 10 has 20 per cent highly refined 
water-white rosin mixed with heavy oil. 
The viscosity of the mixture is about the 
same as that for length number 9. 
Length number 11 is impregnated with an 
experimental hydrogenated oil having a' 
viscosity of 1,000 Saybolt at 100 degrees 
centigrade. 

These two lengths are now being made 
ready for load-cycle endurance. It will 
be necessary to report results at a later 
date. We are planning to include other 
test lengths using high viscosity com¬ 
pounds and fully determine the best 


Figure 7. Test 
length number 6— 
load - cycle endur¬ 
ance at 80 degrees 
centigrade, 75 and 
85 volts per mil— 
ten pounds per 
square Inch nitrogen 
pressure 
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viscosity for gas-pressure cable of this 
type. 

Summary of Test Conclusions 

The series of tests already described 
lead to the following observations and 
conclusions. 

Paper Tape 

It is important that the paper tape be 
applied smoothly and uniformly with the 
smallest possible space between butt 
edges and freedom from wrinkling. 
Impregnating compound is held in the 
insulation by capillary attraction. This 
means that the largest spaces (voids) are 
drained first, leaving only a film of com¬ 
pound on the walls. One main object 
is to keep such voids to minimum size 
since ionization voltage is a function of 
void size at all pressures. 

The thinnest paper tape allowed by 
practical limitations (five to six mils) 
should be used. Tearing of tape and 
wrinkling are the chief limitations in this 
respect. The need of freedom from im¬ 
purities goes without saying. 

Paper density over the usual commer¬ 
cial range from 0.8 to 1.2 seems to affect 
characteristics only slightly. If any¬ 
thing, the lower density paper appears to 
give a little better results but this is not 
fully demonstrated. 

Impregnating Compound 

The primary requirements, such as 
high resistivity, oxidation stability, etc., 
are common to all types of impregnated 
paper cable. The gas-pressure cable 
puts particular emphasis on stability 
and minimum gas evolution in the pres¬ 
ence of ionization discharge. 

Film tension and viscosity are other 
important requirements. The compound 
should have tenacity and not bleed read¬ 
ily from the paper insulation. Also, it 
should leave a thick film on the walls of 
the larger voids, thereby reducing their 
size and offering a source of X wax for 
closing up these larger voids and ex¬ 
tinguishing incipient ionization locally 
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Table I. Insulation Thickness and Average Voltage Stress for Solid, Oil-Filled, and Low-Gas- 

Pressure ^ble 


Rating 

(Kilovolts) 

Insulatioii Thickness (Mils) 

Average Voltage Stress (Volts per Mil) 

SoUd 

Gas 

OU-FUled 

Solid 

Gas 

Oil-FiUed 

15 _ 

....203.... 

....167.... 

....110.... 

....42.7.... 

....66.2.... 

.... 78.8 

23 _ 

...266.... 

....206.... 

....146.... 

_60‘.0_ 

_64.7.... 

.... 92.0 

27 _ 

...297.... 

....220.... 

....160.... 

....62.6.... 

_68.2_ 

.... 97.7 

34.5. 

...376.... 

....283.... 

..,,190.... 

....63.2.... 

....70.6.... 

....106.0 

40 _ 

...422.... 

....316.... 

....210_ 

....64.7.... 

....73.1.... 

....110.0 


before it begins to spread and become 
cumulative. 

The compound should not be of such 
high viscosity as to offer serious difficul¬ 
ties in obtaining imiform initial im¬ 
pregnation, or in draining the cable and 
gas channels sufficiently to prevent slug 
stoppages in service. Also, the com¬ 
pound should allow ready transmission 
of gas pressure through the insulation 
wall. Optimum compound requirements 
for gas-pressure cable are not yet fully 
determined. 

Gas Pressure Medium 

Of the readily available commer¬ 
cial gases it has been found that nitro¬ 
gen is the most desirable. It has good 
dielectric strength, does not affect the 
solid insulation chemically, and its 
absorption by the impregnating com¬ 
pound is small. The present sources of 
supply specify a maximum oxygen con¬ 
tent of 0.3 per cent. We are going to 
try to reduce this oxygen content. It 
has undoubtedly increased solid dielec¬ 
tric loss to a more or less extent in the 
tests that have been reported, by oxida¬ 
tion action during load-cycle heating. 
Other special gases of higher dielectric 
strength, similar to Freon are being given 
further study. 

Ionization Stability 


This self-extinguishing effect is pro¬ 
duced by formation of X wax which 
partially fills up the larger voids. Ap¬ 
parently, positive-pressure ionization, at 
voltage stresses below what might be 
termed a critical voltage, is not accom¬ 
panied by the same harmful by-products 
that result from negative-pressure dis¬ 
charge, including gas evolution (mostly 
hydrogen) and conducting impuiities 
(water and acids). 

No doubt, the difference between ioni¬ 
zation under negative and positive pres¬ 
sures is, in part, one of degree. With gas- 
pressure cable the size of voids and the 
pressure in these voids are under control. 
The critical voltage stress can accordingly 
be more safely approached. With solid 
type cable, however, neither the size nor 
pressure of voids is known or under 
control in all cases and there is always the 
possiblility of overstressing beyond the 
critical limit, which is not only lower than 
that of gas-pressure cable but variable 
and indeterminate. 

Thermal Resistance 

Measurements made after a year or 
more of 80-degree-centigrade load-cycle 
endurance give an increase in thermal 
resistance of the impregnated paper of 
from 10 to 15 per cent. This will have no 
practical effect on current-carr 3 dng ca¬ 


pacity and it is proposed to give gas- 
pressure cable the same load rating as 
solid-type cable. 

The possibility of using dry paper in¬ 
stead of impregnated paper was studied 
at the beginning and discarded for a num¬ 
ber of reasons, one of these being the 
material increase in thermal resistance. 
The ready absorption of moisture upon 
exposure, the special precautions against 
this exposure, and the larger size of 
voids, offered other obstacles to the use 
of dry paper. 

Critical Voltage Stress 

It is proposed to operate low-gas-pres¬ 
sure cable at a minimum no-load pres¬ 
sure of ten pounds. The tests were ac¬ 
cordingly made mostly at this pressure. 
Judging from these tests the critical 
average voltage stress is close to 100 
volts per mil. We accordingly believe 
that a working voltage stress of no more 
than 75 volts per mil will give, sufficient 
factor of safety, in view of the close con¬ 
trol that can be obtained with cable of this 
type. 

Economic Woriong Voltage Stress 

Economically, the low-gas-pressure 
cable is very similar to solid-type cable. 
The accessories are equally simple and 
of practically the same size and cost. 
The gas channels, the drainage operations 
in die factory, and the various gas opera¬ 
tions in botli factory and field add a few 
per cent to cable cost. On the otlier . 
hand, the reduced thickness of insulation 
and smaller diameter offer practically the 
same saving. Additional experience will 
be necessary in determining exact cost 
figures but, approximately, the curve for 
solid cable in figure 1 holds also for low- 
gas-pressure cable. On this basis, it 
can be seen that gas-pressure cable fits 


The development of low-gas-pressure 
cable was prompted by the observed 
behavior of ordinary solid-type cable 
when exposed to ionization discharge. 
There is a tendency toward cumulative 
ionization deterioration in solid-type 
cable. Observation shows this cumula¬ 
tive action takes place during periods of 
low temperature and negative pressure 
in void spaces. Maintenance of positive 
pressure, even if relatively low, will 
counteract this cumulative tendency 
markedly. A study of the low-gas- 
pressure cable bears this out. Initial 
.ionization behaves in just the opposite 
way to that in solid-type cable. Instead 
of being cumulative in its action it is self¬ 
extinguishing and self-healing without 
permanent increase in solid loss. 


Figure 9. Tes< 

length number 8— 
load-cycle endur¬ 
ance at 80 degrees 
centigrade, 85 volts 
per mil—ten pounds 
per square inch 
nitrogen pressure 


Figure 10, Test 

length number 9— 
load-cycle endur¬ 
ance at 80 degrees 
centigrade, 85 volts* 
per mil—ten pounds 
per square inch 
nitrogen pressure 
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Figure 11. Fifteen- 
kv three-conductor 
gas - pressure cable 
system showing 
working pressure 
range as a function of 
auxiliary gas reser¬ 
voir capacity, maxi¬ 
mum copper tem¬ 
perature 81.5 de¬ 
grees centigrade 


into the economic picture best at 40 kv 
and below. 

In determining insulation thickness 
for low-gas-pressure cable it is felt that 
a logical choice, as a starting point at 
least, is half way between the thick¬ 
nesses for solid and oil-filled cable. Table 
I gives comparative thicknesses and 
average voltage stresses from 15 kv to 40 
kv. 

Field Installations 

During the past summer (1938) the 
Consolidated Edison Company of New 
York and the Yonkers Electric Light 
and Power Company have ordered two 
trial installations of 15-kv low-gas-pres- 
sure cable. The first, consisting of a 
single three-conductor cable circuit 10,000 
feet in length, was installed in Yonkers 
during August 1938, and is now in serv¬ 
ice. The second, consisting of two 
parallel circuits of three-conductor cable, 
each 5,000 feet in length, was installed a 
month later in the downtown district of 
New York City. 

Identical cable was used in the two 
installations with 800,000-circular-mil sec- 
tor-shaped conductors and 0.15Q-inch 
paper insulation. The insulated, shielded 
conductors were cabled together with 
steel spiral support channels in the three 
filler spaces. A single copper-bearing 
lead sheath 0.141 inch thick was applied 
in an atmosphere of nitrogen after the 
cable had been vacuum dried, impreg¬ 
nated, and drained of surplus compound 
After leading the ends were sealed and 
the lengths shipped and pulled into ducts 
under ten pounds nitrogen pressure (aver¬ 
age). The over-all diameter of this cable 
is 2.7 inches. 

Both installations are paralleled in the 
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same duct banks by solid-type cable of 
the same conductor size and voltage 
rating, also, the same current capacity 
rating and maximum copper tempera¬ 
ture of 81.5 degrees centigrade. The 
Yonkers circuit has porcelain potheads 
at each end. The downtown circuits 
are spliced to solid-type cable at each 
end with stop joints at these points for 
segregation. No stop joints are used 
in either installation for sectionalizing, 
the gas feed channels having a free run 
from end to end. 

These gas feed channels in each reel 
length were *‘blown out” with nitrogen 
gas before shipment and just before 
splicing in the field, to make sure no com¬ 
pound slugs were left. A few lengths 
showed a small amount of surplus com¬ 
pound in the feed channels. The major¬ 
ity of lengths were entirely free of slugs. 
The temperature and time of drainage 
before leading will be increased in the 
future until the correct values are learned 
by experience. It is expected that the 
need of blowing out slugs of compound 
from the gas feed channels, both in the 
factory and field, can be eliminated in 
this way. 

When ready for splicing the cable ends 
were cut and .the gas pressure reduced to 
two pounds. The exposed cable ends 
were plugged temporarily during the 
splicing operations with strips of sponge 
rubber, held in place and compressed 
with flexible band steel clamps. These 
temporary plugs were removed just be¬ 
fore finally wiping the joint casing to the 
cable sheath and this last operation was 
done under gas flow. The total amount 
of gas lost during these operations was 
small after some experience was gained, 
amoxmting to less than 100 cubic feet of 
nitrogen per joint, 
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Because of the limited capacity of the 
filler-space feed channels and the desire 
to keep the gas pressure within a narrow 
working range from no load in the winter 
to full load in the summer, the Yonkers 
installation has galvanized steel tanks 
connected in the manholes to the cable 
joints at intervals of approximately 1,001) 
feet. These tanks are each of 53 gallons 
capacity and are, of course, filled with 
nitrogen gas to the same pressure as that 
in the cable. These tanks are simpler and 
more economical than the oil reservoirs 
frequently used with solid-type cable. 

Figure 11 shows the pressure range of 
this 15-kv cable as a function of gas reser¬ 
voir capacity. The curves are based on a 
minimum no-load winter pressure of ten 
pounds per square inch and show the 
maximum full-load summer pressure for 
different values of reservoir capacity. 
Three different winter ambient tempera¬ 
tures, zero, five, and ten degrees centi¬ 
grade are. assumed to illustrate their 
effects on cable pressure. With five- 
degree-centigrade winter temperature fig¬ 
ure 11 shows the total working pressure 
range of the Yonkers installation to be 
from 10 pounds to 14 pounds. 

For purposes of experiment no reser¬ 
voirs were used in the downtown in¬ 
stallation. Figure 11 gives a pressure 
range for this condition of seven pounds. 
To avoid stretching the lead sheath the 
maximum full load pressure is set at 15 
pounds. This gives a total working 
pressure range from 8 to 15 pounds. 

Accessories 

The accessories used were much the 
same as those for solid cable of the same 
voltage rating. 

Normal Joints 

Similar to solid-cable joints with var¬ 
nished-cloth tape reinforcement wrap¬ 
pings and metal shielding tape the full 
length of joint. The joints were filled 
with gas instead of compound and lead 
sleeve casings are seven inches diameter, 
offset toward the bottom to act as sumps 
for any surplus compound that might 
be drained from the gas channels. The 
casings are reinforced to withstand 16 
pounds steady pressure. 

In the future, on long lines where 
segregation for repair work is desired 
either stop joints will be used at intervals 
or semistops will be incorporated in 
some of the normal joints. 

Stop Joints 

Of the Herkolite core type used also 
with soHd and oil-filled cable. The de- 
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Table 1. Insulation Thickness and Average Voltage Stress for Solid, Oil-Filled, and Low-Gas- 

Pressure Cable 



Rating 

(Kilovolts) 

Insulation 'l^hickness (Mils) 

Average Voltage Stress (Volts per Mil) 

Solid 

% 

Gas 

Oil-Filled 

Solid 

Gas 

Oil-Filled 


15 . 

, ... 203.... 

....157.... 

....no.... 

....42.7, .. 

....55.2.... 

.... 78.8 


23 . 

....266.... 

....206.... 

....145_ 

_50.0. .. 

....64.7.... 

.... 92.0 


27 . 

...297_ 

....229.... 

....160_ 

_52.6... 

....68.2.... 

.... 97.7 


34.5. 

...375.... 

....283.... 

.,..190.... 

_53.2... 

. ...70.5.... 

... .105.0 


40 . 

, . . .422..'. . 

....316.... 

....210.... 

_54.7... 

....73.1.... 

....110.0 


before it begins to spread and become 
cumulative. 

The compound should not be of such 
high viscosity as to offer serious difficul¬ 
ties in obtaining uniform initial im¬ 
pregnation, or in draining the cable and 
gas channels sufficiently to prevent slug 
stoppages in sei'vice. Also, the com¬ 
pound should allow ready transmission 
of gas pressure through the insulation 
wall. Optimum compound requirements 
for gas-pressure cable are not yet fully 
determined. 

Gas Pressure Medium 

Of the readily available commer¬ 
cial gases it has been found that nitro¬ 
gen is the most desirable. It has good 
dielectric strength, does not affect the 
solid insulation chemically, and its 
absorption by the impregnating com¬ 
pound is small. The present sources of 
supply specify a maximum oxygen con¬ 
tent of 0.3 per cent. We are going to 
try to reduce this oxygen content. It 
has undoubtedly increased solid dielec¬ 
tric loss to a more or less extent in the 
tests that have been reported, by oxida¬ 
tion action during load-cycle heating. 
Other special gases of higher dielectric 
strength, similar to Freon are being given 
further study. 

Ionization Stability 


This self-extinguishing effect is pro¬ 
duced by formation of X wax which 
partially fills up the larger voids. Ap¬ 
parently, positive-pressure ionization, at 
voltage stresses below what might be 
termed a critical voltage, is not accom¬ 
panied by the same harmful by-products 
that result from negative-pressure dis¬ 
charge, including gas evolution (mostly 
hydrogen) and conducting impurities 
(water and acids). 

No doubt, the difference between ioni¬ 
zation under negative and positive pres¬ 
sures is, in part, one of degree. With gas- 
pressure cable the size of voids and the 
pressure in these voids are under control. 
The critical voltage stress can accordingly 
be more safely approached. With solid 
type cable, however, neither the size nor 
pressure of voids is known orj* under 
control in all cases and there is always the 
possiblility of overstressing beyond the 
critical limit, which is not only lower than 
that of gas-pressure cable but variable 
and indeterminate. 

Thermal Resistance 

Measurements made after a year or 
more of 80-degree-centigrade load-cycle 
endurance give an increase in thermal 
resistance of the impregnated paper of 
from 10 to 15 per cent. This will have no 
practical effect on current-carrying ca¬ 


pacity and it is proposed to give gas- 
pressure cable the same load rating as 
solid-type cable. 

The possibility of using dry paper in¬ 
stead of impregnated paper was studied 
at the beginning and discarded for a num¬ 
ber of reasons, one of these being the 
material increase in thermal resistance. 
The ready absorption of moisture upon 
exposure, the special precautions against 
this exposure, and the larger size of 
voids, offered other obstacles to the use 
of dry paper. 

Critical Voltage Stress 

It is proposed to operate low-gas-pres¬ 
sure cable at a minimum no-load pres¬ 
sure of ten pounds. The tests 4 vere ac¬ 
cordingly made mostly at this pressure. 
Judging from these tests the critical 
average voltage stress is close to 100 
volts per mil. We accordingly believe 
that a working voltage stress of no more 
than 75 volts per mil will give sufficient 
factor of safety, in view of the close con¬ 
trol that can be obtained with cable of this 
type. 

Economic Working Voltage Stress 

Economically, the low-gas-pressure 
cable is very similar to solid-type cable. 
The accessories are equally simple and 
of practically the same size and cost. 
The gas channels, the drainage operations 
in the factory, and the various gas opera¬ 
tions in both factory and field add a few 
per cent to cable cost. On the other 
hand, the reduced thickness of insulation 
and smaller diameter offer practically the 
same saving. Additional experience will 
be necessary in determining exact cost 
figures but, approximately, the curve for 
solid cable in figure 1 holds also for low- 
gas-pressure cable. On this basis, it 
can be seen that gas-pressure cable fits 


The development of low-gas-pressure 
cable was prompted by the observed 
behavior of ordinary solid-type cable 
when exposed to ionization discharge. 
There is a tendency toward cumulative 
ionization deterioration in solid-type 
cable. Observation shows this cumula¬ 
tive action takes place during periods of 
low temperature and negative pressure 
in void spaces. Maintenance of positive 
pressure, even if relatively low, will 
counteract this cumulative tendency 
markedly. A study of the low-gas- 
pressure cable bears this out. Initial 
ionization behaves in just the opposite 
way to that in solid-type cable. Instead 
of being cumulative in its action it is self¬ 
extinguishing and self-healing without 
permanent increase in solid loss. 


Figure 9. Test 

length number 8— 
load-cycle endur¬ 
ance at 80 degrees 
centigrade, 85 volts 
per mil—ten pounds 
per square inch 
nitrogen pressure 
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to the potheads at 200 pounds pressure. 
Every few months we noted an increase in 
the power factor of the pothead which re¬ 
quired draining of oil and refilling. The 
drained oil was milky in appearance and 
had about 20 per cent gas content. We 
introduced an intermediate oil reservoir 
with a diaphragm between the gas cylinder 
and the pothead which eliminated the 
trouble. The important thing is to keep 
the gas from contact with the oil that is 
under stress. The success of the Callender’s 
impregnated gas-pressure cable comes from 
the varnished silk between the insulation 
and the gas. 

Mr. Shanklin is using for the low-gas- 
pressure cable, comparatively low elec¬ 
tric stresses but it is the maximum stress 
at the conductor that is important. Ac¬ 
cording to figure 2 at 16 pounds per square 
inch gas pressure, ionization starts at 70 
volts per mil and to be safe, one should take 
not over 80 per cent of this or 66 volts per 
mil. This does not agree with the state¬ 
ment under "Critical Voltage Stress” in 
which Mr. Shanklin proposes a working 
stress of 76 volts per mil. In other words, 
it is necessary to increase his wall thickness. 
Although the mixing of gas and oil is not as 
serious as if high gas pressure were used, 
still with time as expressed in years it 
seems as if there will be sufficient gas ab¬ 
sorption by the oil seriously to reduce the 
breakdown voltage of the cable. Perhaps 
today we are not as concerned about getting 
high-voltage breakdown of our cables as 
we did formerly, in which case the cable 
manufacturer can take advantage of it as 
suggested above for solid-t 3 q)e cables. 
The need of as low gas absorption as pos¬ 
sible is shown by the different results which 
Mr. Shanklin obtained with CO 2 gas and N 2 
gas. The former is easily absorbed into 
oil, the latter with great difficulty but also 
hard to remove once it is absorbed. 

Mr. Shanklin very nicely describes the 
problems in manufactme of a low-g^-pres- 
sure cable where the oil is permitted to 
drain. The size of voids is the controlling 
factor in stability and, therefore, careful 
taping is essential. 

I am surprised to note that the thermal 
resistance is only 10 to 16 per cent higher 
than ^olid cables. I would expect it to be 
much higher. Tests on insulation subject 
to high gas pressure show a value of about 
660 thermal ohms per centimeter cubed. 
Perhaps Mr. Shanklin has in mind as a 
reference value the 700 thermal ohms per 
centimeter cubed which we now use for 
paper cables and, therefore, actually about 
800 thermal ohms per centimeter cubed. 
New solid cable shows as low as 460 thermal 
ohms per centimeter cubed but due to oil 
migration and drainage, with time, the 700 
thermal ohms value is used in calculations. 
His curves of load-cycle endurance indi¬ 
cate a higher power factor than we are 
getting for solid cables and, therefore, it is 
questionable that the same current-carrying 
capacity can be used as for solid cables 
when we also consider the higher thermal 
resistance. 

I am glad to note that this cable design 
is to be limited for the present to low volt¬ 
ages as it is essential that operating experi¬ 
ence be gained to find all the sources of 
w’^eakness that may be present, such as 
porosity of joint wipes and the ultimate 
absorption of gas to the saturation point. 


I wish to congratulate Mr. Shanklin on a 
most interesting and well-prepared paper on 
another cable design which may have its 
usefulness provided we are willing to accept 
a lowering of some of our past requirements, 
namely, high-voltage breakdown, low power 
factors, and not too high thermal resistance. 

E. W. Davis (Simplex Wire and Cable Com¬ 
pany, Cambridge, Mass.): Mr. Shanklin’s 
paper brings out the details of a very inter¬ 
esting new development in cable using a 
semi-impregnated paper cable supplied with 
moderate gas pressure to increase reliability 
by compensation for expansion and changes 
in the insulation due to load cycles. 

The new design is one of the many new 
trends in cable progress which employ, 
more and more, various pressure devices to 
improve cable operation, increase allow¬ 
able stresses, and remove some objection¬ 
able characteristics developing as a result 
of service practice. 

It promises well but being intermediate 
between oil-filled and gas-filled cables must 
possess some good features of each and 
also some objectionable ones. Oil-filled 
cables tmder pressure have high impulse 
strength to transient voltages and since 
the insulation is voidless no damage should 
be present from overvoltage up to failure 
point. Gas-filled cables on the other hand 
have somewhat lower impulse strength but 
overvoltages usually produce self-healing 
faults. 

The low-gas-pressure cable is midway 
between these and provides a composite 
dielectric of three components, oil, paper, 
and gas. Transient voltages sufficient to 
ionize gas-filled voids would not necessarily 
be self-healing and might produce perma¬ 
nent damage which would later develop 
into trouble. We are wondering if impffise 
tests have been made on these cables and 
faults obtained examined or if high-yoltage 
life tests have shown the effect. The 
paper, under "Impregnating Compound,” 
indicates that the weakness has probably 
been considered by the author. We note 
that long-time ionization is said to make self- 
healing voids by the formation of X. This 
takes time and would not take place with 
high transient voltages. 


W. F. Davidson (Consolidated Edison 
Company of New York, Inc., New York, 
N. Y.): Mr. Shanklin has presented an 
interesting discussion of a new type of 
cable which we are glad to welcome in the 
American market. It is encouraging to see 
progress being made in the direction of new 
t 3 rpes of cable because it seems that this 
offers one of the most encouraging means 
for reducing the over-all cost of cable sys¬ 
tems. 

My first specific comment is to quarrel 
with the use of the term "negative pressure.” 
When we are dealing with gases or liquids, 
such a term is quite meaningless in spite 
of its use in technology and it has the serious 
objection of possibly leading us astray 
when we come to analyze the underlying 
phenomena. 

In his discussion under the heading 
"Ionization Stability” the author suggests 
that there is a "difference between ioniza¬ 
tion for negative and positive pressures.” 
For any fixed electrical stress, there is a 


difference in the intensity of ionization but 
I am unfamiliar with any theory which 
will account for a difference in the action. 
Is ionization of any degree objectionable 
and if so, what determines the border line? 
The author suggests that there is some¬ 
thing more than a difference in degree and 
it would be of great interest to all of us to 
know something more as to the details. 


L. J. Berberich (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The results given by the author on 
the low-gas-pressure cable indicate a better 
performance under load-cycle test than one 
would expect. Gas pockets exist and 
ionization admittedly occurs just as in the 
solid cable with the one important differ¬ 
ence; namely, a positive pressure is main¬ 
tained in the gas pockets at all times. 
This naturally raises the critical voltage at 
which ionization begins. The success of 
the cable, however, appears to be in the 
discovery made by the author and his as¬ 
sociates that ionization as measured by 
power factor change with voltage becomes 
negligible after the cable has been sub¬ 
jected to load-cycle test for a time. 

This diminution of ionization with time 
on load-cycle test is ascribed to a self- 
healing process in which the area sur¬ 
rounding the gas pockets is sealed with the 
solid pol 3 rmerization product formed as a 
result of the discharge. If this is true, 
an oil that produces large quantities of^ 
wax on subjection to corona discharge may * 
be desirable. In this connection, I would 
like to ask if the addition of some aromatic 
compound, such as diphenyl, to the im¬ 
pregnating oil has been tried. In my 
work along these lines {Industrial and Engi¬ 
neering Chemistry, volume 30, 1938, page 
280), it was shown that compounds of the 
aromatic type decrease the gas evolution 
from oils markedly and may increase the 
wax formation; the latter, however, could be 
observed only in a qualitative way. It 
appears possible that such additions to the 
impregnating oil may have application 
in this type of cable. 

The authors report that when the liigh- 
dielectric-strength gas Freon was intro¬ 
duced into the cable, a very short life was 
obtained. It is questionable whether any 
of the high dielectric gases will be satis¬ 
factory as pressure mediums in this cable. 
Most of these gases are hydrocarbons which 
are either chlorinated or fluorinated or both. 
Compounds of this type are known to split 
off halogens under conditions of corona 
discharge. Since oil is also present which 
is an abundant source of reactive hydrogen 
under these conditions, the formation of 
strong acids is very likdy. Some of these 
gases have hydrogen in the molecule which 
may provide another source for hydrogen. 


Victor Siegfried (Worcester Polytechnic In¬ 
stitute, Worcester, Mass.): Mr. Shanklin 
has described an interesting solution for some 
of the problems involved in paper insula¬ 
tion of high-voltage cables, where the ioni¬ 
zation of gaseous voids seems to be the 
limiting factor in the voltage rating of the 
cable. The philosophy of his method seems 
to reverse that of the cable using oil under 
pressure, and appears to be that if the in¬ 
evitable voids in oil-filled cable establish 
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the wuikiiiji: hniii uf vt»huKt% h r u:. tiu u de- 
the cable ti) have uiiiy vuitls. but cmi- 
tiul the cdcct uf the vniils liy dcihiitc rcgu^ 
lutiwn uf the pi« s!;iiu* c4 the gas in them. 
This tiuMhtuI id atMik has led ihcubuc 
III the ICC ut ga> ill ti'lativcly Uiw prcsi.uic 
and Miu|d«* nu v haiiu a] fcuiim ;;, beyond 
which jncsMHc, the ccimotmcN and tatar 
fuettns invtilvrd imlicatc dinuuishiiig 
turns fni uiiv fuitltci incirase in picssurc 
riicic is one tiihnt in jrg.uti tu which 
the lanKtntgc •dcmld be krt»r clem, how 
eVei.. I his t.ddc ic;e** fiapin ttCiUlation, 
with gus Utah I incssuu- ;c; (he saiuiattng 
tnciHum. I woidd jnefei Kt classify this 
cable as a gm niirJ uihUt leaving the pfrs^urr 
iithif {lesignatioii open to ftMiitc ilevelop 
inents of catdr> at nmeh lughet gas pies 
sures I hc coin lush*tts which the atithoi 
presents itulit aie un otiftmuui picssuie cd 
ulwiut dM poninls pci Mjiuite imh picssuic 
fill this type id c;ddi% wtieicas for leaf high 
voltaKc cables icing ga*. as tin* nmjiii di 
elect lie, higlici jncssuirs appeat tt» tie ecti 
noinicallv ih siialdr to icali/i- ih»' full henelit 
id the gvisemis insnlation piopiitirs. Mi 
Sh;inklin‘s work i. valuable in its held, but 
thcie is luucb tiHini bn tlevtioptitf nt and 
rescaii h along tb** liiu . of a real gas pres 
ranc cable using ihr highn optinniin id 
pic .sine 


Wm, A* Min' 11 ‘helps I lodge Ciippet 
riiMlwcrs i%apoialtot), Vimkets, N. V,): 
T’Ium papei is piobably destined nr be tme 
id the classics of c*dde ettgifiming iei it is 
♦me of it veiv few that have appeared utc 
nounemg the developnn nt fd an clitiiely new 
type fd calde. 

Like iine.i new invent ions many close 
nphtoaches have been made to it but. for 
<mr reason in aitoiher, they ilid not, f,o to 
«peitk, ‘'go over the lop/* Thrie is itotJc 
ing new in u thainrrt cable or in gas pressure 
or even in theconibinaftott of a ihained cable 
with intettfal gas piessinr. |he inveiMioii, 
tts I sec, kiv in the teiih/ation that » limited 
gas pressijie would give fi» a diatiied cable a 
Mdik iently high toiit/aiinii point to permit ;i 
cable of ecoitomiial dimensions to Ite de 
fdgned bit the voltages at which Ihrre- 
eotidtiiiot ftolirl type cables ao: msed. 
Iiitheftf>. Worker, with gas pressiite rsibh’ 
had rffiiceiittated thcii ♦ ftoiis on the higher 
voltage held already c ttpti d by the oil 
fillerl catde 

(hii laboratory has woiked on a diaiiied 
paper cable, with intersttrial gas at ab 
mcisphette pieNsnte. Wttfi tins cable, the 
iIm! of the ionkatioti point with eonttnued 
upplirsifioit «d voltage was as defintte as in 
Mr, ShankliiTs cable bini/atifin started 
fit a maiiinium stiess of oO v»4fs per mil, 
eatetdated b%» ilie otdtttafy logaiithmic 
lorimila. Tlu' stress %vas then raised to 0*1 
vnipi per mil at which the diekefiic lo**h 
wiui eight times an great as that at .9) volts 
per mil, and confirmed for (hiee months at 
room teniprrafnri’. liming this t»eriod the 
iimiiuitiofi stopper! The v«dt;ige w’iis then 
raised tintd tont^Krtfion rifaried, and it was 
f*^wnd that the crttical Mtess had risen to 
05 Volts pet mil, I do not la*liei?e that 
ionuafirm reawd fit flti volts per mil, as the 
ri??iiiU of filling the imirrsitern* with cable 
wax, m MiKgtsHted by Mr. Sliaiiklln, as very 
little Wax was found, 

h'urthenitofe, a iiitrogrni gas filled cable 
at 3d pounds per sriimre inch ubsohile jires- 
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sure tested fur 4i) heat cycles at zero voltage 
showed a steadily decreasing ionization. 
Whereas fur the first 10 cycles the power 
factor ut IIM) vtiUs i»er mil ran over three 
times that at fjO volts per mil (average 
stresses), after 4t) heat t*ycles, there tvas 
little dilTerence between the power factors 
at the two stresses, that at the hm'cr stress 
having leniaiiual eonslant. All 1 can say 
about the miuse iif this sutipressiun of iuni/a** 
tiun is '*1 duiTi know." It w*otdd make u 
nice subject for a imiveisity thesis. 

The ioiiizat ion point of drained cable was 
ulstj raiseii by the use of carbon com pound 
Ktcics instead of air or nitrogen but these* 
introduced diiliculties peculiar to (he gas 4 »s 
eiiiploycfl. 

f lic maintenance of pressure liy the lotV' 
incssurc gus cable depend.s on the iniegiity 
of joint wipes and particular care will be 
icnuiied in testing for leaks. It is (lossible 
that a test similar to the soap bubble test 
will lie useful, using instead of soupy water, 
•nch a inutetial us Nekal, a product of I. (L 
l‘arbenfabrik. which is cluinied to be much 
tnoir elVicaciims than .souji solution. 

fhe impulse tiansient dielectiie .strength 
of tlraineii cable is only about 15 fnn* cent 
less than that of well impri’giuited calile, so 
that on that Inisis, insulation walls would 
not have to be more than 18 per cent greater 
than those of oil filled cables, which arc 
bused on imtndse strength. It would there 
fotc seem that Mr. ShanklinS table of 
ihickiiesM's is cimservative- 

Theie are, of course, features of luteci* 
latiiiy tn this cable which only time will 
♦ leur. I m* of tlUMii! is whether the eventual 
drainage of oil from the jnipei will not 
unduly lower the dielectric strength of 
the iie4d;ition Allothei is the cfTi*t!i on the 
lead of long I'ontuiiious application of the 
nnwleraie presfiure luicd. Laboiatoiy 
indtcaic that while the stretch of lead is slow 
at such pressures, it is neveithelcss defiiute 
and certain and that it occni!* at un iic- 
celibating pace, as the lead Iwcomes thinner. 
In view of sucti iincertuiiitieii inherent in u 
tiiouffb iasialhitton, the Consolidated 
•mi Company ilesiaves the thanks of the 
industry for lukiitg the iintiailve. 


JFOi^ph Slighttr (The Detroit lullsnii Coin*» 
pany, Detroit, Mich.); The iiupct by Mi. 
ShaiikUn brings out an apparently bencfieial 
actum of wax in cables, ‘flu* Iwmelicial 
ai'tion of wax lefeiretl to here consist h of 
the closing up of larger voiih, ami the extiu- 
giiishitig of ionization in these voids before 
it begins to spread and lH»comc cumulative, 
l/niil iccriilly, cable wax wat4 looked utuin 
as visilde proof tluit deterioration was ch*- 
4 titling in ftu* calde itimilation and that this 
w«iuld eventually lead to breakdown of the 
irable, Wax was therefore abhorred anil 
efbtrt-s were marie to develop cable im- 
pregnant*; which wtmht ptmluce a nunumnu 
of wax when subjected to eororiu discharge. 

During the past ilecade and more The* 
Detfoit Ldison Company lias sturli4;rl the 
effects of enronu disfdiurge on oils and oil- 
iniprcgimled papers with the view of deter¬ 
mining clnmges in tlie electrical, cheinical, 
ami pUysieat chafaeteHstics. Lioin the 
restiltn of this study, some of us gtdnctl a new 
view|mi«t regarding cable wax, as follows: 

tt iippriir4*t} tlmt porimhiy wnx shonltl not tic ah- 
hotreil hut realty welcomed since it oiight tic 
lotilord mam as « sort <>( aatarat self-dpkitsc! of tbr 
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catilc ugainst tlt<% ravages of tunizattan utccnrriug 
within it. This conjecture was expreMNCtt in a 
paper presented tiefure die Nudunal Ke:ieaceh 
Cuuiicil til Kavember P.gtK. (*‘*rhe bliect of Cor- 
oim Diftcliurgeon CTable Insulation/' Jovrpli Sticker, 
Ih n. h\ ThciiiittJi. C. D. Utibb. ami P. M. Hull: 
preziciited ut the Confereiice uti Ideetrical bumlu* 
do It of the Division of hbtglitccrtng and Indus trial 
Uesearch of the National RcseureU Cottuctl. 
November a 4. l‘»aS. at Pitt.sbtirgU. i*a ) 

The results wliich Mr. Shatikliti rclatc.s 
in connection with tests on vuiiou.s test 
Icngth.s of cable art* very iiUercsiing in that 
they show that ioni/ution under a given set 
of conditions gradually disappeared, to 
reappear only after an increase of voltage. 
These results are in support of the sug 
ge,*;(ed hypothesis of self “defense of the 
cubic ill the following manner: 

gradual diruipiivafunct;; of ioniratiun srsenuid 
lo bt* diK' to formation «jf wax in voulu. I'hiji wax 
tvndril to dtrconiNr tbi: sizr tif tin* voids with tmbjie* 
4pu'iu loud cyclv!) until ionization could not h^ 
muiiitaificd any longer at tin? prevailing voltuK** 
grudirni 

When this apparently bcneliciul action 
of cable wa.x is coiCiMlered si ill fur ther, if 
upi>4*ar.»» that u might have ptiteniial po*# 
sibililics to aid in the coiistaiif clT«>rts to im¬ 
prove ‘.01141 type 4iil’trtipcgnate«t paper caldes 
somewhat us follow?;; 

tf a latilr iiuprrgtiaitnK compound were found or 
(Icvcbiiicd which would form wax vrry rafiidlr 
under lonixatbm. vot<D in a eubtr tmpr<*guatrd wttU 
tht-t (Mtittpoutnl W4ntlit rapidly lu; hUed with wax l4« 
th4‘ extent that ifun/adon wimld be extlnguifdtctl 
A crftatii uiimufit of tii4.“r4‘an4* in total vtd4l volume 
would r4*j»uU from thi?} waxing Iwcaiwi* of the in* 
ercarU' in the tlcu^ity iif tbr 4?ompouitd difring ihr 
IMilvnirrizatioii or rondfftftation. b'hr void*r niak 
ing up tbr total void viilnmr would. li(*W4*vrr. tlini 
rofiM^a i»f tw»i rirMt, voitU ttm xmall to 

br totiUrd rv4*ii in tUr rrirhui of tughrxt vidiagr 
gratlirtit. fM*eim4t. all inchtding maximum dif* 
ioiratcd in rcKiitfix of voIimki; graiUi*nt t4Ni low for 
ioni/adoit to 4»'i;ur. tn thix rntmcctioii It ahonbi 
1(4:* polntrtl out that rompottndx which form wax 
readily unilrr corona diM'harjte, xueU ax uttmitu- 
rated uiid urtiiitatii? 4»il'!iund erttuin of the naturally 
4tccurriiig tmlftir 4*omp4mfiil^. are at tlir xame time 
omtipoutiila which prmhu’i* only a little gas under 
this (rcaimrtit. Tlitx eoitavidfiufe ix of <lecMk4l 
a4lvanlaKc in the prirxrtit appUeation. fn the 
untiaturatrd claxx. iilchnx attch ax hrxa4lri:fiie: and 
higher honodogfi; or turpenex duch ax pincfic or 
higher liottinbiipi. or ptilyiiicrizrd prmlueta of tur» 
penftiir; 4>r in the arifinalic elax», polylirdcur 4ir 
}iotiiob(|$n of xylcftr; or in tliif* aiilfttr eta!(?». the xub 
lidra, riiight br desirable It aiuftl atxo be realized 
that the wax. to be td iiae. m thlx cable, ahouhl nol 
be nr»litble ill the irnpregiiaiit and ahtndd not t*ar 
boittre in the lime it tukex for toitUalion to l*e rx 
UoKuished. 

Whether it cable 4Ltoiilrl save itself in tUlfi man* 
iirr would depend cxrientially ou what might lit? 
valied the "waxing abtUly” of the ftiiprrgnnlitiH 
eiimtioiiud, If thci waxing ability 1*4 hiw. ibe ittradu 
ri4iit migitt fail before .xullieicnt wax eo4itd be fortiicst 
ude4|ttarely to rnbice the faze of tliif ttlfr.etr4l voiibj. 

Klfmt.s "t(i lill the trcuntiiiiic gafi cmiscif 
by the tclativcly high cost «if oiMillcd cable 
l«4iiw 38 kv" wirtild In; licnl scrvcfl, it wcimtr 
by improvement;* of the .soHrl-typc cublc^ 
which would allow thi?; type of culdc lo rc« 
main hclLcoutuiiicd. The //-type catik is 
an example of smdi un effort ami that itn- 
proven)cut has gone a long way towarrl solu 
tion of (he problem, In other improve¬ 
ments of the !ddid type cable a considerable 
umriunt 4»f auxiliary criuipiiienl is usually 
entaiksL Tile low-gas pressure cable ttp“> 
pears to eotiu; close to the "self-contuiiied" 
solid type cable. If, however, a freely 
waxing cable impregnant, used in place of 
the prestuit bnpregnants, is develojU!<l to 
extinguish ionizaitoti as inclicatcti, then a 
truly "j;elf-contabled" solid-type cable of 
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to the potheads at 200 pounds pressure. 
Every lew months we noted an increase in 
the power factor of the pothead which re¬ 
quired draining of oil and refilling. The 
drained oil was milky in appearance and 
had about 20 per cent gas content. We 
introduced an intermediate oil reservoir 
with a diaphragm between the gas cylinder 
and the pothead which eliminated the 
trouble. The important thing is to keep 
the gas from contact with the oil that is 
untter stress. The success of the Callender’s 
impregnated gas-pressure cable comes from 
the varnished silk between the insulation 
and the gas. 

Mr. Shanklin is using for the low-gas- 
pressure cable, comparatively low elec¬ 
tric stresses but it is the maximum stress 
at the conductor that is important. Ac¬ 
cording to figure 2 at 15 pounds per square 
inch gas pressure, ionization starts at 70 
volts per^il and to be safe, one should take 
not over 80 per cent of this or 55 volts per 
mil. This does not agree with the state¬ 
ment under “Critical Voltage Stress” in 
which Mr. Shanklin proposes a working 
stress of 75 volts per mil. In other words, 
it is necessary to increase his wall thickness. 
Although the mixing of gas and oil is not as 
serious as if high gas pressure were used, 
still with time as expressed in years it 
seems as if there will be sufficient gas ab¬ 
sorption by the oil seriously to reduce the 
breakdown voltage of the cable. Perhaps 
today we are not as concerned about getting 
high-voltage breakdown of our cables as 
we did formerly, in which case the cable 
manufacturer can take advantage of it as 
suggested above for solid-type cables. 
The need of as low gas absorption as pos¬ 
sible is shown by the different results which 
Mr. Shanklin obtained with CO 2 gas and N 2 
gas. The former is easily absorbed into 
oil, the latter with great difficulty but also 
hard to remove once it is absorbed. 

Mr. Shanklin very nicely describes the 
problems in manufacture of a low-gas-pres¬ 
sure cable where the oil is permitted to 
drain. The size of voids is the controlling 
factor in stability and, therefore, careful 
taping is essential. 

I am surprised to note that the thermal 
resistance is only 10 to 16 per cent higher 
than solid cables. I would expect it to be 
much higher. Tests on insulation subject 
to high gas pressure show a value of about 
660 thermal ohms per centimeter cubed. 
Perhaps Mr. Shanklin has in mind as a 
reference value the 700 thermal ohms per 
centimeter cubed which we now use for 
paper cables and, therefore, actually about 
800 thermal ohms per centimeter cubed. 
New solid cable shows as low as 450 thermal 
ohms per centimeter cubed but due to oil 
migration and drainage, with time, the 700 
thermal ohms value is used in calculations. 
His curves of load-cycle endurance indi¬ 
cate a higher power factor than we are 
getting for solid cables and, therefore, it is 
questionable that the same current-carrying 
capacity can be used as for solid cables 
when we also consider the higher thermal 
resistance. 

I am glad to note that this cable design 
is to be limited for the present to low volt¬ 
ages as it is essential that operating experi¬ 
ence be gained to find all the sources of 
weakness that may be present, such as 
porosity of joint wipes and the ultimate 
absorption of gas to the saturation point. 
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I wish to congratulate Mr. Shanklin on a 
most interesting and well-prepared paper on 
another cable design which may have its 
usefulness provided we are willing to accept 
a lowering of some of our past requirements, 
namely, high-voltage breakdown, low power 
factors, and not too high thermal resistance. 


E. W. Davis (Simplex Wire and Cable Com¬ 
pany, Cambridge, Mass.): Mr. Shanklin’s 
paper brings out the details of a very inter¬ 
esting new development in cable using a 
semi-impregnated paper cable supplied with 
moderate gas pressure to increase reliability 
by compensation for expansion and changes 
in the insulation due to load cycles. 

The new design is one of the many new 
trends in cable progress which employ, 
more and more, various pressure devices to 
improve cable operation, increase allow¬ 
able stresses, and remove some objection¬ 
able characteristics developing as a result 
of service practice. 

It promises well but being intermediate 
between oil-filled and gas-filled cables must 
possess some good features of each and 
also some objectionable ones. Oil-filled 
cables under pressure have high impulse 
strength to transient voltages and since 
the insulation is voidless no damage should 
be present from overvoltage up to failure 
point. Gas-filled cables on the other hand 
have somewhat lower impulse strength but 
overvoltages usually produce self-healing 
faults. 

The low-gas-pressure cable is midway 
between these and provides a composite 
dielectrffc of three components, oil, paper, 
and gas. Transient voltages sufficient to 
ionize gas-filled voids would not necessarily 
be self-healing and might produce perma¬ 
nent damage which would later develop 
into trouble. We are wondering if impulse 
tests have been made on these cables and 
faults obtained examined or if high-voltage 
life tests have shown the effect. The 
paper, under “Impregnating Compound,” 
indicates that the weakness has probably 
been considered by the author. We note 
that long-time ionization is said to make self- 
healing voids by the formation of X. This 
takes time and would not take place with 
high transient voltages. 


W. F. Davidson (Consolidated Edison 
Company of New York, Inc., New York, 
N. Y.): Mr. Shanklin has presented an 
interesting discussion of a new type of 
cable which we are glad to welcome in the 
American market. It is encouraging to see 
progress being made in the direction of new 
types of cable because it seems that this 
offers one of the most encouraging means 
for reducing the over-all cost of cable sys¬ 
tems. 

My first specific comment is to quarrel 
with the use of the term “negative pressure.” 
When we are dealing with gases or liquids, 
such a term is quite meaningless in spite 
of its use in technology and it has the serious 
objection of possibly leading us astray 
when we come to analyze the underlying 
phenomena. 

In his discussion under the heading 
“Ionization Stability” the author suggests 
that there is a “difference between ioniza¬ 
tion for negative and positive pressures.” 
For any fixed electrical stress, there is a 
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difference in the intensity of ionization but 
I am unfamiliar with any theory which 
will account for a difference in the action. 
Is ionization of any degree objectionable 
and if so, whht determines the border line? 
The author suggests that there is some¬ 
thing more than a difference in degree and 
it would be of great interest to all of us to 
know something more as to the details. ^ 

L. J, Berberich (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The results given by the author on 
the low-gas-pressure cable indicate a better 
performance under load-cycle test than one 
would expect. Gas pockets exist and 
ionization admittedly occurs just as in the 
solid cable with the one important differ¬ 
ence; namely, a positive pressure is main¬ 
tained in the gas pockets at all times. 
This naturally raises the critical voltage at 
which ionization begins. The success of 
the cable, however, appears to be in the 
discovery made by the author and his as¬ 
sociates that ionization as measured by 
power factor change with voltage becomes 
negligible after the cable has been sub; 
jected to load-cycle test for a time. 

This diminution of ionization with time 
on load-cycle test is ascribed to a self- 
healing process in which the area sur¬ 
rounding the gas pockets is sealed with the 
solid polymerization product formed as a 
result of the discharge. If this is true, 
an oil that produces large quantities of 
wax on subjection to corona discharge may 
be desirable. In this connection, I would 
like to ask if the addition of some aromatic 
compound, such as diphenyl, to the im¬ 
pregnating oil has been tried. In my 
work along these lines {Industrial and Engi¬ 
neering Chemistry, volume 30, 1938, page 
280), it was shown that compounds of the 
aromatic type decrease the gas evolution 
from oils markedly and may increase the 
wax formation; the latter, however, could be 
observed only in a qualitative way. It 
appears possible that such additions to the 
impregnating oil may have application 
in this type of cable. 

The authors report that when the high- 
dielectric-strength gas Freon was intro¬ 
duced into the cable, a very short life was 
obtained. It is questionable whether any 
of the high dielectric gases will be satis¬ 
factory as pressure mediums in this cable. 
Most of these gases are hydrocarbons which 
are either chlorinated or fluorinated or both. 
Compounds of this type are known to split 
off halogens under conditions of corona 
discharge. Since oil is also present which 
is an abundant source of reactive hydrogen 
under these conditions, the formation of 
strong acids is very likely. Some of these 
gases have hydrogen in the molecule which 
may provide another source for hydrogen. 


Victor Siegfried (Worcester Polytechnic In¬ 
stitute, Worcester, Mass.): Mr. Shanklin 
has described an interesting solution for some 
of the problems involved in paper insula¬ 
tion of high-voltage cables, where the ioni¬ 
zation of gaseous voids seems to be the 
limiting factor in the voltage rating of the 
cable. The philosophy of his method seems 
to reverse that of the cable using oil under 
pressure, and appears to be that if the‘in¬ 
evitable voids in oil-filled cable establish 
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^^ARIOUS methods for the accurate 
▼ determination of stray load loss in in¬ 
duction machines have been devised in 
recent years. Also older methods have 
been improved and developed as the 
nature of the loss has become better 
understood. The employment of differ¬ 
ent methods of testing on a given machine 
seldom shows complete agreement in re¬ 
sults, due to minor discrepancies and 
inaccuracies inherent in the methods 
themselves. Another difficulty is that 
all of the plans proposed to date require 
a high degree of skill and experience on 
the part of the testing technician. Thus 
industry today finds itself in need of a test 
which will give highly accurate results and 
at the same time be simple and easy to 
perform. The purpose of this paper is to 
describe a new method of testing— 
termed the '‘reverse-rotation test**— 
which will more nearly meet these re¬ 
quirements. The theoretical basis and 
the assiunptions involved are discussed. 
Tests to determine the accuracy of the 
method have been made on two squirrel- 
cage motors of somewhat different char¬ 
acteristics by various methods of testing. 
The results of these investigations are 
described and curves are given showing 
the degree of exactness obtained. While 
the method includes assumptions regard¬ 
ing compensating effects involving minor 
components of the loss, its over-all ac¬ 
curacy for the motors tested is shown by 
comparison with the values obtained by 
other methods having high precision. 

Advantages 

While the accuracy of the reverse-ro¬ 
tation method of determining stray load 
loss has not yet been thoroughly estab¬ 
lished for all types of induction machines, 
the results of the experimental work de¬ 
scribed herein prompts the following 
claims: 

1. This method T|ill give highly accurate 
results and a^vthil^ same time the test is 
simple and convenient to perform. 

July 1939, Vou 58 


2. The value of the losses can be deter¬ 
mined quickly without the use of special 
apparatus—the only requirements being a 
source of power having adjustable poly¬ 
phase voltage and a driving motor for which 
the losses can be determined. 

3. Laborious computations are avoided 
and final detenninations of the value of the 
stray load loss can be obtained in a few 
moments by simple calculations from the 
measured quantities. 


Test Procedure and Computations 

The reverse-rotation test is carried 
out by applying reduced balanced poly¬ 
phase voltage to the stator terminals of 
the machine being investigated while 
driving the rotor at synchronous speed 
in the direction opposite to that of the 
revolving stator field. The stator current 
may be set at any desired value by ad¬ 
justment of the applied voltage. Two 
power measurements are necessary: the 
power required to drive the rotor and the 
power input to the stator circuit. Let 
the former be designated by and the 
latter by PF,. The power required for 
rotation of the motor rotor (P,) may be 
obtained by driving it with a sensitive 
dynamometer or a motor with known 
losses. The friction and windage losses 
at synchronous speed of the motor under 
test are also required and may be desig¬ 
nated by Py-. The difference between 
these two quantities gives the component 
of the net input to the rotor which is sup¬ 
plied through the driving mechanical 
power. If this net power resulting from 
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rotation be represented by P, then; 
P^Pr-Pf 

When a d-c motor is used to drive the 
induction machine, correction for losses 
in the d-c motor becomes a simple matter 
if the same value of field current is used 
for both the load and the no-load deter¬ 
minations, obtaining constant speed by 
armature voltage control. The difference 
in the armature-circuit brush and copper 
losses of the d-c motor is the only correc¬ 
tion that must be applied to the dif¬ 
ference of the two d-c input values in 
order to determine the net power P, since 
all other losses in the driving machine 
remain constant. 

The total stator power input W» is 
carefully measured by wattmeters for the 
particular value of current used. An 
accurate measurement of the stator d-c 
resistance is made at the winding tem¬ 
perature used during this power observa¬ 
tion. The total polyphase stator copper 
losses are then computed and may be 
designated by Wcu» When subtracted 
from the total stator input (Ws) there 
remains the net stator power which may 
be called and: 

The value of stray load loss for the 
particular stator current used is then ob¬ 
tained as the difference between net 
rotor input and net stator power, or 

stray load loss ** P — ly 

Experience indicates that it is easier 
to obtain accurate test points over the 
range between full-load current and 
about double this value^ If points are 
determined over this range of current the 
value of the stray load loss for any de¬ 
sired current can be computed readily 
by application of the law that the loss 
varies as the square of the current. The 
curve for the working range of the motor 
is obtained simply in this manner. 

Light-Load Correction 

In order to satisfy the definition of 
stray load loss it should be zero at no 
load. This desired result is obtained by 
calculating the loss for no-load current 
and subtracting its values at this point, 
that is, simply making the loss zero at no 
load. At the one-half load point one- 
half the correction necessary for no load 
may be applied, and at fuU load no cor¬ 
rection is necessary. 

Discussion of Principles 

The stray load loss in induction ma¬ 
chines is defined as the residual power 




loss after all other known losses are con¬ 
sidered in accordance with specified 
methods of measurement.^ The loss 
consists chiefly in the increase in iron and 
copper losses occurring as a result of the 
load current in the stator and rotor cir¬ 
cuits while the rotor is revolving. The 
total stray load loss may have compo¬ 
nents at tooth frequency and at fimda- 
mental frequency, the former being of 
major importance. The reverse-rotation 
method of testing gives a measurement 
of all tooth-frequency components and 
includes the fundamental-frequency com¬ 
ponents only through compensating ef¬ 
fects. The test procedure also assumes 
that the direction of rotation of the rotor 
with respect to the direction of the funda¬ 
mental flux does not alter the magnitude 
of the tooth-frequency losses, since in 
both cases the tooth-frequency fluxes are 
superimposed upon fundamental-fre¬ 
quency fluxes. 

When the rotor of the machine is 
turned at synchronous speed in the di¬ 
rection opposite to the field flux all power 
supplied is consumed in losses. The 
total power input consists of electri c 

l. For all numbered references, see list at end of 
paper. 


Figure St, Compari¬ 
son of stray ioad 
iosses for motor 1 
determined by dif¬ 
ferent methods 

/—Loss by reverse 
rotation method. 
Dotted line shows 
loss after light-load 
correction is applied 

B — Loss by load- 
back through belt 

D — Loss by load- 
back through d-c 
machines 

E—Loss by d-c ex¬ 
citation of stator 


Figure 1. Stray load 
loss curves for 
motor 1 

A — Loss by reverse 
rotation method. 
Dashed line is 
straight line exten¬ 
sion/ dotted line 
shows loss after 
light-load correction 
Is applied 

E—Loss by load- 
back through belt 

C—Loss by load- 
back through belt, 
including added 
component for no- 
load current 


power through the stator and mechanical 
power supplied through rotation (Wr + 
Fs), After subtracting stator copper 
losses and friction and windage losses 
from the total power input (both electric 
and mechanic^) the remaining losses 
may be classified in three frequency cate¬ 
gories: (1) fundamental-frequency losses 
caused by the leakage flux of the stator, 
(2) double-frequency losses in the rotor 
resulting from reverse rotation, and (3) 
tooth-frequency components of the stray 
load loss occurring in both rotor and 
stator. The stator fundamental-fre¬ 
quency losses caused by tlie leakage 
flux, which are apparently veiy small, are 
not considered at this point and only 
included in the final result through com¬ 
pensating effects to be explained later. 
The double-frequency rotor losses result 
from currents in the rotor conductors and 
fluxes in the rotor iron at this frequency. 
With rotation at synchronous speed in 
opposite direction to the stator field the 
double-frequency rotor losses are sup¬ 
plied in equal amounts from the power 
of rotation F and from power transmitted 
by the stator circuit through the air gap 
W, The tooth-frequency losses result 
directly from rotation, and consequently 
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Reverse-Rotation Test 
for the Detennination of Stray Load Loss 
in Induction Machines 
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V ARIOUS methods for the accurate 
determination of stray load loss in in¬ 
duction machines have been devised in 
recent years. Also older methods have 
been improved and developed as the 
nature of the loss has become better 
understood. The employment of differ¬ 
ent methods of testing on a given machine 
seldom shows complete agreement in re¬ 
sults, due to minor discrepancies and 
inaccuracies inherent in the methods 
themselves. Another difficulty is that 
all of the plans proposed to date require 
a high degree of skill and experience on 
the part of the testing technician. Thus 
industry today finds itself in need of a test 
which will give highly accurate results and 
at the same time be simple and easy to 
perform. The purpose of this paper is to 
describe a new method of testing— 
termed the “reverse-rotation test”— 
which will more nearly meet these re¬ 
quirements. The theoretical basis and 
the assumptions involved are discussed. 
Tests to determine the accuracy of the 
method have been made on two squirrel- 
cage motors of somewhat different char¬ 
acteristics by various methods of testing. 
The results of these investigations are 
described and curves are given showing 
the degree of exactness obtained. While 
the method includes assumptions regard¬ 
ing compensating effects involving minor 
components of the loss, its over-all ac¬ 
curacy for the motors tested is shown by 
comparison with the values obtained by 
other methods having high precision. 

Advantages 

While the accuracy of the reverse-ro¬ 
tation method of determining stray load 
loss has not yet been thoroughly estab¬ 
lished for all types of induction machines, 
the results of the experimental work de¬ 
scribed herein prompts the following 
claims: 

1. This method will give highly accurate 
results and at the same time the test is 
simple and convenient to perform. 


2. The value of the losses can be deter¬ 
mined quickly without the use of special 
apparatus—the only requirements .being a 
source of power having adjustable poly¬ 
phase voltage and a driving motor for which 
the losses can be determined. 

3. Laborious computations are avoided 
and final determinations of the value of the 
stray load loss can be obtained in a few 
moments by simple calculations from the 
measured quantities. 

Test Procedure and Computations 

The reverse-rotation test is carried 
out by applying reduced balanced poly¬ 
phase voltage to the stator terminals of 
the machine being investigated while 
driving the rotor at synchronous speed 
in the direction opposite to that of the 
revolving stator field. The stator current 
may be set at any desired value by ad¬ 
justment of the applied voltage. Two 
power measurements are necessary: the 
power required to drive the rotor and the 
power input to the stator circuit. Let 
the former be designated by Pf and the 
latter by Ws. The power required for 
rotation of the motor rotor (P^) may be 
obtained by driving it with a sensitive 
dynamometer or a motor with known 
losses. The friction and windage losses 
at synchronous speed of the motor under 
test are also required and may be desig¬ 
nated by Pf. The difference between 
these two quantities gives the component 
of the net input to the rotor which is sup¬ 
plied through the driving mechanical 
power. If this net power resulting from 
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rotation be represented by P, then: 

P =:Pr-Pf 

When a d-c motor is used to drive the 
induction machine, correction for losses 
in the d-c motor becomes a simple matter 
if the same value of field current is used 
for both the load and the no-load deter¬ 
minations, obtaining constant speed by 
armature voltage control. The difference 
in the armature-circuit brush and copper 
losses of the d-c motor is the only correc¬ 
tion that must be applied to the dif¬ 
ference of the two d-c input values in 
order to determine the net power P, since 
all other losses in the driving machine 
remain constant. 

The total stator power input is 
carefully measured by wattmeters for the 
particular value of current used. An 
accurate measurement of the stator d-c 
resistance is made at the winding tem¬ 
perature used during this power observa¬ 
tion. The total polyphase stator copper 
losses are then computed and may be 
designated by Wcu^ When subtracted 
from the total stator input (I^s) there 
remains the net stator power which may 
be called W, and: 

W = Ws - Wcu 

The value of stray load loss for the 
particular stator current used is then ob¬ 
tained as the difference between net 
rotor input and net stator power, or 

stray load loss = P — PT 

Experience indicates that it is easier 
to obtain accurate test points over the 
range between full-load current and 
about double this value. If points are 
determined over this range of current the 
value of the stray load loss for any de¬ 
sired current can be computed readily 
by application of the law that the loss 
varies as the square of the current. The 
curve for the working range of the motor 
is obtained simply in this manner. 

Light-Load Correction 

In order to satisfy the definition of 
stray load loss it should be zero at no 
load. This desired result is obtained by 
calculating the loss for no-load current 
and subtracting its values at this point, 
that is, simply making the loss zero at no 
load. At the one-half load point one- 
half the correction necessary for no load 
may be applied, and at full load no cor¬ 
rection is necessary. 

Discussion of Principles 

The stray load loss in induction ma¬ 
chines is defined as the residual power 


July 1939, Vol. 58 


Morgan y Brown, Schnmer—Stray Load Loss 


Transactions 319 



previously been tested with extreme care 
by several different methods to deter¬ 
mine its stray load losses.^ In figure 1 
stray load losses are shown as a function 
of armature current when plotted on 
logarithmic cross-section paper. The 
points of curve A are the actual experi¬ 
mental points, determined in the manner 
previously described, by the reverse- 
rotation method over a range from ap¬ 
proximately full load current to three 
times that value. These points fall on a 
straight line having a slope of two, indi¬ 
cating that the loss varies as the square of 
the current. This curve extended down¬ 
ward as a straight line is shown by a 
dashed line and gives values of the stray 
load loss over the normal range of opera¬ 
tion of the motor omitting correction 
for light loads. The dotted line shows 
the curve for low values of load current 
after the correction for light loads is ap¬ 
plied. Curve B shows values of a stray 
load loss for the same motor as deter¬ 
mined by careful measurement by the 
belted load-back method.® Curve C 
is the same as curve B except that it 
includes the theoretical component of 
stray load loss which exists at no load.®*^ 
The curves of figure 2 show the same 
values for curves A and B as in figure 1 
when plotted to uniform-scale co-ordi¬ 
nates. The dotted line curve shows curve 
A corrected for light loads. On this plot 
values of stray load loss, determined with 
a high degree of precision by the load- 
back test through d-c machines, are 
given by curve B.* Values as deter¬ 
mined by the d-c excitation method® are 
also given for comparison in curve £. 
The results shown by curves B, D, and E 
were given in a previous paper^ and are 
repeated here so that the curve .4,de¬ 
termined by the reverse-rotation method 
may be compared with them. 

Tlie curves of figure 2 show that for 
motor 1 the reverse-rotation method 
gives values for the stray load loss that 
are in as dose agreement with those from 
other methods of testing as exists among 
the other methods themselves. At the 
full-load point the reverse-rotation 
method value is only 7 watts above the 
highly accurate value obtained by loading 
back through d-c machines, and 14 
watts above the result obtained by the 
belted load-back method. At 125 per cent 
load the values from curve A and curve 
B agree almost exactly. The reverse 
rotation method gives a value that is 
about 11 watts high at 50 per cent load. 

Motor 2 

This motor differed from motor 1 in 
that it possessed abnormally high iron 


losses, being 5.0 per cent for this machine 
as compared with 2.9 per cent for the 
. first motor. It was also of the squirrel- 
cage type and was rated 10 horsepower, 
220/440 volts, 26.6/13.3 amperes, 3 
phase, 60 cycles, 1,710 rpm. It was 
tested for stray load losses by three dif¬ 
ferent* methods of testing: the reverse 
rotation, the belted load-back,® and the 
d-c excitation method.® The test points 
of the reverse rotation method are shown 
by curve F in figure 3, plotted to loga- 
• rithmic scales, and again give a straight 
line having a slope of two. Straight 
line extension downward is shown by a 
dashed line as before while the dotted 
line shows extension after the application 
of the light load correction. The results 
of the belted load-back test are shown by 
curve G, while curve I gives results of this 
test with the no-load component in¬ 
cluded. 

The results of the three tests over the 
normal operating range of the motor are 
shown in figure 4, where curve F is de¬ 
termined by the reverse-rotation method, 
(the dotted line showing corrected curve 
for light loads), curve G comes from the 
belted load-back test, and curve H is 
derived by application of the d-c excita¬ 
tion method. At the full-load point 
curve F lies approximately midway be¬ 
tween curves G and H being about 23 
watts above the belted load-back method 
value and 24 watts below the value ob¬ 
tained by the d-c excitation method. 
At 125 per cent load curves F and G 
agree and curve H is 30 watts higher. 
The reverse-rotation method gives a 
value that is about 7 watts higher than 
that from the belted load-back method at 
50 per cent load, and it is about the same 
amount below the d-c excitation value in 
this region. 

Because of difficulties involved in 
performing the tests and inaccuracies 
inherent in each method, complete agree¬ 
ment in results by application of the 
various methods employed has not been 
possible. However, the reverse-rotation 
method has given results for the two 
motors tested that are well within the 
degree of accuracy which might be ex¬ 
pected from any of the methods used. 
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Discussion 

L. E. Hildebrand (General Electric Com¬ 
pany, Lynn, Mass.): It is known that stray 
load loss causes the speed-torque curve to 
depart appreciably from the calculated 
curve predicted by formulas which do not 
take high-frequency core loss into account. 
These losses constitute a part of the load 
on the motor and hence must reduce the 
net torque at a given forward speed and 
increase the gross torque at any backward 
speed. It should be possible to predict the 
correction in torque at any speed by an 
extrapolation of the stray load loss meas¬ 
ured at normal speed and load. We have 
made fairly accurate predictions with quite 
simple assumptions for extrapolation, 
namely, high-frequency loss proportional to 
rotor current squared .and frequency to the 
three-halves power. Agreement at back¬ 
ward speeds and at speeds greater than half 
forward speed are very good. 

The converse is also true, that is, from 
tested backward rotation torque or tested 
breakdown torque we can find out what the 
stray load loss at normal load and speed is. 
We have used (1) backward rotation, (2) 
d-c excitation, (3) polyphase breakdown 
torque, and (4) single-phase breakdown 
torque, all to measure stray load loss. All 
agree quite well. Measurement of the 
single-phase breakdown torque seems to be' 
a very good alternative method to d-c ex¬ 
citation and backward rotation. 


WiUiam R. Hough (Reliance Electric and 
Engineering Company, Cleveland, Ohio): 
The paper under consideration presents a 
method of study of the stray load losses of 
induction machines, which is a definite 
contribution to progress in this field. This 
discussion is based on a limited experience 
with the method developed by the authors. 

This limited experience has shown that of 
the advantages claimed by the authors for 
their method of testing, the degree of ac¬ 
curacy is the only point in question. The 
tests are simple and convenient to perform, 
can be done relatively quickly with a mini¬ 
mum of necessary equipment, and the com¬ 
putations of stray load loss from test in¬ 
formation are not laborious. 

An analysis of the steps taken in arriving 
at the value of stray load loss for a particular 
condition readily indicates that a high de¬ 
gree of accuracy is necessary in each test 
reading obtained^ in order that the final 
result, namely, stray load loss, will be ac¬ 
curate. 

The stray load loss is the difference be¬ 
tween two quantities, each of which is the 
difference between two other quantities. 
In testing a normal induction motor having 
from one to two per cent stray load loss, it 
will be found that the stray load loss is 
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small in. comparison with the test values 
obtained by this method from which it is 
determined. In testing machines having 
higher than normal stray load losses, the 
relative accuracy should be greater, since 
the stray load loss for any condition would 
be larger in comparison with the values from 
which it is obtained. 

The authors have pointed out that their 
method neglects one of the components of 
stray load loss, and have cited certain com¬ 
pensating items. They have not attempted 
to evaluate these discrepancies other than 
to demonstrate that their method gives 
substantially accurate results by actual 
test in comparison with load-back test 
results. The final proof by actual test re¬ 
sults is, of course, the most important con¬ 
sideration in determining the value of this 
method of testing. The authors have, by 
the limitations they have cited, pointed out 
the necessity of proof of the method of actual 
test results, and have contributed two spe¬ 
cific cases to support this proof. 

The limited number of tests which are 
the basis of this discussion substantiate the 
method in principle, but do not substanti¬ 
ate the degree of accuracy obtained by the 
authors. Present experience would indicate 
the variance between the values of stray load 
losses determined by this method and those 
determined by load-back tests, to be in the 
order of one per cent of motor input. Con¬ 
tinued experience is necessary before a more 
accurate opinion can be given. 


P. C. Smith (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This is the least complicated method 
so far proposed for squirrel-cage motors. 
It has no advantage, from a simplicity stand¬ 
point, over the Koch method for wound- 
rotor motors, since the same readings are 
required for both. The authors have 
pointed out the errors in principle and the 
assumptions made in this method and show 
by test that they are negligible or are com¬ 
pensated for in a ten-horsepower four-pole 
motor. There are, however, two factors 
which are increasingly important with in¬ 
crease in motor size and, if neglected, will 
lead to appreciable error. I have refer¬ 
ence to the fundamental end-zone loss and 
the correction for magnetizing current at 
full load, 

In large motors, particularly high speed, 
the end-zone loss is an appreciable amount. 
Wlaen the input to the stator is measured, 
this loss is included. Hence, when stator 
input is subtracted from rotor input, this 
end-zone loss serves to reduce the net re¬ 
sult when actually it should be added. That 
is, twice the end-zone loss must be added to 
the answer obtained by this method to get 
the correct loss. This loss is p^tly compen¬ 
sated by neglect of the magnetizing current, 
but it does not necessarily follow that they 
balance. In fact, in large high-speed motors, 
it may lead to considerable error. 

It is pointed out in the paper that the 
absence of magnetizing current, rather the 
fact that it is low, results in a secondary 
current which is too high. In low-speed 
motors, wh^e the magnetizing current is 
large, some correction at full load will be 
necessary. 

As pointed out in this discussion, this 
loss and the end-zone loss tend to balance, 
but the high end-zone loss goes with high¬ 


speed motors while high magnetizing cur¬ 
rent goes with slow speed and only in cer¬ 
tain cases will they cancel out. 

Further tests, over a wide range of horse¬ 
power and speed, are required to check this 
method. 


R- E. Hellmund (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.): After listening to the paper 
by Morgan, Brown, and Schumer and some 
of the discussions, I believe that in view of 
the widely different results obtained, bet¬ 
ter progress could be made in evaluating the 
various methods under discussion if more 
data were given regarding some of the im¬ 
portant design characteristics of the ma¬ 
chines tested. At least it would be desirable 
to know the speeds, ratings, and various 
essential facts regarding the slot, tooth, 
and tooth-tip structures. If some such 
data were available, it might be possible to 
draw conclusions as to which of several 
methods can be used to best advantage for 
a given range of sizes or tjrpes of motors. 
Undoubtedly it is desirable to find methods 
giving satisfactory results for all ratings, but 
such ideal conditions cannot always be ob¬ 
tained and therefore it may be necessary 
to exercise a certain amount of discrimina¬ 
tion, . 


C. J. Koch (General Electric Company, 
Schenectady, N. Y.): The test described 
in this paper is the easiest to perform with 
accuracy, of the methods so far developed 
for measuring the stray load loss of induc¬ 
tion machines. In short the test procedure 
itself and the apparatus required become 
identical with the established short-circuit 
core-loss test of synchronous machines of 
similar sizes. 

Does the reverse-rotation test determine 
the value of the stray load loss as it actually 
exists in the machine under load conditions? 
If we could calculate accurately the high- 
frequency core and stray load losses in 
induction machines this question could be 
answered from theoretical considerations. 
This we cannot do, however, and we must 
resort therefore to tests of large numbers of 
motors to determine the importance of the 
disturbing effects mentioned by the authors. 

The result of our experience has-been that 
these effects are small. This indicates the 
principle source of the high-frequency losses 
to be the action of the tooth harmonic 
fluxes. As far as the action of the stator- 
tooth harmonic fluxes on the rotor is con¬ 
cerned their frequency is very nearly the 
same for normal operation, reverse-rotation 
test, or normal-speed test with d-c applied 
to the stator. We have to offer one test 
confirming this. The motor tested was 
rated 160 horsepower, 900 rpm, and was of 
the collector ring type. At rated load the 
values are: 

Stray load loss by pump-back between 
identical motors. 615 watts 

Stray load loss by reverse-rotation test. .600 watts 
Stray load loss by d-c excitation of rotor.. 600 watts 

We have also measured the stray load 
loss of a number of motors by the reverse- 
rotation test and by very carefully made 
dynamometer tests. All of these motors 
were rated 26, horsepower at 1,800 rpm 
synchronous speed and were of the squirrel- 


cage tjrpe. The results are shown in table 
I of this discussion. It will be noted that 
the Stray load loss varied greatly from motor 
to motor. The reverse-rotation test, how¬ 
ever, follows the dynamometer result with 
very satisfactory agreement at rated load. 


Table I 


Motor 

Stray Load 
Loss by 
dynamometer 
(Watts) 

Stray Load 
Loss by 
Reverse 
Rotation 
(Watts) 

.4...... 

. 637. 

.660 

B . 

. 230. 

.246 

C. 

. 400 .. . 

. .336 

D . 

. 195. 

.230 

E . 

. 487. 

.460 

F . 

. 712. 

.620 

C . 

. 130. 

.216 

H . 

.1,003. 

.800 

r . 

. 366. 

.620 

J . 

. 747. 


K . 

. 224. 

.360 

L . 

. 184. 

.167 

M . 

. 266. 

.260 


These results create confidence in the 
reverse-rotation test as a measure of stray 
load loss. The ease of making the lest and 
the fact that one motor only is required 
should stimulate further testing along this 
line with, the ultimate object of incorporat¬ 
ing the reverse-rotation test in the test code. 


F. D. Phillips (General Electric Company, 
Schenectady, N. Y.): The data given in 
this paper show a very good agreement be¬ 
tween the various methods of determining 
the stray load losses. For the first machine 
these are, reading from figure 2, 


By reverse-rotation method.104 watts 

By load-back through belt.180 watts 

By load-back through d-c machines.187 watts 

By d-c excitation of stator.166 watts 


A maximum difference of 29 watts and a 
variation from the average of 17 watts. 

For the second machine the results ob¬ 
tained are, reading from figure 4, 


By reverse-rotation method.270 watts 

By load-back through belt.247 watts 

By load-back through d-c machines.204 watts 

The maximum difference is 47 watts and 


the variation from the average 24 watts. 

The accuracy of the determination of 
these losses is apparent when we realize 
that a number of instruments are used and 
careful investigation has shown that on such 
tests the best accuracy of the instruments 
and of observation is in the neighborhood 
of 30 watts under carefully controlled labo¬ 
ratory conditions. 

The results shown in Mr. Koch's discus¬ 
sion of a larger number of comparisons be¬ 
tween the reverse-rotation method and the 
dynamometer method show a fair agree¬ 
ment. The difference between the two 
methods varies from 6 to 37 watts id seven 
cases and from 66 to 203 watts in six cases 
and the machines on which one method gives 
lower losses are the same in number as 
those which gave higher losses. These 
tests were taken under commercial factory 
conditions and the results would not be ex¬ 
pected to be as accurate as those obtained 
in a laboratory. 
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in^ Pf this test- 

simi^V^^*^' attractive because of its 

snec^ai ^ because it does not require 
®PP^t«s, and the calculation of 
tne results is simple. 


Table II 


Motor 

Nttmber Horsepower Poles 


Watts Stray Load Loss 


Per Cent Reverse Direct Current 

Current Input-Output Rotation (Code) 


Q. Graham (Westinghouse Electric and 
Company, East Pittsburgh, 
• ;* j*** Morgan and his associates have 

propoMd M ingenious method of measuring 
stray load losses which has a fairly sound 
tteoretical basis. There is a definite need 
tor such a method, particularly for larger 
motors where other methods of testing are 
more difficult. The accuracy of the method, 
however, must be checked with smaller 
motors for which input-output tests are 
possible. 

I have applied the reverse-rotation test 
to SIX motors ranging in size from 3 to 20 
horsepower. The stray loss is given in 
table II of this discussion for 100 per cent 
and 125 per cent current and is compared 
with the loss by input-output test. For 
four of the six motors the reverse-rotation 
test shows about double the loss given by 
input-output test while for the other two 
there is close agreement although the re¬ 
verse-rotation method still shows the higher 
values. For the last motor on the list the 
losses by input-output test were measured 
at a reduced voltage also and it was found 
that for the same values of current the stray 
loss was higher, thus more nearly approach¬ 
ing the loss measured by reverse rotation. 
This would seem to indicate that the pres¬ 
ence of normal saturation may have a more 
important effect than the authors have as¬ 
sumed and may account for much of the 
discrepancy shown by these tests. The 


authors, of course, have a right to question 
the accuracy of the input-output tests 
which have been used for comparison in the 
results presented here. I can only say that 
they are the result of a great deal of pains¬ 
taking work in perfecting a testing pro¬ 
cedure in which we ourselves have con¬ 
siderable faith. The comparative tests are 
an honest attempt to judge the merits of 
the proposed method but are by no means 
presented as final evidence of its failure. 


Victor Siegfried (Worcester Polytechnic 
Institute, Worcester, Mass.): The authors 
are to be commended on the development of 
a method which is simple and is performed 
with the most fundamental equipment. 
Having had experience in some of the 
previous work on one of these same ma¬ 
chines in which the stray load loss was de¬ 
termined by loading-back tests, I can con¬ 
firm the claims made for this present test as 
to the ease with which it is performed. The 
relative amounts of time consumed in the 
two tests are illustrated by the fact that a 
whole run was made and calculated up into 
final results in about the same time required 
for one point in the previous tests. It is 
further interesting to note that all that is 
required in this new method is some ma¬ 
chine to drive the motor at synchronous 
speed backward and a source of reduced 
potential at rated frequency, in the order 


1 

2 

3 

4, 

6, 

6 . 

6. 


TVs.2. 100.226 

126.400 

TVs.2. 100.240 

126.406 

20 ..2. 100.366 

126.700 

TVs.4. 100.136 

125 .206 

16 4. 100.415 

126 .615 

3 .2. 100.35 

125.62 

3 .2.*100. 60, 

*125. 89. 


500 


. 720 

. 425.375 

. 620.600 

. 790 

1,220 

146.160 

220.239 

495 

785 

90.220 volts 

142.220 volts 

90.180 volts 

142.180 volts 


* Losses recorded are for same amperes as for 220-volt test. 


of 20 per cent of the original ratings of the 
machine on test, depending upon its con¬ 
stants. 

The test itself is particularly noteworthy 
in that it measures the losses of the machine 
under conditions of loading although at 
reduced excitation, and the separation of 
these losses is very simple as outlined in 
the body of the paper. This gives a test 
whose final results for stray load loss are 
substantially in agreement with other tests 
of proved accuracy, and even though there 
are inherent errors in the method, the 
authors have logically demonstrated that 
these errors tend to compensate for each 
other- 


T. H. Morgan: The discussion on this 
paper is on the whole encouraging. In 
considering a test method of this kind it 
would be unfortunate if it were to meet with 
complete approval before receiving the 
necess^ verification covering a complete 
range in machine type and size. The fact 
that several tests have already been made 
^d reported on in the discussions indicates 
interest in the matter. It is our hope that 
this interest will continue so that the 
limitations of the test and its degree of ac¬ 
curacy may be definitely established. 

It is the authors* opinion that the industry 
possesses too little knowledge regarding 
these losses, both as to the mechanism that 
produces them, and their exact location in 
the machine. As an example, P, C. Smith 
believes that an end-zone loss takes place 
in the stator of large high-speed motors, 
thus decidedly limiting the accuracy of the 
method described; that if this end-zone 
loss is an appreciable amount of the total 
stray load loss, the proposed treatment 
would produce a result considerably too 
low in amount. This reasoning seems cor¬ 
rect. On the other hand, the results ob¬ 
tained by Q. Graham would indicate that 
the reverse-rotation method gives a value 
of loss which is high in all cases of motors of 
two poles tested by him. There are several 
similar conflicting differences embodied in 
the discussion and this one is mentioned 
only to illustrate the point that as yet we 
do not know which view is the correct one. 
The discussion indicates the need of a bet¬ 
ter understanding of the nature of stray 


load loss if we are to make progress in reduc¬ 
ing it by improvement in design. 

The apparent lack of agreement between 
the results of tests made by different people 
to determine the accuracy of the proposed 
method is not surprising. The experience 
of the authors has been that it is very diffi¬ 
cult to secure the same measured value of 
the loss from any two of the recognized 
standard methods of testing. Those who 
work on the problem of stray-load-loss 
measurement will always agree on one 
point—namely, the difficulty of making 
accurate determinations. It therefore seems 
hardly sufficient to compare the results of 
the reverse-rotation test with values ob¬ 
tained by only one other method. It takes 
m<M-e time and energy to use several meth¬ 
ods but a much more accurate comparison 
will result. In this connection the test re¬ 
sults obtained by C. J. Koch on the 150- 
horsepower, 900-rpm motor are encouraging. 

The suggestion of R. E. Hellmimd that 
design information be given whenever pos¬ 
sible is well taken. Only through a large 
number of tests on motors of different de¬ 
sign will it be possible to determine the 
limiting point where a new method of 
testing fails to give sufficiently accurate 
results. It is quite possible that any one 
method may apply to only a certain range 
in size and type of motors. If so it would 
be advantageous to know the limitations. 
Design data regarding motor number 1 of 
the paper were previously given in reference 
4. Exact design details of the other motor 
are not known but it can be said that they 
are similar in character. 

The remarks of L. E. Hildebrand regard¬ 
ing the application of the laws of variation 
of» stray load loss as a function of current 
and speed are pertinent. The authors have 
made investigations of these effects over the 
complete range of reverse rotation of the 
motor, and plan to have their findings ready 
for publication in the near future. 

In closing the discussion it should be again 
pointed out that the authors feel that while 
the general results from the limited num¬ 
ber of tests taken to date indicate possible 
high accuracy for the reverse-rotation 
method of testing, many more tests should 
be made emplo 3 ring different methods of 
testing before a satisfactory conclusion 
be reached. 
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Inductive Co-ordination With Series 
Sodium Highway Lighting Circuits 


H. E. KENT 

MEMBER AIEE 


P. W. BLYE 


Synopsis: This paper describes the wave¬ 
shape characteristics of the sodium-vapor 
lamp and. discusses the relative inductive 
influence of various series circuit arrange¬ 
ments in which such lamps are employed. 
A method is outlined by means of wlflch the 
noise to be expected in an exposed telephone 
line may be estimated. Measures are de¬ 
scribed which may be applied in the tele¬ 
phone plant or in the lighting circuit to 
assist in the inductive co-ordination of the 
two systems. These measures need be 
considered only when a considerable number 
of lamps is involved, since noise induction 
is negligible when there are only a few lamps 
as, for instance, at highway intersections. 

D uring the past few years, a new 
type of lamp has been developed for 
highway lighting purposes, making use of 
ionized sodium vapor as its luminous ele¬ 
ment. While lamps of this iypt can be 
operated in parallel, the most common ap¬ 
plication has been in the conventional 
series types of lighting circuits supplied 
through constant-current transformers. 

The wave-shape characteristics of so¬ 
dium-vapor lamps are such that where se¬ 
ries lighting circuits suppl 3 ring a consid¬ 
erable number of such lamps are involved 
in exposures with open-wire telephone 
lines, attention must be given to the co¬ 
ordination of the two systems from the 
noise standpoint. The present paper 
gives the results of an investigation of the 
various factors involved in situations of 
this character. It is based largely upon 
a study conducted by project committee 
lAt on noise induction, of the Joint Sub¬ 
committee on Development and Research 
of the Edison Electric Institute and the 
Bell Telephone System. 

The wave-shape data included herein 
were obtained in the laboratory of one of 
the manufacturers and, through the co¬ 
operation of one of the power companies, 
on a number of field installations of so- 
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MEMBER AIEE 

dium lamps of the same manufacturer. 
One of the situations tested, in which a 
lighting circuit some 16 miles in length 
was involved in an exposure with an open- 
wire telephone toll line, afforded an op¬ 
portunity for co-ordinated inductive in¬ 
fluence and noise measurements. 

Operation of Sodium-Vapor Lamps 

A brief review of the construction and 
operation of the sodium-vapor lamp'** 
may be of interest as a preface to the 
wave-shape discussion which follows. 
The essential details of the sodium lamp 
designs of two of the manufacturers, to¬ 
gether with sketches of the luminaires in 
which they are mounted, are shown in 
figures 1 and 2. The following is a brief 


Figure 1. Ten thousand-lumen sodium lamp 
and luminaire—manufacturer A 


description of the lamp shown in figure 1. 

The lamp consists of a long evacuated 
glass bulb enclosing, at each end, a tung¬ 
sten filament or cathode and an open-end 
molybdenum anode. Each anode is con¬ 
nected to one side of the adjoining fila¬ 
ment, the leads to the latter passing 
through a seal at one end of the bulb to a 
four-prong tube base which, in turn, 
makes contact with the socket. The 
luminous arc occurs between the anode at 
one end of the tube and the cathode at the 
opposite end. The connections are so 
arranged that the two anode-cathode 
combinations function alternately as the 
sign of the impressed voltage becomes al¬ 
ternately positive and negative. As in¬ 
dicated in figure 1, the anode-cathode as¬ 
semblies are symmetrically located in the 
tube. Differences which occur between 
the positive and negative portions of the 
arc voltage curve in a particular lamp, as 
discussed hereinafter, are therefore due to 
vagaries of the arc rather than mechanical 
dissymmetries in the lamp. The bulb is 
insulated from the outside air by an evacu¬ 
ated glass bottle similar to a Dewar 
flask. The flask is required to retain 
heat generated by the arc for vaporizing 
sodium, which is solid at room tempera¬ 
ture. Co-ordinated designs of flask and 
lamp are required to minimize the effects 
of external temperatures on the tempera- 
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ture within the lamp, and consequently 
on the light which is produced. Neon at 
a few millimeters pressure (for starting) 
is included in the bulb. 

During the first few seconds after a 
lamp of this type is energized, the anodes 
are short-circuited by a time relay. Dur¬ 
ing this period the normal current of 6.6 
amperes is passed through the two fila¬ 
ments in series providing a degree of pre¬ 
heating. The short-circuiting contacts 
then open and a voltage sufficient to 
ionize the gas is applied to the anodes, 
the current through the arc and the fila¬ 
ments in series being maintained at 6.6 
amperes. The lamp then glows bril¬ 
liantly with the characteristic neon color. 
As heat is accumulated within the bulb, 
the sodium is gradually vaporized and the 
discharge acquires the characteristic yel¬ 
low color of the sodium arc. Full light 
output is reached in about 30 minutes. 

In series operation, regulation of the 
current is accomplished by the conven¬ 

Fisure 3. W^ve form of current and voltage 
taken on circuit with 18 sodium lamps in series 


Figure 2. Ten thousand-lumen sodium lamp 
and luminaire—manufacturer B 

tional constant-current transformer which 
has a relatively high leakage reactance. 
In multiple-circuit operation this regula¬ 
tion is effected by means of a special high- 
leakage-reactance transformer located in 
or near the luminaire. 

Inductive Influence of Series 
Lighting Circuits 

Wave-Shape Characteristics 
OF THE Sodium Lamp 

Since series sodium lighting circuits are 
always supplied through transformers 
having a high leakage reactance, the se¬ 
ries impedance to harmonic currents is 
very high. Consequently the current 
wave approaches sinusoidal form. Meas¬ 
urements on several installations have in¬ 
dicated values of current TIF (telephone 
influence factor) ranging from four to ten. 

It is characteristic of an arc such as that 
produced in a sodium lamp that, once the 
arc has been established, the voltage drop 


tends to be constant irrespective of the 
current. This gives rise to a flat-topped 
voltage wave, more nearly square than 
sinusoidal in form. This is illustrated by 
the oscillogram in figure 3, which was 
taken on a circuit employing 18 sodium 
lamps in series. 

A harmonic analysis of the voltage 
wave across a single sodium lamp is given 
in the second column of table I. Only 
harmonic components in the range up to 
1,500 cycles are listed although the meas¬ 
urements indicated the presence of a prac¬ 
tically continuous band of harmonic fre¬ 
quencies extending well above 3,000 
cycles. The magnitudes of tlie various 
harmonics, particularly those at the 
higher frequencies, varied over a consid¬ 
erable range from time to time. The 
figures in the table represent average 
values observed over a relatively short 
interval. It will be noted that many 
of the even as well as the odd harmonics 
were present, indicating that the positive 
and negative halves of the voltage wave 
were not exactly alike. In the case of 
this particular lamp, some of the higher 
even harmonics were at times, larger 
than the adjacent odd harmonics and 
controlled the voltage TIF. 

In a series sodium lighting circuit .the 
various lamps can be considered as serially 
connected harmonic generators. The 
equivalent series reactance of the supply 
transformer is high compared to the im¬ 
pedance of the lighting circuit including 
the lamps. Furthermore, in circuits of 
the lengths under consideration, attenua¬ 
tion and phase shift are not important. 
If all lamps were identical, therefore, the 
per cent harmonic voltages and the volt¬ 
age TIF at the supply end of a long cir¬ 
cuit would be the same as for a single 
lamp. The Kv*T (kilovolts X voltage 
TIF) would be equal to that for a single 
lamp multiplied by the number of lamps. 

Figure 4. Total Kv*T for sodium lighting 
circuits having various numbers of lamps 






The fourth column of table I gives a 
harmonic analysis of the voltage as ob¬ 
served at the supply end of a series light¬ 
ing circuit comprising 149 lamps. In 
general, the odd harmonic voltages (in 
per cent) observed on the long circuit are 
somewhat smaller than those measured 
on a single lamp, indicating some differ¬ 
ences in the relative magnitudes and 
phases of the odd harmonics generated in 
the individual lamps. The even har¬ 
monics are greatly reduced in the long 
circuit and are not important contribu¬ 
tors to the voltage TIF. This indicates 
that the even harmonics generated in the 
individual lamps are fortuitous in charac¬ 
ter, tending to cancel when a number of 
lamps are connected in series. Additional 
data taken on operating circuits of vari¬ 
ous lengths and showing the variation of 
the total KvT with the number of lamps 
in series have been plotted giving the 
curve shown in figure 4. 

Distribution op Balanced KvT 

Along the Circuit 

Since each lamp of a series circuit acts 
as a serially connected generator of har¬ 
monic voltages, the Kv-T across the cir- 


Table I. Analyses of Voltage on Sodium 
Lighting Circuits 



Single Lamp 
Current ** 

6,6 Amperes. 
Root-Mean- 
Square Voltage 
- 30 Volts 

Series Circuit, 
149 Lamps 
Current 

6,6 Amperes. 
Root-Mean- 
Square Voltage 
- 4,850 Volts 

Frequency 

Per Cent 
of 

Root 

Mean 

Square 

TIF 

Per Cent 
of 

Root 

Mean 

Square 

TIP 

120... 

* 

. * 

* 

* 

180... 

21.9 .. 

3 

.. 13.9 .. 

. 2 

240... 

* 

* 

* 

* 

300... 

12.9 ., 

27 

.. 8.7 .. 

. 18 

360... 

* 

* 

.. * 

* 

420... 

6.1 .. 

36 

.. 4,2 .. 

. 26 

480... 

* 

* 

.. 0.6 .. 

. 5 

540... 

2.55 .. 

32 

.. 3.18.. 

. 40 

600... 

* 

* 

,. 0.54.. 

. 9 

660... 

0.53 .. 

12 

.. 2.70.. 

. 61 

720... 

1.82 .. 

54 

.. 0.43.. 

. 13 

780... 

1.98 .. 

81 

.. 1.82,. 

. 74 

840... 

1.98 .. 

.109 

.. 0.33.. 

. 18 

900... 

0.83 .. 

60 

.. 0.61.. 

. 44 

960... 

1.66 ., 

156 

.. 0.20.. 

. 19 

1,020... 

0.41 .. 

. 48 

.. 0.14.. 

. 16 . 

1,080... 

1.66 .. 

.199 

.. 0.14,. 

. 17 

1,140... 

0.99 .. 

.110 

.. 0.54.. 

. 60 

1,200... 

1,82 .. 

.173 

.. 0.17.. 

. 16 

1,260... 

0.73 .. 

. 58 

0.62.. 

. 49 

i,320... 

0.64 .. 

. 42 

.. 0.15.. 

. 10 

1,380... 

2.12 .. 

.116 

., 0.80,. 

. 44 

1,440... 

0.89 .. 

. 42 

.. 0.18.. 

. 9 

1,500... 

1.16 .. 

. 51 

.. 0,62.. 

. 23 

TIF.... 
Kv' T,, 

500-625 .. 
.15.3-17.4,. 

400** 

..166. .. 

.. .806. 

.155** 


* Value measured controlled by adjacent barmouiss 
or ‘"background,** 


** TIF calcidated from analysis up to 1,500 cycles, 
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cuit changes at each lamp, decreasing 
progressively from a maximum at the 
supply end to the value for a single lamp 
at the distant end of the circuit. While 
no experimental data are available on the 
rate of change in the influence, it is prob¬ 
able that a plot of the influence against 
distance from the far end of the circuit 
would have a shape similar to the curve 
in figure 4. In estimates of noise in the 
practical case, however, a straight-line 
variation is usually assumed. 

It has been found that the leakage re¬ 
actance of the constant-current trans¬ 
formers used to supply series circuits of 
this type is usually sufficiently high to 
prevent the transfer of the voltage dis¬ 
tortion from the lighting circuit back into 
the supply circuit. 

Magnitude and Distribution of 

Residual Kv-T 

In the case of a single-wire ground-re¬ 
turn circuit, the .residual Kv*T at any 
point is, of course, the total KvT of the 
circuit at that point. 

On a two-wire circuit where both wires 
are on the same pole line, the magnitude 
and distribution of the residual voltage f 
depend upon the number of lamps, the lo¬ 
cation of the lamps, and the location of 
any groimd which may be on the circuit. 
Lighting circuits of the usual lengths are 
in general electrically short so tiat the 
series impedances and the capacitance be¬ 
tween wires have a relatively small effect. 
In the case of a circuit isolated from 
ground, the voltages to ground are deter¬ 
mined by the location of the lamps and 
the capacitances to ground of the circuit 
conductors. 

Figure 5 shows schematically a number 
of circuit arrangements and indicates the 
variation, along the circuit, of the volt¬ 
ages to ^ound and the. residual voltage. 

t Vector sum of the voltages to grouud of each 
wire. 

Kenty Blye^Inductive Co-ordination 


ALL LAMPS IN SAME SIDE OF CIRCUITfWiRE 0 

RESIDUAL KVT 


LOCATION OF 
GROUND 


KV'T-WIRE TO 
GROUND 





Figure 5. Distribution of Kv - T along a series 
sodium lighting circuit 

Assumptions: capacitance and leakage to 
ground of the two wires the same/ ail lamps 
of identical characteristics 

Note: Numerical values indicate percentages 
of /Cv 7 at transformer terminals 


The smooth variations in these quanti¬ 
ties shown in this figure would occur only 
for lamps extremely close together. In 
practice there is, of course, an appreciable 
distance between lamps, and the curves 
under such conditions consist of a series 
of steps, the influence being constant over 
each interval between lamps. The dia¬ 
grams in figure 5, also involve the as¬ 
sumption that the wave-shape character¬ 
istics of all the lamps are identical. 

It is evident from figure 5 that the low¬ 
est residual voltage occurs where the 
lamps are staggered, that is where adja¬ 
cent lamps are in opposite sides of the cir¬ 
cuit, and where the circuit is ungrounded 
or grounded at a balanced point only. 
For a large number of lamps spaced at 
finite distances and arranged as above, 
the residual voltage in each interval be¬ 
tween lamps is, theoretically, one-half 
the voltage generated by a given lamp. 
The sign of this voltage is opposite in ad¬ 
jacent intervals. In practice, however, 
there may be considerable differences in 
the magnitudes and phases of the har¬ 
monics resulting from different lamps as 
well as differences in the capacitance to 
ground of the two wires (due to the pres¬ 
ence of other conductors, etc.) or even 
differences in the leakance of the two wires 
to ground. The theoretical reductions in 
residual voltage due to staggering the 
lamps, therefore, may not be fully real¬ 
ized. In one case tested, involving an 
ungrounded circuit 6.6 miles long with 
staggered lamps, the residual Kv* T at the 
supply end was found to be about 13 per 
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cent of the balanced Kv^T. While direct 
measurements of the residual voltages 
were not made at other points along the 
line, tests under various grounding con¬ 
ditions indicated that the distribution of 
the residual Kv-T was similar to that 
shown in the upper right-hand diagram of 
figure 5. A comparison of the value of 
50 per cent for residual KvT shown in 
this diagram (for lamps all in one side of 
the circuit) with the measured value of 
13 per cent indicates a four-to-one reduc¬ 
tion in the maximiun value obtained by 
the staggered arrangement of lamps. 
The net effect is small near the center of 
the line, since the residual Kv^T ap¬ 
proaches zero for either lamp arrange¬ 
ment. 

As indicated in figure 5, when the lamps 
are staggered, the presence of a ground at 
any point other than at the far end of a 
series circuit (or at the midpoint of the 
supply transformer) greatly increases the 
residual voltage. A practical example of 
such an,effect was experienced in one situ¬ 
ation where an accidental ground on one 
side of a six-mile lighting circuit increased 
the phantom-drcuit noise on an exposed 
telephone toll line from about 400 noise 
units to the order of 2,000 noise tmits. 

In some cases lighting loops are laid out 
on an all-metallic basis but with the out¬ 
going and return wires quite widely sepa¬ 
rated. Near the supply end of either the 
outgoing or the return wire, the residual 
voltage (on one wire), for a circuit having 


Figure 6. Calculated noise induction in un¬ 
transposed telephone circuits exposed to a 
series sodium lighting circuit 


the lights uniformly spaced, is about half 
the total voltage across the transformer. 
This may be seen by a reference to the 
upper figure in the left-hand column of 
figure 5. The residual KvT is, in this 
case, the KvT to ground on the particu¬ 
lar wire involved. 

Inductive Coupling 

Since distortion of the current wave 
form is not an important factoi in the co¬ 
ordination of series sodium lighting cir¬ 
cuits and exposed telephone circuits, no 


consideration need be given to magnetic 
induction from the load current. Fur¬ 
thermore, since the length of circuit is 
relatively short, the effect of the ground- 
return charging current resulting from the 
action of residual Kv»T can usually be 
neglected, especially if the circuit is rea¬ 
sonably well balanced to ground. Noise 
resulting from electric induction from the 
harmonic voltages on the lighting circuit 
is, therefore, the only component of im¬ 
portance. It depends upon the relative 
magnitudes of the balanced and residual 
Kv'Tf the configuration of the exposure, 
and the number and locations of tele¬ 
phone circuit transpositions. 

If either circuit is in metallic-sheathed 
cable, the shielding effect of the sheath 
practically eliminates the induction. 


Figure 7. Exposure 
configuration 
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Exposure Configuration 

In order to indicate the relative in¬ 
fluence of various configurations, calcula¬ 
tions have been made of the noise induc¬ 
tion for a one-kilofoot uniform section of 
exposure, in which the average lighting 
circuit Kv-T was taken as 100 and 
throughout which the telephone circuits 
were assumed untransposed. These noise 
induction data are shown in figure 6. 
The noise-metallic values are for a circuit 
terminated at each end in its diaracteris- 
tic impedance. The noise-longitudinal 
values are totals, and will divide in the 
two directions from the exposure in¬ 
versely as the respective longitudinal cir¬ 
cuit impedances. 



Nha« NOISE UNITS 

N^j« O.I-C^B*KfKVy,.T NOISE UNITS 

H noise units 

Nyj « 0.25CN^-Nb) NOISE UNITS 

Nmpk« 0.2CCN^+NbXNc+Nd)3 NOISE UNITS 
Nl » 0.5CNrt+Nb)H0-^ NOISE UNITS 

Kia—N oise current In telephone wire n due 
to Induction from voltase to ground of 
lighting-circuit wire A 

Nn —^Total noise current In telephone wire n 
due to Induction from voltage to ground of 
both Ilghtlng-cIrcult wires A and B 

Nms —^Metallic-circuit noise in side circuit 
terminated In Its characteristic Impedance 
(NjfcrpA same for phantom circuit) 

Nx,—Nolse-longitudinal per wire 

CnA —Direct capacitance between wire n and 
wire Af micromicrofarads per kllofoot 

Kf —Length In Icllofeet of section of uniform 
. configuration 

Kvg^^T —^Average value. In a section of uni¬ 
form configuration, of product of voltage to 
ground of wire A In kilovolts and Its TIF 

a, bf c, d —^Subscript letters Indicating the 
four wires of a phantom circuit, as 1, 2, 3, 4 
or 7, 8, 9,10 

Figure 8. Formulas for estimating noise in 
open-wire telephone circuits in joint use with 
a series sodium lighting circuit 

(Applying to sections of uniform configuration) 


The advantage of a closely spaced all- 
metallic circuit with staggered lamps 
over a ground-return lighting circuit, at 
joint-use separations, may be observed 
by comparing cases 1 and 3 of figure 6. 
These figures indicate an advantage of 
between 5:1 and 10:1 in favor of the me¬ 
tallic circuit. This applies, of course, to 
the average noise conditions across the 
lead. A comparison of cases 2 and 3 in¬ 
dicates that, except for longitudinal cir¬ 
cuit induction, most of the advantage of 
the metallic circuit is lost if the two wires 
are widely separated on the crossarm. 
The figures given for cases 2 and 3 as¬ 
sume the residual Kv*T to be negligible 
due to the staggering of the lamps. If a 
residual Kv*T of ten per cent of the Kv*T 
between wires were assumed, the figures 
for case 3 would be increased, on an aver- 
age, by about ten per cent. However, 
this would not greatly decrease the ad¬ 
vantage of the two-wire balanced circuit 
over the ground-return arrangement. 

At roadway separation the data of 
figure 6 show the two-wire closely spaced 
arrangement (case 6) to compare even 
more favorably with the ground-return 
circuit (case 4). Even the wide-spaced 
two-wire circuit (case 5) has a decided ad¬ 
vantage over the ground-return circuit at 
a 35-foot separation. Here again the 
figures given for the two-wire circuits at 
roadway separation neglect the effects of 
residual voltage. If a residual KvT of 
ten per cent were assumed, the figures for 
case 6 at roadway separation would be in¬ 
creased in a ratio of about 2:1. However, 
the advantage in favor of the two-wire 
narrow-spaced circuit as compared to the 
ground-return circuit would still be of the 
order of 10:1. 

A two-wire arrangement in which one 
wire is located on each side of the road 
(case 7) is about equivalent, from the 
noise standpoint, to a ground-return cir¬ 
cuit located across the road from the 
telephone line. 

Telephone Circuit Transpositions 

Telephone circuit transposition systems 
are-of maximum effectiveness when (1) 
the power circuit influence is constant 
throughout the exposure, (2) the expo¬ 
sure configuration is uniform, and (3) 
neutral points in the telephone transpo¬ 
sition layout occur at the ends of the in¬ 
dividual exposure zones. In the case of 
exposures to series sodium lighting cir¬ 
cuits, tliere is a continuous variation in 
influence from a maximum at one end to 
zero at the other end of the lighting cir¬ 
cuit. However, if the second and third 
conditions just mentioned are realized, the 
variation in influence may not seriously 




Nab =“ 0«"l • C- Kf Kv-T noise units 
Njuph “ D.2 (Mab ~~ Ned) noise units 

Nab —Longitudinal noise current In telephone 
pair ab due to Induction from lighting circuit 
voltage* 

Nmph —Metallic-circuit noise In phantom 
circuit terminated In Its characteristic imped¬ 
ance 

C—Longitudinal circuit coupling capacitance* 
betvyeen a telephone pair and the lighting 
circuit—micromicrofarads per kilofoot 

/Cv* 7—Average value, in a section of uniform 
configuration, of product of Ilghtlng-cIrcult 
voltage* and its TIF 

a, bf c, d —^Subscript letters, Indicating the four 
wires of a phantom circuit, as 1, 2, 3, 4 or 
7, 8, 9,10 

Kf —Length In kllofeet of section of uniform 
configuration 

*Note: If lighting circuit is unbalanced to 
ground, carry through computations both for 
balanced and residual voltage 

Figure 9. Formulas for estimating noise in 
open-wire telephone phantom circuits exposed 
at highway separation to a series sodium 
lighting circuit 

(Applying to sections of uniform configuration) 


impair the transposition effectiveness. 
This is because the unneutralized induc¬ 
tion in one portion of a transposed section 
will generally be opposed by tliat in a suc¬ 
ceeding portion. The length of section in 
which this takes place depends upon the 
transposition system and also upon the 
partiailar circuit under consideration. 
Thus in the exposed line system,® neu¬ 
tralization takes place between succes¬ 
sive eight points for side circuit 1-2, 
while for side circuit 3-4 a half section is 
required. On the other hand, in the K-S 
phantomed system the transposition pat¬ 
tern is more complex and such simple re¬ 
lations do not hold. This effect is illus¬ 
trated by the calculated values of noise 
given in table II for idealized exposure 
conditions. A uniform joint-use expo¬ 
sure, having the configuration shown in 
figure 7, was assumed between a 6.5-mile 
ungrounded lighting circuit and a 20-wire 
telephone Hne. The influence of the 
lighting circuit was assumed balanced 
with the Kv*T varying uniformly from 
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Table II. Calculated Noise in a Six-Miie 
Idealized Joint-Use Exposure 

Traiisposition 

Section 


ITn- 

transposed 

A 

E 

KA 

Side circuit 1-2.2,200..., 

25.. 

.. 0. 

..15 

Side circuit 3-4. 950_ 

50.. 

..80., 

..15 

Phantom circuit 1-4 . .5,800.... 

1,900.. 

.. 0.. 

. 0 


800 to zero from one end of the exposure 
to the other. The telephone transposi¬ 
tion arrangements within the six-mile 
exposure were taken as (1) untransposed, 
(2) the first six miles of an eight-mile A 
section (standard system®), (3) first six 
miles of an eight-mile E section® (ex¬ 
posed line system), and (4) a six-mile KA 
section® (K~8 phantomed system). 

The magnitude of the noise for phan¬ 
tom circuit 1-4 in the case of the A sec¬ 
tion results largely from the fact that in 
this type of section the quarter points are 
not neutral points for phantom 1-4. 

The degree of neutralization indicated 
by the tabulated values for the E and KA 
sections would not be expected to obtain 
in a practical joint-use exposure of this 
character, because of the effect of in¬ 
evitable departures from absolute imi- 
formity of exposure conditions and be¬ 


cause of other differences from the ideal¬ 
ized conditions assumed. It does ap¬ 
pear, however, that in exposures likely to 
be encountered in practice the variation 
of the influence along the lighting circuit 
will be of less importance than the degree 
of uniformity of the exposure, the relative 
locations of the ends of the individual ex¬ 
posure zones, and the neutral points in 
the telephone transposition layout. 

Summary of Conclusions 

The following is a summary of the more 
significant facts brought out in the above 
discussion including an outline of meas¬ 
ures which have been found effective in 
the noise-frequency co-ordination of se¬ 
ries sodium lighting circuits and parallel¬ 
ing telephone lines: 

1. The wave form of the current on a series 
lighting circuit supplying sodium lamps is 
approximately sinusoidal. The voltage 
wave, however, is distorted and somewhat 
irregular in character, roughly approximat¬ 
ing a square wave (see figure 3). An analy¬ 
sis of the voltage wave indicates the presence 
of all the odd and many of the even har¬ 
monics of the fundamental supply frequency 

2. The wave-shape distortion on the light¬ 
ing circuit is not transferred to the circuit 
supplying the constant-current transformer 
because of the relatively high leakage react¬ 
ance of the latter. 


3. Since only the voltage wave is distorted, 
electric induction in exposed telephone cir¬ 
cuits is the only type of importance. Con¬ 
sequently, if either the lighting circuit or the 
paralleling telephone circuits are in metallic- 
sheathed cable, the shielding effect of the 
sheath will prevent appreciable noise induc¬ 
tion. 

4. The line-to-line Kv>T varies from a 
maximum at the constant-current trans¬ 
former to a minimum at the far end of the 
circuit. The maximum Kv- T depends upon 
the number of lamps operating. However, 
the total Kv>T is not directly proportional 
to the number of lamps, indicating that the 
harmonic components from the individual 
lamps are not exactly equal or exactly in 
phase. The curve in figure 4 gives the total 
Kv-T observed on circuits supplying vari¬ 
ous numbers of lamps. 

5. Since the influence varies from a maxi¬ 
mum at the supply end to a minimum at the 
far end of the lighting circuit, the direction 
of feed may have an important effect on the 
magnitude of the induction. This will be 
most noticeable for nonuniform exposures— 
for example, where a section of joint use 
exists at one end of an exposure, the re¬ 
mainder of which is at highway separation. 
If in such a situation a choice were available 
as to the direction of feed, the location of 
the constant-current transformer at the end 
of the circuit remote from the joint-use ex¬ 
posure section would result in the lower 
magnitude of induction. 


Figure 10. Gipecitance values 
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ExpostjRE Configuration 

In order to indicate the relative in¬ 
fluence of various configurations, calcula- 
tions have been made of the noise induc¬ 
tion for a one-kilofoot jmiform section of 
exposure, in which the average lighting 
circuit Kv'T was taken as 100 and 
throughout which the telephone circuits 
were assumed untransposed. These noise 
induction data are shown in figure 6. 
The noise-metallic values are for a circuit 
terminated at each end in its characteris¬ 
tic impedance. The noise-longitudinal 
values are totals, and will divide in the 
two directions from the exposure in¬ 
versely as the respective longitudinal cir¬ 
cuit impedances. 



^•nA“ .KVy^^.T 

NOISE 

UNITS 

NflB- 0.l-C„B-Kf.Kv^g .T 

NOISE 

UNITS 


NOISE 

UNITS 

Nyj = 0.25fNa-Nb) 

NOISE 

UNITS 

Nypgn O.ZCCNa +Nb)-CNj.+ 

Nd)3 

NOISE 

Nl - 0.5CNa+Nb)-l0-3 

NOISE UNITS 


^nA —Noise current in telephone wire n due 
to induction from voltage to ground of 
lighting-circuit wire A 

Nn —Total noise current in telephone wire n 
due to induction from voltage to ground of 
both lighting-circuit wires yd and B 

Nms —Metallic-circuit noise in side circuit 
terminated in its characteristic impedance 
(Nuph same for phantom circuit) 

Ni —Noise-longitudinal per wire 

CnA^f^k^ct capacitance between wire n and 
wire A, micromicrofarads per kilofoot 

Kf —Length in kilofeet of section of' uniform 
configuration 

Kvgji’T —Average value, in a section of uni¬ 
form configuration, of product of voltage to 
ground of wire A in kilovolts and its TIF 

a, b, c, d —Subscript letters indicating the 
four wires of a phantom circuit, as 1, 2, 3, 4 
or 7/ 8, 9, 10 

Figure 8. Formulas for estimating noise in 
open-wire telephone circuits in joint use with 
a series sodium lighting circuit 

(Applying to sections of uniform configuration) 
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The advantage of a closely spaced all- 
metallic circuit with staggered lamps 
over a ground-return lighting circuit, at 
joint-use separations, may be observed 
by comparing cases 1 and 3 of figure 6. 
These figures indicate an advantage of 
between 5:1 and 10:1 in favor of the me¬ 
tallic circuit. This applies, of course, to 
the average noise conditions across the 
lead- A comparison of cases 2 and 3 in¬ 
dicates that, except for longitudinal cir¬ 
cuit induction, most of the advantage of 
the metallic circuit is lost if the two wires 
are widely separated on the crossarm. 
The figures given for cases 2 and 3 as¬ 
sume the residual KvT to be negligible 
due to the staggering of the lamps. If a 
residual Kv-T of ten per cent of the Kv'T 
between wires were assumed, the figures 
for case 3 would be increased, on an aver¬ 
age, by about ten per cent. However, 
this would not greatly decrease the ad¬ 
vantage of the two-wire balanced circuit 
over the ground-return arrangement. 

At roadway separation the data of 
figure 6 show the two-wire closely spaced 
arrangement (case 6) to compare even 
more favorably with the ground-return 
circuit (case 4). Even the wide-spaced 
two-wire circuit (case 5) has a decided ad¬ 
vantage over the ground-return circuit at 
a 35-foot separation. Here again the 
figures given for the two-wire circuits at 
roadway separation neglect the effects of 
residual voltage. If a residual Kv‘T of 
ten per cent were assumed, the figures for 
case 6 at roadway separation would be in¬ 
creased in a ratio of about 2:1. However, 
the advantage in favor of the two-wire 
narrow-spaced circuit as compared to the 
ground-return circuit would still be of the 
order of 10:1. 

A two-wire arrangement in which one 
wire is located on each side of the road 
(case 7) is about equivalent, from the 
noise standpoint, to a ground-return cir¬ 
cuit located across the road from the 
telephone line. 

Telephone Circuit Transpositions 

Telephone circuit transposition systems 
are of maximum effectiveness when (1) 
the power circuit influence is constant 
throughout the exposure, (2) the expo¬ 
sure configuration is uniform, and (3) 
neutral points in the telephone transpo¬ 
sition layout occur at the ends of the in¬ 
dividual exposure zones. In the case of 
exposures to series sodium lighting cir¬ 
cuits, there is a continuous variation in 
influence from a maximum at one end to 
zero at the other end of the lighting cir¬ 
cuit. However, if the second and third 
conditions just mentioned are realized, the 
variation in influence may not seriously 
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Nab = OA ' C • Kf‘ Kv-T noise units 
NuPh == 0*2 (Nab - Ned) noise units 

Nab —Longitudinal noise current in telephone 
pair db due to induction from lighting circuit 
voltage* 

Nmpu —Metallic-circuit noise in phantom 
circuit terminated in its characteristic imped¬ 
ance * 

C—Longitudinal circuit coupling capacitance* 
between a telephone pair and the lighting 
circuit—micromicroFarads per kilofoot 

Kv'T —^Average value, in a section of uniform 
configuration, of product of lighting-circuit 
voltage* and its TIF 

a, bf c, d —Subscript letters, indicating the four 
wires of a phantom circuit, as 1, 2, 3, 4 or 
7, 8, 9, 10 

Kf —Length in kilofeet of section of uniform 
configuration 

*Note: If lighting circuit is unbalanced to 
ground, carry through computations both for 
balanced and residual voltage 

Figure 9. Formulas for estimating noise in 
open-wire telephone phantom circuits exposed 
at highway separation to a series sodium 
lighting circuit 

(Applying to sections of uniform configuration) 

impair the transposition effectiveness. 
This is because the unneutralized induc¬ 
tion in one portion of a transposed section 
will generally be opposed by that in a suc¬ 
ceeding portion. The length of section in 
which this takes place depends upon the 
transposition system and also upon the 
particular circuit under consideration. 
Thus in the exposed line system,^ neu¬ 
tralization takes place between succes¬ 
sive eight points for side circuit 1-2, 
while for side circuit 3-4 a half section is 
required. On the other hand, in the K-S 
phantomed system the transposition pat¬ 
tern is more complex and such simple re¬ 
lations do not hold. This effect is illus¬ 
trated by the calculated values of noise 
given in table II for idealized exposure 
conditions. A uniform joint-use expo¬ 
sure, having the configuration shown in 
figure 7, was assumed between a 6.5-mile 
ungrounded lighting circuit and a 20-wire 
telephone line. The influence of the 
lighting circuit was assumed balanced 
with the Kv'T varying uniformly from 
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Figure 12. Correc¬ 
tion factor for effect 
of separation for 
longitudinal - circuit 
coupling factors of 
figure 10 


The available data, which are quite lim¬ 
ited, on the longitudinal circuit coupling 
capacitance for highway separation expo¬ 
sures are also given in figure 10. These 
values are for a pair of telephone wires, 
rather than a single wire. Consequently 
they make possible estimates of noise in 
p^ntom circuits but not in side circuits. 
Since induction in phantom circuits is gen- 
eraUy greato than in side circuits, the noise 
esthnates will show the upper limits of noise 
to be expected. As an approximation, 
these capacitance values may be corrected 
for other values of separation between the 
lighting circuit and telephone circuits by 
means of the factors in figure 12. For a 
single-wire lighting circuit the residual in¬ 
duction values, increased by 60 per cent, 
should be used. If there are other conduc¬ 
tors on the pole line in addition to the light¬ 
ing circuit, the coupling capacitances will be 
reduced by the resulting shielding. This 
reduction may be of the order of 60 per cent. 

Combination op Induction 

From Various Sections 

In view of the apparent differences in 
phase of the harmonics arising in different 
lamps, it appears that the best method of 
combining the noise arising in the highway 
sections and the joint-use sections is to take 
the square root of the sum of the squares. 

An opportunity to check these methods 
of estimating noise has be^ afforded in one 
field ‘ situation. In this case the open-wire 
telephone and toll circuits were transposed 
according to the ABC system and were ex¬ 
posed for 12 miles at highway separation 
and for 1.7 miles in joint use. The lighting 
circuit consisted of three sections, each ap¬ 
proximately six miles in length. The two 
wires of the lighting circuit were located on 
adjacent pins (16-inch spacing) and a stag¬ 
gered arrangement of lamps was employed. 
The average contribution of the lighting dr- 
cmts to the telejphone circuit noise was es¬ 
timated as 100 noise units for side circuits 
and 260 noise units for phantom drcuits. 


The corresponding measured values were 
160 noise units and 350 noise units. 
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Discussion 

C. W. Frick (General Electric Company, 
Schenectady, N. Y.): Sodium lighting is 
a development which utilizes the high 
efficiency and other desirable characteristics 
of gaseous-discharge lamps. It does not 
displace incandescent lighting since each 
has its own field. In common with other 
devices in which conduction takes place 
through ionized gas, either the voltage or 
the current is distorted, in this case the 
voltage. The series arrangement does not 
lend itself to the application of devices for 
wave-shape improvement. 

From the co-ordination standpoint there 


are three types of situations: first, where the 
number of lamps is small and the distorted 
voltage has negligible effect; second, where 
either the lighting circuit or the paralleling 
telephone circuits are in metallic-sheathed 
cable so that shielding practically eliminates 
the effect of distorted voltage; third, where 
fairly long parallels exist between open-wire 
circuits and the distorted voltage may cause 
noise induction under some conditions. 

In the early installations the situations 
were either of the first or of the second type, 
and this stiU applies to a majority of the in¬ 
stallations. A good example is the illumina¬ 
tion of a traffic circle, an intersection, or a 
grade crossing. When the utility of this 
type of lighting for highways had been dem¬ 
onstrated situations of the third t 3 rpe began 
to appear. It is worthy of note that co¬ 
operative studies were undertaken before 
any of these situations actually developed. 
The co-ordinative measures described in 
the paper resulted from these studies. If 
installations such as the one 16 miles long 
referred to by the authors had been planned 
without any thought of co-ordination, the 
pin position nearest the road might have 
been chosen for the lighting circuit and all 
the lamps connected in that wire. The 
other wire might then have been put in a 
similar position on the opposite side of the 
crossarm. The studies showed, however, 
that such an arrangement would not have 
given the best results. Actually, arrange¬ 
ments have been chosen which were rec¬ 
ommended for minimizing the inductive 
effects. Thus the lighting circuits have been 
planned with wires on adjacent pins and the 
lamps alternated between wires, as recom¬ 
mended in the paper. 

When an installation is contemplated 
where conditions of the third type exist, the 
data in the paper should be carefully con¬ 
sidered from the point of view of both the 
lighting circuit and the telephone circuit. 
For roadway separation the problem is prac¬ 
tically solved when the recommendations 
are followed. Up to the present time there 
has been only a limited amount of experi¬ 
ence with these open-wire circuits at joint- 
use separation. 

At the present time there are over 6,000 
sodium luminaires in service and we know 
of no reports of telephone interference from 
this cause. 


P. W. Blye: As mentioned by Mr. Frick 
in his discussion, it is important, where a 
parallel is to be created between a series 
sodium lighting circuit and an open-wire 
telephone line, that the inductive co¬ 
ordination aspects be considered in planning 
the arrangement of the lighting circuit. 
A co-operative study of the situation by the 
power and telephone companies involved, 
including an estimate of the noise induction, 
will indicate whether or not special co- 
ordinative measures will be necessary either 
in the lighting circuit design or in the tele¬ 
phone line. In cases where special meas¬ 
ures are necessary their installation in 
advance of the energization of the lighting 
circuit will generally be found not only 
most economical but also most desirable 
from the standpoint of avoiding incon¬ 
venience to either utility. The present 
paper has been arranged to provide the 
technical data required in the co-operative 
consideration of such problems. 
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Electromagnetic Horn Design 
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Synopsis: The principles of designing elec¬ 
tromagnetic horn '‘antennas^* to obtain 
beams of specified angular spread, smooth¬ 
ness of contour and power gain are disclosed. 
Quantitative curves are given from which 
the design of sectoral and pyramidal horns 
may be readily made. 

T his paper deals with the trans¬ 
mission and reception of ultrahigh- 
frequency electromagnetic waves by 
flared horns of metal. Several earlier 
papers (see bibliography) have described 
the operation and some of the applica¬ 
tions of these new ‘‘antennas'* and have 
reported fundamental research of both 
experimental and theoretical nature. In 
this paper, some of the more important 
principles of design will be discussed. Nu¬ 
merical data based on theoretical consid¬ 
erations will be presented that permit the 
specification of horn dimensions for given 
radiation performance. 

General Considerations 

The elec^omagnetic horn comprises a 
formed sheet of conducting material flared 
from a ‘‘throat" or small end to a 
"mouth" or large end. In applications 
to transmitting, electromagnetic, energy 
delivered to the throat propagates 
through the interior of the horn to the 
mouth as ‘‘horn waves." At the mouth, 
substantially all of this energy is radiated 
as free-space or ordinary radio waves. 
In applications to receiving, a similar but 
reverse process occurs. , It may be shown 
by the general theorem of reciprocity for 
electromagnetic systems, that a given 
horn will have characteristics as a receiver 
similar to those that it has as a transmit¬ 
ter, hence the material to follow applies 
to both applications. 

Although a wide variety of shapes is 
possible, a shape having a rectangular 
cross section perpendicular to the central 
axis of the horn is preferable, because it 
is capable of producing a linearly polarized 

Paper number 39-45, recommended by the AIEE 
committee on communication, and presented at the 
AIEE winter convention. New York, N. Y„ Janu¬ 
ary 23-27, 1939. Manuscript submitted Novem¬ 
ber 5,1938; made available for preprinting Decem¬ 
ber 30, 1938. 

L. J. Cbu is research fellow, Massachusetts Institute 
of Technology, Cambridge; W. L. Barrow is 
assistant professor of electrical communications at 
the same institution. 

6 . For all numbered references, see list at end of 
paper. 


wave. The rectangular shape also per¬ 
mits an independent control of the width 
of the radiated beam in the horizontal 
and vertical planes. Homs having 
straight sides in the longitudinal cross sec¬ 
tion have been most used, because of the 
economy and ease of construction and be¬ 
cause thorough analysis of this structure 
has been made. Pyramidal and the sec¬ 
toral horns, having both sides flared and 
having two opposite sides flared and the 
other two opposite sides parallel, respec¬ 
tively, are the most important examples. 
The analysis of this paper applies directly 
to sectoral horns and indirectly to those of 
pyramidal shape. 



dimensions 

The material from which the horn is 
made may be any of the highly conducting 
metals. Galvanized iron sheeting and 
thin electrolytic copper foil cemented to 
plywood have both proved satisfactory. 
Screen or other semiopen construction 
may also be employed. Dielectric sup¬ 
ports and insulators are not required in 
any region of intense field, consequently 
dielectric losses are low. For protection 
from weather, however, the mouth may be 
tightly covered with a dielectric material, 
such as silk, fabric, or plywood. 

Two general methods of exciting the 
horn are available; namely (1) hollow- 
pipe feed, and (2) direct excitation. In 
the first case a hollow-pipe transmission 
line is connected to the throat, and in the 
second case an exciting rod or other radi¬ 
ating means, such as a vacuum tube, is 
disposed directly in the throat. The 
first method is mainly useful for wave 
lengths less than about 20 centimeters, 
but the second method is applicable to 
longer waves. Experiment has shown 
that substantially the same radiation 


patterns may be produced with either 
arrangement. 

Figure 12 shows a large p 3 rramidal 
electromagnetic horn that was designed 
in accordance with the principles out¬ 
lined in this paper. It is constructed of 
plywood and copper foil. It is designed 
for optimum sharpness of beam in the 
verti^ plane when operated at a wave 
length of 50 centimeters. This horn was 
constructed in connection with a research 
program on the instrument landing of 
airplanes conducted at Massachusetts 
Institute of Technology for the Civil 
Aeronautics Authority. 

The sketch of figure 1 shows a sectoral 
horn and serves to define the following 
quantities: flare angle horizontal aper¬ 
ture h/\ vertical aperture a/\ radial 
length pi/X, and the cut-off length po/X, 
where X is the wave length. The same 
unit of length is used for all dimensions 
and for the wave length. 

Propagation within the horn may take 
place by means of any of several different 
types of horn waves, or by a combination 
of them. Which of the types is present 
depends on the configuration of the ex¬ 
citing system at the throat or of the waves 
delivered there by a hollow-pipe transmis¬ 
sion line, and also on the flare angle and 
the cut-off length po/X. Expressions for 
the field configurations and transmission 
properties of these waves may be ob¬ 
tained by solving Maxwell’s equations in 
cylindrical co-ordinates and satisfying 
the boundary conditions on the siufaces 
of the horn.® In general, two distinct 
groups of waves result; namely, E waves, 
having no radial component of magnetic 
intensity, and H waves, having no radial 
component of electric intensity.* For 
most applications of the horn, the H 
waves are employed, particularly the two 
waves of lowest order, Ho,! and Jli,©. The 
reason for this choice is found in the fact 
that the configuration of the field of these 
waves inside the horn is such as to pro¬ 
duce single-lobe beams of linear polariza¬ 
tion in the radiated wave. 

Sketches of the field configurations of 
the jHo,i and the waves are repro¬ 
duced in figure 2. The electric intensity 
in the Hq,i wave is everywhere parallel to 
the y axis, is uniform in intensity in this 
direction but has a half-sinusoid distribu¬ 
tion in intensity along an arc between the 
two flared sides. The magnetic lines lie 
in planes perpendicular to the y axis. 
This wave may be excited by a current- 
carrying rod in the throat disposed par- 

♦ Two subscripts, m and n, are required to define 
a particular wave. These subscripts give the 
number of half sinusoids in the field distribution 
between the two parallel sides and between the two 
flared sides, respectively. 
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allel to the y axis, or by feeding an ifo,i 
wave into the throat from a rectangular 
hollow pipe. In the ifi,© wave, the elec¬ 
tric lines of force lie along arcs between 
the two flared sides; they have a uni¬ 
form distribution along the arc, but a half¬ 
sinusoid distribution in the y direction. 
The magnetic lines lie in planes passing 
through the y axis. This second type of 
wave may be excited by a current-carry¬ 
ing rod disposed centrally in the throat 
parallel to the z plane and along an arc 
about the vertex, or by feeding an i?i,o 
wave into the throat from a rectangular 
hollow pipe. Both waves have constant 
phase on cylindrical surfaces about the y 
axis. 

Design Considerations 
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Figure 3. Throat design curves 

Optimum cut-off length po/X for the Ho,i 
wave (n = 1) and the radial extent of the 
high attenuation region for the Ho ,3 wave 
(n « 3) 
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Figure 4. Beam angles in the vertical plane 
for Ho.i and H],o waves 


experimental results have already been 
published.®’® 


In the design of electromagnetic horn 
radiators, two aspects of the horn are of 
fundamentd importance. The first of 
these has to do with the excitation within 
the horn of the desired type of wave to 
the exclusion of waves of other types. 
In addition to the provision of an appro¬ 
priate disposition of the exciting rod or 
rods, it is also necessary to make the size 


Figure S. Field conBguralions for Ho,] and 
Hi,o waves in a horn 

Solid lines represent electric lines of force and 
dotted lines represent magnetic lines of force 


the given requirements as to smoothness, 
sharpness, and concentration of the radi¬ 
ant energy in one direction. Two of the 
dimensions of the horn, in the plane in 
which these requirements are given, must 
be made to comply with definite values. 
For example, the flare angle and the 
length, or the flare angle and the horizon¬ 
tal aperture, etc., must be appropriately 
designed. These matters are considered 
at length in the remaining sections of this 
paper. 

Naturally, a considerable badeground 
of mathematical analysis antecedes the 


Throat Design 

In the vicinity of the exciting rod, a 
plurality of the different types of horn 
waves will be generated. In many ap¬ 
plications a single wave, say iTo,], should 
obtain near the mouth, as the radiation 
pattern will be distorted by the presence 
of other waves. A single wave near the 
mouth can be realized by appropriate 
design of the throat. The magnitude of 
the attentuation of each wave is relatively 
large near the apex but is progressively 
smaller at greater radial distances. The 
radial distance to which the region of 
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of the throat .and the radial length of the 
horn of sudi values that the desired wave 
only will be produced for radiation at the 
mouth. The determination of these 
T^ues will be discussed in the section en¬ 
titled “Throat Design.” The second 
importot aspMt of design concerns the 
radiation into space of a beam that meets 
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quantitative curves and the discussions of 
this paper., This analysis, which is in 
part published elsewhere,®'* has been 
omitted from this paper in order to em- 
phatize the design of actual horns for 
specific applications. Experimental meas¬ 
urements have been likewise omitted, 
although on hand in abundance. Some 
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relatively high attenuation extends is 
greater for waves of higher ordCT than for 
waves of lower order. Consequently, in 
a horn of given flare angle, a partiedar 
value for the cut-off length a» can be 
given that permits the Ht,,i wave to reach 
the mouth substantially unattenuated 
but wMch affords almost complete at- 
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Figure 5. Two typical series of horizontal 
radiation patterns for the Ho,i wave 

Upper series for constant flare angle of 30 
degrees and variable radial length. Lower 
series for constant radial length of 12 and 
variable flare angle 


tenuation or filtration of higher order 
waves. This value of po will be referred 
to as the “optimum cut-off length.** 
Homs for the production of single-lobe 
smooth beams should have their cut-off 
lengths not too different from this op¬ 
timum value. Figure 3 shows graphi¬ 
cally the relation between the optimum 
cut-off length and the flare angle for the 
wave. For comparison, the radial 
extent of the high-attenuation region for 
the Hi),8 wave is given by the curve « = 3. 
The vertical dimension a affects neither 
the transmission characteristics of the 
Ho,i waves nor the filtration of higher 
order waves except when a > > X. 

When radiation by means of the Hi,o 
wave is desired, the iJ8,o, H8,o, . . . waves 
must be eliminated or filtered, which may 
be achieved by adjusting the dimension 
a. The Hi,o wave is able to travel freely 
in the radial direction when a > 7r/2, but 
the H8 ,o wave requires a > (3X)/2 for free 
transmission, etc. Therefore, to elimi¬ 
nate the higher order waves, the dimen¬ 
sion a must be slightly greater than one- 
half wave length but less than three- 
halves wave lengths. The H 2 ,o and Hj,© 
waves can be prevented by constructing 
the exciting system with even S 3 mimetry 
about the plane y — a/2 equidistant from 
the two parallel sides of the hom. 

Special cases may arise wherein several 
wave-types may be used simultaneously. 
It will be assumed in the remainder of 
this paper, however, that the construction 
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of throat and exciting means is such that 
either an Ho,i or an Hi,o wave alone exists 
in the hom. 

Radiation Characteristics 

When the horn waves reach the mouth, 
they become free from the guiding sur¬ 
faces and spread out as radiant energy. 
The relative amplitude of the electric 
field intensity on a sphere of fixed radius 
large compared to wave length and aper¬ 
ture comprises the space radiation pat¬ 
tern. The radiation pattern along the 
intersection of this sphere and the x,y 
plane will be referred to as the vertical 
pattern and that along the x, z plane as 
the horizontal pattern. The discussions 
of this paper are confined to these two 
plane radiation characteristics. 

In evaluating the effectiveness of a 
given hom to produce a directed beam of 
radiation, recourse to the following knowl¬ 
edge is useful: (1) the detailed shape of 
the radiation pattern, such as the pres¬ 
ence and relative amplitudes of secondary 
lobes; (2) the angular width of the beam, 
or the “beam angle,** defined here as 
twice the angle measured from the for¬ 
ward axis of the radiation pattern to the 
nearest radial line in this pattern along 
which the magnitude of the electric field 
intensity is ten per cent of its value on 
this axis; and (3) the relative power gain, 
defined as the ratio of the power radiated 
from a dipole to that radiated from the 
hom to produce, in each case, the same 
magnitude of electric field intensity at a 
fixed remote point on the x axis. 

The radiation patterns were computed 
by means of Huygens’ principle from the 
distribution of the Hertzian vector at the 
mouth.® This distribution was assumed 
to be the same as that which would exist 
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at the plane of the mouth were the horn 
infinitely long: experiments have justified 
this assumption for most practical cases. 
The radiation patterns were plotted both 
in rectangular and in polar co-ordinates, 
and the beam angle was measured from 
the rectangular plots. The power radi¬ 
ated by the hom was obtained by inte¬ 
grating tlie Poynting vector over the 
mouth with the field at the mouth ad¬ 
justed to give unity power density at a 
fixed distance r on the x axis from the 
origin. The power radiated by the di¬ 
pole for the same effect is (8Tr2)/3. Al¬ 
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Figure 6. Beam angle in horizontal pattern 
for Ho,i wave versus (A) flare angle, (B) radial 
length, and (Q horizontal aperture 
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though the power gain obtained m this 
way does not include copper losses in 
either horn or dipole, it is believed suffi¬ 
ciently accurate for most purposes.® 

In the course of this research over a 
hundred radiation patterns were calcu- 
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Figure 7. Optimum design curve for Ho,i 
wave on beam-angle basis, giving shortest 
radial lengths and corresponding flare angles 
for a specifled horizontal beam angle 


figure 5. Only half of the beam is re¬ 
produced, but the opposite half is a 
mirror image of that which is given. 
Calculations for the back 180-degree 
sector cannot be made. The upper series 
for ^0 = 30 degrees shows the variation 
with radial length pi/X, and the lower 
series for pi/X shows the effect of flare angle 



lated for a wide range of horn parameters, 
plotted, and analyzed. Only a few of 
these patterns are reproduced here, but 
they show the same general shapes and 
trends possessed by all of the curves. 
A number of experimentally measured 
curves are on hand,® all of which agree 
satisfactorily with the calculated ones. 
Thus, the composite curves of beam angle, 
power gain, etc. are based on a consider¬ 
able and, we believe, adequate amount 
of data. 

The vertical patterns (in the », y plane) 
have the same shapes as those of a rec¬ 
tangular hollow-pipe radiator. The ex¬ 
planation lies in the fact that the distri¬ 
butions of the horn waves in the y direc¬ 
tion are similar to the distributions of the 
corresponding hollow-pipe waves in this 
direction. Patterns have been given 
elsewhere* and will not be reproduced 
here. The shape of the patterns comprises 
a principal lobe centered on the x axis 
and secondary lobes of relatively small 
amplitude. The sharpness of the princi¬ 
pal lobe depends mainly on the vertical 
aperture a/\ Figure 4 shows curves of 
beam angle versus vertical aperture for 
both Hq,i and Hi,o wav^. 

Ho,i Wave 

Two t 3 rpical series of horizontal pat¬ 
terns for the Ho,i waves are shown in 



(B) 


Figure 8. Power gain for Ho,i wave versus (A) 
flare angle and (B) horizontal aperture 

The values of power gain as read from the 
ordinate scale must be multiplied by the 
vertical aperture a/X of the horn 


A glance at these patterns reveals that 
(1) for constant flare angle the sharpness 
of the beam is improved by increasing 
the length of the horn, up to a certain 
length, beyond which very little improve¬ 
ment occurs, and (2) for constant length 
there is a value of flare angle for which the 
beam angle is maximum. Although the 
radiation patterns show slight irregu¬ 
larities, secondary lobes are substantially 
absent from all of them. This fact, of 
considerable significance to some appli¬ 
cations, is attributable to the half-sinus¬ 
oid distribution of electric intensity at 
the mouth. 

Curves are shown in figures 6.4, J5, 
and C relating the beam angle with the 
several design parameters. The trends 
(1) and (2) mentioned in the preceding 
paragraph may be traced in each of these 
curves. In particular, each curve in A 
has a minimum, and a line connecting 
these minima would be approximately a 
straight line through the origin. Su<i a 
straight line defines the shortest horns 
that may be employed to produce a beam 
of specified angle. A corresponding 
envelope line could be drawn in B, 

Optimum conditions may be expressed 
numerically by plotting associated values 
of optimum flare angle and length versus 
the beam angle, as has been done in 
figure 7. This important design curve 
permits the ready specification of opti¬ 
mum horn dimensions for a beam of 
given angle. 

Curves showing the variation of power 



Figure 9. Optimum design curve for Ho,i 
wave and Hi,® wave on a power-gain basis, 
giving shortest radial lengths and correspond¬ 
ing flare angles for a specifled power gain 


The values of the power gain as read from 
the abscissa scale must be multiplied by the 
vertical aperture a/X of the horn 


gain with flare angle for a number of 
constant radial lengths are reproduced in 
figure &4. Here, too, one finds that for 
a hom of any given length there is an 
optimum flare angle. In this case, it 
provides maximum power gain. The 
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values of the maxima occur at smaller 
flare angles for increasing lengths of horn. 
The magnitude of the maximum power 
gain increases with increasing length. 
Figure 8B shows the variation of power 
gain with horizontal aperture. If the ab¬ 
scissas are multiplied by a/X, this curve 
will show the variation of power gain 
with the transverse area of the mouth. 
Clearly, the gain is not a simple function 
of the mouth area. 

The peaks of the curves in figure 8 
provide optimum design conditions on a 
power gain basis. These optimum values 
of flare angle and length that provide 
maximum power gain are plotted in 
figure 9. This curve, as well as the 
accompanying one for the Hj^o wave, 
allows the specification of optimum horn 
dimensions for a given power gain and 
supplements the curve of figure 7. 

The absolute magnitude of the power 
gain is plotted for a vertical aperture 
a/X unity, but one should note that 
the power gain is directly proportional 
to the vertical aperture. Consequently, 
the values of power gain given in the 
curves are to be multiplied by the value 
of a/X of the horn in question. Clearly, 
quite enormous power gains may be 
obtained. For example, for a horn of 
length pi/X = 50 having an optimum 
flare angle of 14° and a vertical aperture 
of a/X of 10, the power gain is 720. A 
horn of these dimensions is entirely 
feasible and of moderate size at wave 
lengths of, say, ten centimeters. The 


Figure 10* Two typical series of horizontal 
radiation patterns for the Hi^o wave 

Upper series for constant flare angle of 35 
degrees and variable radial length. Lower 
series for constant radial length of 15 and 
variable flare angle 


power gain of the horn shown in the 
accompanying photograph is calculated 
to be 50. 

Hi,o Wave 

Two representative series of horizontal 
radiation patterns (in the x,z plane) 
are shown in figure 10. The upper series 
is for horns of a constant flare angle of 35 
degrees and the lower series for horns of 
a constant radial length of 15. The same 
general trends are found here that were 
noticed in figure 5 for the Ho,i wave. 
However, the order of magnitude of the 
secondary peaks in the patterns is con¬ 
siderably greater with Hi,o waves. For 
horns of equal length, increasing the flare 
angle from a small value at first will 
sharpen the principal part of the beam. 
It also increases the magnitude of the 
secondary peaks. For sufficiently large 
flare angles, these secondary peaks be¬ 
come larger than the principal beam. 
As a consequence, the beam becomes 
broader as the flare angle is increased. 
For horns of constant flare angle the 
tendency is also observed for the beam to 
broaden as the length of the horn is in¬ 
creased. However, for sufficiently great 
lengtlis, the width of the beam is sub¬ 
stantially equal in magnitude to the 
flare angle. 

The explanation of the exaggerated 
secondary peaks in the pattern of the 
JSTijO wave lies in the uniform distribution 
of the field across the mouth in the 
horizontal direction and the abrupt 
discontinuity at the edges. The irregular 
shape of the horizontal patterns makes it 
impractical to define a beam angle and 
reference must be had to the actual 
radiation patterns. 

Power gains for the i?i,o wave are given 
by the curves of figure 11^4 and figure 
llj5. The general behavior of these 





Figure 11, Power gain for Hi,o wave versus 
(A) flare angle and (B) horizontal aperture 


The values of power gain as read from the 
ordinate scale must be multiplied by the vertical 
aperture a/X of the horn 


curves is similar to those of the curves for 
the ilc,i wave. The small oscillation of 
power gain at large flare angles is associ¬ 
ated with the shift of the energy from 
principal lobe to secondary lobe, as 
described above. The power gain is a 



Figure 12 
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though the power gain obtained in this 
way does not include copper losses in 
either horn or dipole, it is believed suffi¬ 
ciently accurate for most purposes.® 

In the course of this research over a 
hundred radiation patterns were calcu- 



Figure 7. Optimum design curve for Ho,i 
wave on beam>angle basis, giving shortest 
radial lengths and corresponding flare angles 
for a speciPied horizontal beam angle 


lated for a wide range of horn parameters, 
plotted, and analyzed. Only a few of 
these patterns are reproduced here, but 
they show the same general shapes and 
trends possessed by all of the curves. 
A number of experimentally measured 
curves are on hand,® all of which agree 
satisfactorily with the calculated ones. 
Thus, the composite curves of beam angle, 
power gain, etc, are based on a consider¬ 
able and, we believe, adequate amount 
of data. 

The vertical patterns (in the x, y plane) 
have the same shapes as those of a rec¬ 
tangular hollow-pipe radiator. The ex¬ 
planation lies in the fact that the distri¬ 
butions of the horn waves in the y direc¬ 
tion are similar to the distributions of the 
corresponding hollow-pipe waves in this 
direction. Patterns have been given 
elsewhere® and will not be reproduced 
here. The shape of the patterns comprises 
a principal lobe centered on the x axis 
and secondary lobes of relatively small 
amplitude. The sharpness of the princi¬ 
pal lobe depends mainly on the vertical 
aperture a/\. Figure 4 shows curves of 
beam angle versus vertical aperture for 
botli i7o,i and waves. 

Ho,i Wave 

Two typical series of horizontal pat¬ 
terns for the Ho,I waves are shown in 


figure 5. Only half of the beam is re¬ 
produced, but the opposite half is a 
mirror image of that which is given. 
Calculations for the back 180-degree 
sector cannot be made. The upper series 
for <#>o — 30 degrees shows the variation 
with radial length pi/X, and the lower 
series forpi/Xshows the effect of flare angle 



0 to 20 30 40 50 

FLARE ANGLE - DEGREES 


{A) 



(B) 


Figure 8. Power gain for Ho,i wave versus (A) 
flare angle and (B) horizontal aperture 

The values of power gain as read from the 
ordinate scale must be multiplied by the 
vertical aperture a/X of the horn 


00- A glance at these patterns reveals that 
(1) for constant flare angle the sharpness 
of the beam is improved by increasing 
the length (Sf the horn, up to a certain 
length, beyond which very little improve¬ 
ment occurs, and' (2) for constant length 
there is a value of flare angle for which the 
beam angle is maximum. Although tile 
radiation patterns show slight irregu- ^ 
larities, secondary lobes are substantially 
absent from all of them. This fact, of 
considerable significance to some appli¬ 
cations, is attributable to the half-sinus- 
oid distribution of electric intensity at 
the mouth. 

Curves are shown in figures QA, B, 
and C relating the beam angle with the 
several design parameters. The trends 
(1) and (2) mentioned in the preceding 
paragraph may be traced in each of these 
curves. In particular, each curve in A 
has a minimum, and a line connecting 
these minima would be approximately a 
straight line through the origin. Such a 
straight line defines the shortest horns 
that may be employed to produce a beam 
of specified angle. A corresponding 
envelope line could be drawn in B. 

Optimum conditions may be expressed 
numerically by plotting associated values 
of optimum flare angle and length versus 
the beam angle, as lias been done in 
figure 7. This important design curve 
permits the ready specification of opti¬ 
mum horn dimensions for a beam of 
given angle. 

Curves showing the variation of power 
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Figure 9. Optimum design curve for Ho,i 
wave and Hi,o wave on a power-gain basis, 
giving shortest radial lengths and correspond¬ 
ing flare angles for a specified power gain 


The values of the power gain as read from 
the abscissa scale must be multiplied by the 
vertical aperture a/X of the horn 


gain with flare angle for a number of 
constant radial lengths are reproduced in 
figure 8A. Here, too, one finds that for 
a horn of any given length there is an 
optimum flare angle. In this case, it 
provides maximum power gain. The 
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the span of paper from the unwinding roll 
to the calender, and in the span from the 
calender to the roll winding-up. Quick 
stopping is essential in order to keep the 
passage of wrinkled paper between the 
rolls to a minimum when a paper break 
does occur because the calender's com¬ 
position rolls are made of compressed 
cotton or paper. The smooth surfaces 
of these rolls become marred ultimately 
from wrinkled paper in the machine and 
time taken for regrinding rolls cuts into 
the productivity of the calenders. 

Electric Drive System 

In the course of securing adjustable 
speed by electric drives and working up 
from the previous 500 feet per minute 
maximum productive speed, there have 
been several methods employed. Where 
direct current was available or provided 
•the shunt-design d-c motors were used 
and productive speeds obtained by field 
weakemng the motor, with constant 
armature voltage. Threading speed was 
obtained by reduced armature voltage 
using external resistances in series with 
and shunted across the armature. Varia¬ 
tions of this system to serve several 
drives in the same calendering depart¬ 
ment involved the use of two or more 
voltages in the power circuit, for example 
both 250 and 125 volts for the motor 
armature with further range of speed ad¬ 
justment by field weakening available 
with the armature connected to either 
voltage, and 35 volts as a source of arma¬ 
ture voltage for threading operation 
eliminating external armature resistance. 

Drives were developed to operate on 
a-c circuits, these being of the wound- 
rotor induction-motor type. The selec¬ 
tions of speeds for productive operation 
were made with adjustable secondary or 
rotor resistance. Threading speed was 
provided, either by use of an auxiliary 
squirrel-cage induction motor, driving 
through a suitable reduction and over¬ 
running gear, or by a separate reduced- 
frequency and alternating-voltage circuit 
for the wound-rotor motor. 

The variable-voltage, or adjustable 
direct-voltage system was introduced for 
paper mills not having direct current 
available, but where the characteristics 
of the d-c motor were wanted. This in¬ 
volved a motor generator set operating 
on the mill a-c circuit, with rheostatic 
field control of the generator to provide 
adjustable-output direct voltage for the 
armature circuit of a shunt-design d-c 
motor used for driving the supercalender. 

A separate exciter, usually coupled into 
the motor generator set, furnished a 


source of constant voltage for the shunt the work done on the paper being calen- 
field and control circuits. Threading dered. 

Sp^ was provided by impressing a low Prom a large number of observations 
voltage on the motor armature, smooth studied, it appears that for a given set of 
acceleration and deceleration by adjust- conditions each component has a constant 
ing the voltage gradually and smoothly torque characteristic wherein the horse- 



Fisure 1. Belt drive for supercalender, com¬ 
monly used before development of modern 
electric drives 


over a wide range between minimum and 
maximum available armature voltage. 

The recent supercalenders installed for 
operation over wide speed ranges to maxi¬ 
mum speed of 1,200 to 2,000 feet per 
minute are equipped with variable-volt¬ 
age drives. The use of a low armature 
voltage to the motor, or of an auxiliary 
threading motor with suitable reduction 
gears and an overrunning clutch, are 
alternate methods of obtaining the thread¬ 
ing speed. In mahy cases, speed ad¬ 
justment by motor field weakening sup¬ 
plements the range of speed change avail¬ 
able by voltage control giving the drive 
the characteristics of the shunt d-c motor 
with constant armature voltage over the 
normal productive range of calendering 
speeds. 

Load Characteristics 

The power requirement of a supercal¬ 
ender is made up of three principal com¬ 
ponents, (a) the work done in overcoming 
the mechanical frictional losses in the 
bearings and gearing, (b) the work done 
in the constantly changing deformation 
taking place in the calender rolls in rota¬ 
tion under contact pressure, and (c) 


power requirement is directly propor¬ 
tional to the linear speed. This pertains 
over the productive speed range of the 
calender within the normal capacity of 
the machine in respect to the pressures 
applied to tlie rolls, roll condition, bear¬ 
ing design and lubrication. Tests have 
shown repeatedly that when the normal 
conditions for which a machine is designed 
are exceeded, the load requirement at 
increased speeds rises abruptly. Recog¬ 
nizing the constant torque characteristic 
for a given set of conditions, the maxi¬ 
mum torque requirement of a supercalcn- 
der is in some cases that required to drive 
the calender with heavy roll pressure for a 
hard finish on a relatively heavy paper 
normally calendered at some intermedi¬ 
ate speed rather than the torque re¬ 
quired for calendering the grades of 
paper which are run through at the maxi¬ 
mum linear speed. 

The following load information was re¬ 
ported on a modem nine-roll calender, 
75 inches wide, equipped with antifric¬ 
tion bearings, the loads expressed in 
terms of calender roll face and linear 
speeds: 

1. Running without paper and with no 

pressure applied in addition to weight of 
rolls themselves.0.031 horse¬ 

power per inch face per 100 feet per minute 

2. Running without paper but with pres¬ 
sure applied of 1,780 pounds per inch width 
in addition to weight of rolls.. .0.091 horse¬ 
power per inch face per 100 feet per minute 
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3. Running with paper 66V 2 inches wide, 
basis weight 36 pounds per ream of 600 
sheets 24 by 36 inches, with pressure applied 
of 1,780 pounds per inch width.. 0.132 horse¬ 
power per inch face per 100 feet per minute 

This is typical in respect to the division 
of the total load requirement of a super- 
calender. 

Supercalenders made up of alternate 
steel and composition cotton rolls and 
used for calendering heavily coated 


paper require more power than calenders 
with steel and composition paper rolls 
used for putting a higher finish on paper 
as it comes from a paper machine with¬ 
out any further processing, as indicated 
by a comparison of the following load 
factors which are averages of observa¬ 
tions taken over a long period on several 
antifriction-bearing calenders: 


without further rewinding to remove im¬ 
perfect paper, other types of winders 
were brought into tandem operation with 
the calenders. These provide for trim¬ 
ming the web of paper and slitting it to 
desired widths in rewinding. 

Surface-Tjrpe Winders 

There are various designs such as the 
four-drum winder having an individual 


Figure 2. Electric 
drive for supercalen¬ 
der and two-drum 
winder having indi¬ 
vidual motor driving 
each winder drum 

Operator’s panels at 
left mount starting 
and stopping push¬ 
button stations, 
switches for indi¬ 
vidual slitter motors, 
instruments indicat¬ 
ing calender speed 
and motor load, and 
controls for adjusting 
roll pressure and 
winder tension 


motor driving each drum, the two-drum 
and single-drum winders which wind by 
the surface principle, the motors for which 
are controlled automatically to keep in 
step with the main motor driving the 
calender and to produce desired tension 
for handling the sheet properly and secur¬ 


counterweighted roll or dancer roll, over 
which the sheet passes as it travels from 
the calender to the winder. One elec¬ 
trical manufacturer has supplied a winder 
system making use of wound-rotor in¬ 
duction transmitter driven by the calender 
motor and the wound-rotor induction 
receiver mechanically connected to drive 
the winder. The primary or stator 
circuits are commonly excited from the 
mill a-c circuit and a wound-rotor in¬ 
duction differential is introduced in the 
rotor circuit. By properly controlling 
the angular position and rotation of the 
differential unit, the receiver gains on the 
transmitter from which it is principally 
controlled sufficiently to develop the ten¬ 
sion desired for proper winding of the roll. 

Center-Driven Winders 

Some supercalenders are equipped with 
motor-driven winders of tlie center or 
core-shaft drive type. With these the 
motor driving the winding roll must con¬ 
tinually fall off in speed as the roll of 
paper increases in diameter while no 
change is taking place in the linear speed 
of the calender, and simultaneously uni¬ 
form tension of the sheet must be main¬ 
tained to produce a good roll. The pre¬ 
vailing practice of using three-inch and 
four-inch diameter cores for paper rolls 
for the printing industry has been a 
limitation preventing the adaptation of 
tension-controlled motor drives using a 
field-control d-c motor and automatic 
regulator working in tlie field of the motor 
to maintain constant armature current 



Cotton and steel rolls—medium weight 
papers, normal pressures.0.140 horse¬ 

power per inch face per 100 feet per minute 

Paper and steel rolls—^medium weight pa¬ 
pers, normal pressures.0.10 horse¬ 

power per inch face per 100 feet per minute 

Supercalender Winders 

Many supercalenders are equipped 
with the conventional type of two-arm 
rotating reds for mounting the unwinding 
rolls and the cores on which the paper is 
rewound. A friction brake on the shaft 
of the imwinding roll produces tension 
in the web of paper as it enters the calen¬ 
der, and the shaft of the rewinding roll is 
driven by a bdt from a pulley on the shaft 
of the bottom roll of the calender. As 
some paper-mill managements' found it 
possible to improve calendering opera¬ 
tions with improved equipment and to 
supply thdr customers with the paper 
rolls as they were rewound at the calender 


Figure 3. Modern 
supercalender witfi 
variable-voltage d-c 
driving motor 

Magazine reel holds 
unwinding roll, ad¬ 
ditional roils to 
follow in process, 
and the electric drive 
for shaft of core on 
which paper is re¬ 
wound 



ing good finished rolls. Many of these 
winders are driven by d-c motors with 
adjustable-voltage control for the over¬ 
all linear speed range with supplementary 
or vernier speed control actuated by a 


because the full rolls are 32 inches to 
40 inches in diameter. The same limi¬ 
tation has hindered the application of 
corresponding equipment on unwinding 
roll for controlling tension automatically 
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in the sheet entering the calender. 
Field regulation over a motor or genera¬ 
tor speed (diange of ten to one would be 
required and this is recognized as a wider 
range than is available in commercial 
machines today. The motors which have 
applied to shaft or center-driven 
winders operating in tandem with super- 
calraders for winding rolls where the 
ratio of full roll diameter to core diam¬ 
eter is ten to one are of the d-c series de¬ 
sign operating in conjunction with spe¬ 
cially compounded generators. The regu¬ 
lation of the motor field strength and 
armature voltage is accomplished in¬ 
herently in the S 3 rstem by the changing 
armature current which increases as the 
roll increases in diameter. 

Conclusion 

Supercalenders and their winders are 
outstanding examples of process marfiinPia 
for which motors are called upon to pro¬ 
vide unusual flexibility. In addition to 
transmitting power, the electrical equip¬ 
ment is a production tool vital to the 
performance of the machine. 


Discussion 

D. R. Shoults (General Electric Company, 
Schenectady, N. Y.): We are indebted 
to Mr. Smith for an interesting r4sum6 of 
past and present practices in driving super* 
calenders and their auxiliary equipment. 

There have been a number of tjrpes of 
drives used for supercalenders, most of which 
were reasonably successful when operating 
at speeds of 500 feet per minute or less, but 
without question the recent emphasis on 
high calendering speeds, with a consequent 
emphasis on ease of acceleration and retarda¬ 
tion with readily adjustable operating 
speeds, has required that the drive used be 
unusually flexible. The natural trend in 
such a situation, as Mr. Smith has pointed 
out, is toward the use of the adjustable- 
generator-voltage-controlled drives. Such 
drives lend themselves very well to co¬ 
ordinated winder drives or electrical brak¬ 
ing systems for unwinding stands. 

Another factor which has become of in- 
o-easing importance as speeds are increased 
is that of nip pressure between the rolls. 
In order to obtain equivalent finish on the 
paper at high operating speeds, the operators 
have found it necessary to increase the nip 
pressure considerably above the values com¬ 
mon a few years ago. A bottom roll nip 
pressure of at least tibree times the pressure 
resulting from the weight of the rolls them¬ 
selves is today common practice. Such high 
pressures give increased roll deformation 
and naturally influence materially the 
power requirements of the drive. 

Mr. Smith cites a 76-inch-wide supercal¬ 
ender with nine rolls which has a power 
constant of 0.132 horsepower per inch face 
per 100 feet per minute. The pressure is 
1,700 pounds per inch of width which is as¬ 


sumed to be at the bottom nip. I would 
like to know whether this calender was 
equipped with paper or cotton composition 
rolls. If these rolls are of paper, I believe 
that that particular requirement is ts^pical, 
but if they are of cotton, it seems that this 
value is somewhat low. Mr. Smith sub¬ 
sequently states that avefage observations 
show that with paper and steel rolls and 
with normal pressure, 0.10 horsepower per 
inch face at 100 feet per minute is the 
average requirement. I would like to know 
what pressures Mr. Smith considered as 
normal pressures and whether he makes any 
distinction as to the number of rolls in the 
stack. The calender stacks have generally 
9 to 11 rolls and it is my observation that 
the power requirement is a direct function 
of the number of nips in the stack as well 
as the speed and pressure. 

With an up-to-date roller-bearing- 
equipped calender stack, the four variables 
are: speed, width, number of nips, and the 
average nip pressure per inch of width. 
These factors are all essentially linear. Fig¬ 
ure 1 of this discussion shows the results of 
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Figure 1. Supercalender power-pressure data; 
paper rolls 


a number of observations correlated as to 
power requirements as a function of average 
nip pressure. The average nip pressure is 
taken, rather than the maximum pressure 
which occurs at' the bottom nip, as being 
more indicative of the over-all operation of 
the stack. 

These observations, taken on seven dif¬ 
ferent arrangements of supercalenders, show 
a reasonably close co-ordination when 
plotted in this manner. If the supercalender 
which Mr. Smith first cited is assumed to be 
equipped with paper and steel rolls as were 
the rest of these, this point corresponds 
with the others. 

Inasmuch as the usual supercalender 
stack has at least nine rolls, Mr. Smith's 
constant of 0.1 horsepower per inch face 
will give on this curve, a constant of 0.0125 
horsepower per nip which would be equiva¬ 
lent to an average nip pressure of from 1,200 
to 1,600 pounds per inch. The bottom nip 
pressure, which is more commonly used in 
expressing pressures, may be from 10 to 20 
per cent higher than this. 

If an 11-roll stack is assumed, the maxi¬ 
mum pressure will be from 960 pounds to 
1,350 pounds per inch nip. On this basis, 
it does not seem that this power constant is 
adequate for the modern calenders where 
pressures certainly do approach 2,000 


pounds per inch face; furthermore, it ap¬ 
pears that power is a very definite function 
of the number of rolls in the stack and this 
should be taken account of in general recom¬ 
mendations. 

There is one other point worthy of com¬ 
ment and that is that my experience shows 
no great variation of power with respect to 
the weight of paper being used, but that the 
major variation is in the nip pressure. It 
is true that higher, nip pressures may some¬ 
times be used with the heavier grades of 
paper, but it is more likely that high nip 
pressures will be used where it is desired 
to obtain a highly finished paper at high 
calendering speeds. The finish obtained 
seems to be a function, not only of nip pres¬ 
sure, but of speed of operation. The paper 
as it passes through the stack is subjected 
to a steam bath and the finish depends upon 
the amount of moisture absorbed. Natu¬ 
rally, the slower the stack runs the more 
moisture will be absorbed and the higher 
the fimsh. A higher nip pressure can offset 
a reduction in moisture as far as finish is 
concerned and accordingly, the tendency is 
to use lugher nip pressures to get an equiva¬ 
lent finish when high speeds are required. 

Experience with supercalenders operating 
at speeds from 1,000 to 2,000 feet per minute 
is not yet extensive enough to indicate 
clearly definite relation between optimum 
nip pressure and operating speed. Some 
operators feel, as Mr. Smith points out, that 
the p-eatest pressures may be used at a 
relatively low speed while others indicate 
that the maximum pressure may be required 
to obtain a sufficient finish on any paper 
calendered at the maximum speed. A 
more complete investigation of this factor 
is desirable and in any case, specific knowl¬ 
edge or assumption in this connection is 
required to choose properly between the 
constant-field or adjustable-speed. motors. 
Both types of drive operate successfully 
within their power limits. 

The power data presented herein should 
be supplemented by further observations 
before any general recommendations are 
arrived at and it is hoped that interested 
operators will in the future present such 
data. 


R. H. Smith: The calender cited with a 
power constant of 0.132 horsepower per inch 
face per 100 feet per minute is equipped with 
composition paper rolls. In the subsequent 
statement, referring to average observation, 
pressures in the order of 1,200 to 1,600 
pounds per inch at the bottom nip were 
considered normal and a nine-roll calender 
was assumed. 

Supercalendering operations are being 
carried on at higher pressures between the 
rolls and calender builders have been pro¬ 
gressive in developing means for applying 
and controlling these higher pressures. The 
roll makers are called upon to provide 
composition paper and cotton rolls capable 
of withstanding these pressures without 
increased deformation and deterioration. 

Anticipation of the load requirement of a 
calender does require consideration of 
operating pressures. Means for measuring 
pressures have been none too reliable, which 
factor, coupled with the variable of roll 
hardness and surface condition, seems to 
prevent establishing rigid rules for absolute 
power determination at this time. 
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Cold-Cathode Gas-Filled Tubes as 
Circuit Elements 


S. B. INGRAM 

MEMBER AIEE 


S INCE the discovery by HuU^ that ox¬ 
ide-coated cathodes could be used 
as commercially practical thermionic 
emitters in gas-filled tubes, these tubes 
have found extensive use. For high- 
voltage d-c power supplies two-element 
mercury-vapor rectifiers have almost en¬ 
tirely replaced rotating machines and the 
earlier high-vacuum tube rectifiers. The 
addition of a grid to the gas-filled ther¬ 
mionic rectifier yields the th 3 rratron 
which is used in regulated rectifiers, for 
the inversion of direct current to alter¬ 
nating current, and as a sensitive relay in 
numerous industrial control circuits. The 
discovery by Slepian and Ludwig* of the 
ignitor principle in initiating the arc spot 
on a mercury-pool cathode provided a 
ready means for controlling current flow in 
tubes with mercury-pool cathodes and the 
ignitron has now shown itself to have a 
large field of application. 

The present paper will concern itself 
with gas-fiUed circuit elements of a third 
type, cold-cathode tubes. The prin¬ 
ciples of operation of these devices are 
not new* but their wide application has 
awaited the development of tubes which 
will operate in low-voltage circuits of, 
say, 150 volts or less.^ Functionally, 
these tubes have much in common with 
th 5 rratrons but their current-carrying 
capacity must remain limited because 
energy dissipation at the cathode of a 
glow discharge restricts the current which 
may be drawn without overheating the 
surface. However, as control devices in 
that large class of circuits where miUiam- 
pefes rather than amperes are required, 
cold-cathode tubes are capable of per¬ 
forming many of the circuit functions of 
thyratrons and possess several major ad¬ 
vantages over tubes of the hot-cathode 
type. 

General Characteristics 
of the Glow Discharge 

The properties of cold-cathode tubes 
in which we are interested follow imme- 
diatdy from the well-known character¬ 
istics of the self-sustaining glow discharge. 

Consider two electrodes in a gas at a 
reduced pressure. If a low potential is 
applied between them the few ions which 


are always present in the gas become 
multiplied by secondary ionization re¬ 
sulting from impacts of the original elec¬ 
trons and ions with gas atoms and a small 
current flows through the tube. The gas 
conduction at this stage is known as the 



Figure 1. Currenl-voltase characteristic of 
typical glow discharge 

Townsend discharge and the current which 
flows is called a Townsend current. It 
is generally of the order of a microampere 
or less. As the potential between the 
electrodes is increased the current in¬ 
creases and at some potential, the break¬ 
down voltage, the gas becomes a good 
electrical conductor. The voltage across 
the electrodes now assumes a lower 
value, which we will call the sustaining 
voltage, at which it remains practically 
constant and independent of the current, 
the magnitude of the current being de¬ 
termined by the external resistance of 
the circuit. Figure 1 shows schemati¬ 
cally the current-voltage characteristic 
of such a discharge tube. 

Cold-Cathode-Tube Structure 
and Characteristics 

Figure 2 shows a photograph of a 
typical cold-cathode tube. The struc¬ 
ture consists of three elements, a cathode, 
an anode, and a control anode. The 
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cathode is a nickel surface coated with a 
mixture of barium and strontium pro¬ 
duced by reduction from the oxides of 
these metals by positive-ion bombard¬ 
ment in a glow discharge. The anode is 
a plain nickel wire shielded from the other 
elements except for its extreme end by a 
glass sleeve and separated from tliem by 
a spacing of about one-half inch. The 
control anode is placed dose to the 
cathode. In the particular tube illus¬ 
trated this dement is identical with the 
cathode and therefore these two elements 
may be used interchangeably. Such 
construction, however, is not necessary 
and in other tubes the control anode may 
be a wire or small surface near the cath¬ 
ode. The gas filling is a mixture of the 
rare gases, 99 per cent neon—1 per cent 
argon at a pressure of about 40 milli¬ 
meters of mercury. Variations in the 
corstitution of this gas mixture may be 
used to control the electrical character¬ 
istics of the device, In such a three- 
element cold-cathode tube we have to deal 
with two conduction patlis. That be¬ 
tween the cathode and the main anode 
we will call the main gap and that be¬ 
tween the cathode and the control anode 
the control gap. The nominal charac¬ 
teristics and ratings of this tube are given 
in table I. 

Such a tube has many interesting prop¬ 
erties as a dreuit dement. Basically it 
may be made to perform three distinct 
circuit functions, those of a relay, rec¬ 
tifier, and voltage regulator. We shall 
consider these in turn. 

The Cold-Cathode Tube as a Relay 

Figure 3 shows a typical cold-cathode- 
tube rday circuit. The supply poten¬ 
tial must be greater than the main gap 
sustaining voltage but less than the 
main gap breakdown voltage so that no 
conduction will normally occur. If now 
a potential exceeding its breakdown volt¬ 
age is applied to the control gap the re¬ 
sulting ionization will initiate conduction 
in the main gap and the anode potential 
will fall to the main gap sustaining 
voltage, the current being limited by the 
external circuit impedance! Conduction 
will continue until the circuit is opened 
or the anode voltage maintained bdow 
the main gap sustaining voltage for a 
sufladently long time for the tube to 
ddonize. The control gap current re¬ 
quired to cause breakdown in the main 
gap we will call the transfer current. In 
magnitude it does not greatly exceed the 
Townsend currents flowing just below 
the breakdown voltage. For the tube 
described it is in general less than one 
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microampere. The cold-cathode tube 
is thus a very sensitive relay. 

The transfer current is a function of 
the anode voltage. It must obviously 
be zero at the main-gap breakdown volt¬ 
age and approach infinity at the main- 
gap sustaining voltage. Figures 4a and 
h show the transfer-current character¬ 
istic of the tube illustrated in figure 2 
with two different gas fillings. Neon 
with a one per cent admixture of argon 
gives a very low transfer current. One 
hundred per cent argon gives a much 
higher transfer current and a higher 
main-gap breakdown voltage. 

In using cold-cathode tubes as relays 
we must consider not only the amplitude 
of the signal, which together with the con¬ 
trol-gap circuit impedance determines the 
current available for transfer of the 
disdiarge, but also its duration. For 
the Western Electric 313C tube it is 
found that signals of a duration of 200 
microseconds are long enough to give re¬ 
liable operation even when the ampli¬ 
tude of the signal is small. For signals of 
greater amplitude a shorter signal dura¬ 
tion will sufiSce. 



Figure 2. Cold-cathode relay lube 



Figure 3. Cpld<»cathode-lube relay circuit 
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Figure 4. Transfer 
current characteristic 
of cold-cathode re¬ 
lay tube 

(a) —Gas filling; 99 
per cent neon, 1 per 
cent argon, 40 milli¬ 
meters 

(b) —;^Gas filling; 100 
per cent argon, 15 
millimeters 
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Deionization times are of the order of 
ten milhseconds, somewhat too long for 
satisfactory operation on 60 cycles. 
Tubes with shorter deionization times 
may be made by using gas filling of pure 
argon but this may be done only at the 
expense of increasing the tran^Fer cur¬ 
rent. Thus while such tubes are faster 
in their operation as relays they are less 
sensitive. 

The stability and reproducibility of 
tube characteristics are of interest in 
circuit design. The important charac¬ 
teristics are the control-gap breakdown 
and sustaining voltages and the main- 
gap sustaining voltage. The stabiKty 
of the main-gap breakdown voltage may 
vary without detrimental effect on the 
circuits provided it does not fall to the 
supply voltage. Several years operating 
experience with tubes of the 313 type 
have shown that in general the three 
characteristics mentioned above will re¬ 
main within plus or minus five volts of 
their initial values over several thousand 
hours of operating life if the current rat¬ 
ings are not exceeded. Deterioration of 
the tubes or shifts in characteristics on 
standing are negligible. Variations in 
initial characteristics will depend upon 
the degree of manufacturing, control and, 
in general, will not exceed plus or minus 
ten volts. 

One limitation on the use of glow dis- 


diarges as relays should be noted. Os¬ 
cillation, inherent in the glow itself, and 
resulting in “noise,” makes gas tubes un¬ 
suitable to carry voice currents in com¬ 
munications circuits. This restriction, 
of course, applies to all other gas dis¬ 
charge devices including thyratrons. For 
control and signalling applications, how¬ 
ever, this noise is unimportant. 

The Cold-Cathode 
Tube as a Rectifier 

The second circuit function which can 
be performed by means of cold-catliode 
tubes is rectification. Rectification re¬ 
quires an asymmetry in the current- 
voltage characteristic of tlie rectif 3 dng 
circuit element. When such an asym¬ 
metry exists a symmetrical voltage wave 
applied to the elements results in an 
asymmetrical current wave in the cir¬ 
cuit. The cold-cathode-tube rectifier de¬ 
pends for its operation upon an asym¬ 
metrical property of the glow discharge 
itself. The sustaining voltage is pri¬ 
marily detei-mined by the cathode fall of 
potential which in turn is largely depend¬ 
ent on the nature of the cathode material. 
In general low cathode falls are asso¬ 
ciated with surfaces of low work function. 
The slope of the current-voltage charac¬ 
teristic depends not only upon the nature 
of the catliode surface but also upon its 


Tabic I. Charaderistlcf and Ratings of Western Electric 313C Tube 


Control-gap l>reakdowji voltage... 

Control-gap sustaining voltage.... !.!.!! 

Main-gap breakdown voltage. !..!!!!!! 

Main-gap sustaining voltage. ,,..!!!!!! 

Transfer current at anode voltage of J.30 volts... 

Deionization time 

Main gap....... 

Control gap...... !!!.!!!!!!!!!!! 

Maximum instantaneous cathode current. 

Maximum average cathode current. !!,!!!! 

Maximum time of averaging cathode current, 
Maximum instantaneous reverse current in main gap, 


70 volts 
60 volts 
175 volts 
76 volts 

5 microamperes, maximum 

10 milliseconds 
3 milliseconds 
30 milliomperes 
10 millmmperes 
1 second 
5 milliamperes 
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area. A small cathode surface produces 
a steep characteristic. A glow-discharge 
tube then, with two electrodes one of 
which is large and coated with a material 
whose work function is low while the other 


ever, cold-cathode tubes have a wide field 
of usefulness. One extensive application 
of this type in the communications field 
will be dted in the latter part of this 
paper. 


Since they have these basic properties 
in common it is not surprising that the 
three types of gas-filled control tubes 
should be functionally similar in their 
circuit applications. It is scarcely too 



Figure 5. Asymmetrical current-voltage char¬ 
acteristic of cold-cathode rectifier tube 


is small and uncoated, will have an asym¬ 
metrical characteristic. 


The Cold-Cathode Tube 
as a Voltage Regulator 

The voltage-regulating property of the 
glow discharge is well known. It is based 
upon the flatness of the current-voltage 
characteristic shown in figure 1. The 
sustaining voltage is practically inde¬ 
pendent of current. Thus in the cir¬ 
cuits shown in figures la and h variations 
in the supply voltage will be practically 
entirely taken up in the series resistance, 
the voltage across the tube remaining 
constant. 

Commercial voltage regulators are 
available which regulate at 60, 70, 90, 
110, 130, and 150 volts. All such tubes 
may be operated in series to obtain regu¬ 
lation at higher voltages. The regulated 
voltage will in general vary less than 
five per cent from no load to full load 


The current-voltage characteristic of 
a Western Electric 313C tube connected 
as in the circuit of figure 6 is shown in 
figure 5. The trace was obtained by 
means of a cathode-ray oscillograph, the 
applied voltage being 208 volts root-mean- 
square, the load resistor, Ri, 5,000 ohms, 
and the control-gap resistor R^, 100,000 
ohi^. The rectifying properties of the 
main gap are apparent from this charac¬ 
teristic. The control gap is connected 
into the circuit only to provide a low 
starting voltage in the forward direction. 

Rectification can also be obtained using 
two-element tubes, the low starting volt¬ 
age being produced by designing the 
tubes so that the anode-cathode spacing 
is small and the breakdown voltage 
therefore low. However, cathode sput- 
te^g from the small electrode on to the 
neighboring active surface causes the volt¬ 
age characteristic of such tubes to be 
unstable so that three-element tubes are 
to be preferred. 

As rectifiers cold-cathode tubes may 
be used either to convert an a-c power 
supply to direct current or to dis¬ 
criminate between positive and negative 
polarity in a circuit. In power supplies 
for radio receiving sets several tubes 
have attained some importance in the 
past,® although unsatisfactory tube life, 
radio-frequency noise arising from the 
discharge, and the inherent inefficiency 
resulting from the large voltage drop have 
prevented their wide adoption and in 
recent years their importance has been 
declining. As polarity detectors, how- 


and variations from tube to tube can 
usually be held to within =b five per cent 
of the nominal values. The tube illus¬ 
trated in figure 2 may be used to regulate 
at either 60 or 75 volts, the sustaining 
voltages in the control and main gaps, 
respectively. The two circuit connec¬ 
tions are illustrated in figures 7a and b. 
In the circuit of figure 7b the relay prin¬ 
ciple has been used to reduce the starting 
voltage exactly as it is when the tube is 
used for rectification. 

Comparison of Ignitron, 

Thyratron, and Cold-Cathode Tube 

In the introductory paragraph of this 
paper the functional similarity of the 
three types of gas-filled control tubes, 
thyratrons, ignitrons, and cold-cathode 
tubes, was stressed. These devices have 
this fundamental property in common. 
Each one contains a control element, the 
pid in the thyratron, the ignitor in the 
ignitron, and the control anode in the 
cold-cathode tube. Positive potential 
may in each case be applied to the anode 
vdthout initiating gas conduction pro¬ 
vided the control element is held more 
negative than some critical value. If, 
however, this critical value is exceeded,' 
breakdown occurs and the gas becomes 
conducting. After conduction begins the 
control element loses all sensible control 
over the discharge which may be extin¬ 
guished only by maintaining the anode be¬ 
low ibe sustaining voltage long enough 
for the tube to deionize. 


strong a statement to say that any type of 
circuit set up with one of these circuit 
elements can also be set up with either 
one of the others. In spite of this, how¬ 
ever, they are not competitive with each 
other but rather complementary in tlieir 
functions. This is because, while they 
are basically similar in principle, their 
operating characteristics are so widely 



Figure 6. Cold-cathode-tube rectifier circuit 



Figure 7, Cold-cathode-tube voltage-regu¬ 
lator circuits 


different that generally in any particular 
case no doubt will exist as to which device 
is the practical one to use. Table II sum¬ 
marizes in a brief though necessarily 
incomplete way the comparative char¬ 
acteristics of the three classes of gas- 
filled control tubes. 

The brevity of the table requires that 
something further be said in explanation. 

In current-carrying capacity the igni¬ 
tron is an inherently high-current device, 
the mercury-pool cathode being capable 
of supplying thousands of amperes of 
current. On the other hand, there exists 
a minimum current for stable operation, 
of approximately five amperes. Below 
this current the arc spot will not main¬ 
tain itself. On the other end of the scale 
cold-cathode tubes are inherently low- 
current devices. At currents above about 
20 milliamperes per square centimeter the 
active cathode surface is rapidly disin¬ 
tegrated by positive-ion bombardment. 
High current capacity then can be ob¬ 
tained only by the use of cathode areas 
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Table II. Comparison of Gas-Filled Control Tubes 


Characteristics 


Igiiitron 


Thsrratron 


Cold-Cathode Tube 


.amperes.., .Up to 100 amperes... .Up to 100 milliamperes 

peiomzation time. 10 second. 10 second. 10 -» second 

lomzaUon time.... 10 “« second. 10 “« second. 10 second 

Cathode heating time. 0 .Finite. 0 

Deterioration in standby service... .No. Yes .No 

Aceu^ of charwteristlcs.Variable... *2 volte.1 1.10 volts 

Sustaining voltage.IS volts.IS volte.7S volte 

Nora; Where spMihc values are given these are only approximate and are cited only to make a quick 
comparison possible. ^ 


of impractical size. Existing tubes are 
capable of supplying peak currents of 
approximately 100 milliamperes. 

In speed of ionization and deionization 
the ignitron and the th 3 n:atron are much 
faster than the cold-cathode tube. This 
is because they are low-pressure devices. 
Argon-filled cold-cathode tubes are faster 
than those filled with neon-argon mix¬ 
tures in which the neon predominates. 
The transfer currents, however, are also 
much higher so that in tlie argon-filled 




Fisure 9. Cold-cathode-tube circuit with 
phase control 

tubes sensitivity must be sacrificed in re¬ 
turn for speed of operation. 

The ignitron and the cold-cathode 
tube axe, except for a brief ionization 
time, instant starting devices. The thy- 
ratron, on the other hand, requires a 
cathode heating time to bring the cathode 
to operating temperature. When the 
thyratron is used as a relay, the cathode 
must be maintained continuously at elec¬ 
tron emitting temperature even though 
the periods of operation are brief and 
intemuttent. This implies continuous 
deterioration of the tube even during 
standby periods. The necessity of sup¬ 
plying cathode power is itself a disadvan- 
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tage. In service where the operation is 
intermittent much longer tube life is to be 
expected with cold-cathode tubes than 
with th 3 U'atrons. 

As a voltage-operated device the thy¬ 
ratron is the most sensitive of the three. 
Its critical characteristic will generally 
be held within an extreme range of 
two volts. The variations in breakdown 
voltage of existing cold-cathode tubes will 
exceed this by a factor of five. Vari¬ 
ability in ignitor rod materials causes 
ignitron characteristics to be most vari¬ 
able in this respect. For this reason an 
ignitron is generally controlled by an 
associated thyratron circuit so that the 
amplitude of the ignitor current may be 
made to exceed the critical value by a 
large margin while the th 3 ^atron is used 
as the voltage-sensitive element. 

The sustaining voltage of the discharge 
is low, approximately equal to the ioni¬ 
zation potential of the gas in both the 
ignitron and the thyratron. In the cold- 
cathode tube it is higher, approximately 
equal to the cathode fall of potential. 
This quantity is characteristic of the 
cathode material and the gas and is in 
general lowest for the alkalis and alka¬ 
line-earth metals associated with the 
rare gases. In practical applications 
the convenience of operation of the cold- 
cathode tube, since it requires neither 
filament transformer nor filament power, 
more than compensates for its lower 
efficiency resulting from high tube volt¬ 
age drop. 

Circuit Applications 
of Cold-Cathode Tubes 

In cold-cathode-tube circuits as in 
thyratron circuits the problem of ex¬ 
tinguishing the discharge, once it is 
initiated, must be met. The means 
available are four in number. The first 
is the use of an alternating anode voltage. 
After the removal of the control anode 
voltage conduction will then continue 
until the applied anode voltage falls 
to the sustaining voltage. Reignition 
will not occur on the next positive cycle 
if the frequency is low enough to allow 
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the tube time to deionize. The second 
method is the opening of the anode 
circuit by a switch or relay contact. 
Again the length of the interruption must 
exceed the deionization time. The third 
is the application of a surge of negative 
voltage to the anode through a capacitor 
as in the familiar parallel type inverter 
circuit. The cold-cathode equivalent of 
this circuit' is illustrated in figure 10 
and will be described hereinafter. The 
fourth is the overshooting of the voltage 
due to the inductance of the circuit and 
the dynamic characteristic of the tube 
when a capacitor is discharged through 
it. This win be illustrated in considering 
the relaxation oscillator. 

The basic relay, rectifier, and voltage- 
regulator circuits using cold-cathode 
tubes have been illustrated in figures 
3, 6, and 7. Figure 8 shows a simple 
cold-cathode photocell relay. Increase 
of light intensity will cause the relay, 
to operate. Means will have to be pro¬ 
vided for opening the anode circuit to 
reset the device for a second operation. 

If an alternating voltage is applied to 
the anode of a cold-cathode tube and an 
alternating voltage of variable phase 
applied to the control anode, phase con¬ 
trol of the output can be obtained. The 
circuit is shown in figure 9 and is quite 
analogous in its operation to phase-con¬ 
trol circuits using thyratrons. The bias, 
Eg, on which the alternating voltage is 
superimposed should be somewhat lower 
than the control-gap sustaining voltage. 

Figure 10 shows a cold-catliode-tube 
square-wave oscillator which is the ana- 



Figure 10. Square-wave oscillator 

Note the similarity to the self-excited parallel- 
type thyratron inverter 



Figure 11. Counting circuit 

Note the similarity to the Wynn-Williams 
'‘scale of two*’ circuit 
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Figure 12. Chain counting circuit 


logue of the self-excited parallel-type 
thyratron inverter. Such a circuit, of 
course, would not be used for the con¬ 
version of d-c power to a-c power since 
the cold-cathode tube is not a power de¬ 
vice, It may be used, however, to gener¬ 
ate a block wave to key another circuit. 
The operation of such a circuit is well 
known but will be described here since 
the principles are of general applica¬ 
bility in a variety of other circuits. 
Assume tube Tg to be conducting, tube 
Ti nonconducting. On the firing of Ti 
its anode voltage will drop suddenly 
from the supply voltage to the sustaining 
voltage of the tube. This negative surge 
will be transmitted through the com¬ 
mutating capacitor C12, extinguishing 
Ti by driving its anode potential below 
the sustaining voltage and maintaining 
it there for a time determined by the 
time constant 2^2^12. A similar surge 
through Ci reduces the control anode 
voltage of r2 below the control gap 
breakdown voltage. C2 charges up 
through the control gap resistors and T2 
fires when this voltage is again reached. 
The discharge will thus transfer back and 
forth between Ti and T2 at a rate de¬ 
pendent on the values of the constants 
in the control anode circuits. 

This circuit can be modified as shown 
in fig^ure 11 so that incoming positive 
pulses control the transfer back and 
forth of the discharge. Note that in this 
circuit the equilibrium potential of the 
control anodes, as determined by their 
associated potentiometers, should be 
below the control-gap breakdown volt¬ 
age ra^er than above it as in the preced¬ 
ing circuit. The functioning of fhtg 
drcuit is analogous to that of the famiUar 
s^le of two” counting circuit of Wynn- 
Williams,® For counting closely spaced 
impulses, of course, the thyratron circuit 
is preferable on account of the greater 
speed of operation of the hot-cathode 
tubes. 

A chain of tubes, down which the dis- 
^arge progresses in steps as successive 
impulses are fed into the input is shown 

m figure 12. The drop across the cathode 

resistor of the conducting tube ‘"primes” 
next tube in line so that it, rather 
than any other, is fired when the next 
impulse arrives. A potentiometer across 
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tube Ti gives its control anode an initial 
priming so that the first incoming pulse 
fires this tube preferentially. Detailed 
consideration of the behavior of th3nra- 
tron circuits of this general class has been 
given recently by Shumard.^ 

Any glow dis^arge tube may be used 
in a relaxation-oscillator circuit The 
simplest form of such a circuit is shown in 
figure 13 . Oscillation will generally occur 
without the presence of the inductance L 
but its insertion causes the capacitor to 
discharge to a voltage well below the 
sustaining voltage rendering certain the 
extinction of the tube. 

A novel use of cold-cathode tubes as 
relays in a device for the remote control 



Fisurc 13. Simple gas-tube relaxation oscil¬ 
lator 

of radio receivers has recently been de¬ 
scribed.® From a circuit standpoint the 
principal feature of interest in this 
circuit is the use of a radio-frequency 
signal on the control gap to fire the tube. 
As might be expected the peak voltage of 
the radio-frequency signal required to 
break the tube down exceeds the d-c 
control-gap breakdown voltage by a 
considerable margin. 

What is probably the largest use of 
cold-cathode tubes to date is in an appli¬ 
cation in telephone communication where 
they have found extensive use in a four- 
party subscriber set for selective ringing.® 
The circuit is illustrated in figure 14 . 
Of the four ringers, two are connected 
to one side of the line, two to the other, 
ground being used to complete the circuit 
For selective operation of the two ringers 
on one side of the line a ringing signal is 
used which consists of an alternating 
voltage on which is superimposed a direct 
volt^e. The cold-cathode tubes func¬ 
tioning as rectifiers are placed in series 
mth the ringers and are oppositely poled 
in the two cases. One ringer responds to 
positive superimposed voltage, the other 
to negative. 

One particularly valuable property of 
the tube in this application not possessed 
by rectifiers of other lypes is that as long 
as the breakdown voltage is not exceeded, 
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the tube represents virtual open circuit to 
ground. Thus no transmission loss is 
experienced and no ground noise is 
introduced into the circuit when the line 
is used for voice transmission, the talking 
batteiy voltage having in general a 
nominal value of either 24 or 48 volts. 

In the older type of equipment a-c 
relays were used to disconnect the 
ringers from the line except when ringing 
voltage was applied. Selection between 
the positive and negative polarities was 
obtained by means of mechanically 
biased ringers. 

Summary 

Three types of gas-filled control tubes 
are now in common use. The properties 
of cold-cathode tubes, the most recent of 
these to receive extensive application, 
have been considered and comparisons 
drawn with those of the more familiar 
tliyratron and ignitron. It is concluded 
that in its own field of low-current con¬ 
trol devices the cold-cathode tube has 
several inherent advantages which will 
ensure a wide use for it in the future. 
These advanteges are, the ability to 
operate without cathode heating power, 
the ability to start immediately when a 
signal is applied, and the absence of 
deterioration in standby service. 

A number of typical circuits illustrating 
the capabilities of the tubes as circuit 



Figure 14. Four-party selective ringing 
circuit 

elements have been described. Several of 
these are in commercial applications. 
One, involving some hundreds of thou¬ 
sands of tubes, has been operating for 
several years and proves beyond doubt 
that the cold-cathode tube is a valuable 
addition to the array of control devices 
available to the circuit engineer. 

Bibliography 

1 . Gas-Fxllbd TJsrasRMZONic Tubbs, Albert W. 
Hull. AIEE Transactions, volume 47, July 1928. 
pages 763-63. 

2. A New Method por Initiating the Cathode 
OF AN Arc, J. Slepian and L, R. Ludwig. AIEE 
Transactions, volume 52, June 1933, pages 693-8. 

8. The Theory of the Grid-Glow Tube. D. D. 
Knowles. Electric Journal, volume 27 1930 

pages 116-20, 232-6. 

4. The 313A Vacuum Tube, S. B. Tngrum, 
Laboratories Record, December 1936, pages 114-16. 


Electrical Engineering 



Polyphase Broadcasting 

JOHN F. BVRNE 

ASSOQATE AIEE 


T he universal use of amplitude modu¬ 
lation in radio broadcasting service 
has led to several formidable problems in 
the design of broadcast transmitting 
equipment. Improvements in technique 
which permitted the complete modulation 
of a carrier (100 per cent modulation) 
raised new problems in connection with 
the conversion efficiency of the final radio¬ 
frequency amplifier stage. Continued re¬ 
search has resulted in such developments 
as the high-level plate-modulated ampli¬ 
fier, the high-efficiency linear amplifier, 
outphasing modulation, and others. 

In all of these high-efficiency systems, 
the radio-frequency output of the trans¬ 
mitter is amplitude modulated, and at 
100 per cent modulation, the radio-fre¬ 
quency power output of the transmitter 
varies all the way from zero to four times 
the carrier power during each cycle of the 
audio-frequency modulating voltage. It 
is thus apparent that the final power- 
amplifier tubes must be capable of de¬ 
livering a peak power equal to four times 
the carrier power of tlie transmitter. 

The unique feature of the system to be 
described is tlie fact that the radio-fre¬ 
quency power output of the transmitter is 
constant throughout the audio-frequency 
modulation cycle, and is equal to IV 2 
tmes the carrier power. This feature in¬ 
dicates the possibility of reducing the 
high-power tube complement to a very 
minimum, and it is conceivable that the 
peak power capacity of the final amplifier 
tubes might be as low as IV 2 times the 
carrier power instead of the twice carrier 
value of the present paper. 

The comparison between the polyphase 
broadcasting system and the system of 
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present-day broadcasting is somewhat 
s imi lar to the comparison between a poly¬ 
phase generator and a single-phase gen¬ 
erator in that the instantaneous power 
output of a polyphase generator supply¬ 
ing a balanced load is constant, while in 
the case of the single-phase generator, 
the power varies sinusoidally from zero to 
twice the average power during the cyde. 

It will be shown that the “rotating 
modulation field” essential to polyphase 
broadcasting may be obtained by the use 
of a five-element vertical antenna array. 
Four identical radiators are arranged at 
the comers of a square with the fifth an¬ 
tenna in the center. The central an¬ 
tenna is supplied with unmodulated 
radio-frequency power and is called the 
carrier antenna. The antennas at op¬ 
posite ends of one diagonal constitute a 
directional pair and are supplied with 
suppressed-carrier modulated radio-fre¬ 
quency power. The two antennas at the 
ends of the other diagonal also constitute 
a directional pair and are fed with sup¬ 
pressed-carrier modulated radio-fre¬ 
quency power. The two antennas of 
each side-band pair are fed in series and 
cany currents of opposite phase, so that 
the directional patterns are figures of 
eight at right angles. Further, the phase 
of the suppressed-carrier currents in the 
side-band pairs differs from the phase of 
the current in the carrier antenna by an 
angle of 90 degrees. If in addition, the 
modulating voltage in the suppressed 
carrier channels is in quadrature, the re¬ 
quired conditions, for a rotating modula¬ 
tion field, are fulfilled. 

The Radiating System 

The fundamental arrangement of the 
antenna system is shown in figure 1. The 
antenna at the point 0 is the carrier an¬ 
tenna. The antennas 1 and comprise 
a directional pair, and carry equal and 

opposite double side-band currents. Simi- 
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latiy, antennas 2 and 2' comprise a di¬ 
rectional pair and are placed physically at 
right angles to the first pair. 

Let the following currents be estab¬ 
lished in the antenna system: 

^0 “ Jq cos <i>/ (carrier) 

*= /i sin wi sin pt (double side band) 
*= — Ji sin <at sin pi (double side band) 
k ^ h sin tot cos pt (double side band) 
k* “ —/i sin tot cos pi (double side band) 

where 

to instantaneous current in anteima O 
k » instantaneous current in anteima 1 
k* » instantaneous current in antenna 1' 
k “ instantaneous current in antenna 2 
k* ** instantaneous current in antenna 2' 

(o « 27r times carrier frequency 
P « 2ir times modulating frequency 
Iq maximum value of current in carrier 
antenna 

I\ maximum value of current in side 
band antennas 

The field intensity E, at a remote point 
P, with arbitrary reference angle d and at 
a distance Yq meters from the central 
antenna, becomes: 

^ ^KIo^ / fo\ . 

^ fo — d cos 0\ 

^o\ \ C ) 

(, ro 4- d cos A 1 
sra M I /-^-j >sm pt -I- 

( , / fo + d sin A 

^0 ( \ C ) 

{ ^ f 0 — d sin A ) 

sm £0 I / -j >cos pt 

Where .fiT is an antenna performance 
constant, all antennas assumed identical, 

C is the velocity of light in meters per 
second. 

The above expression after some reduc¬ 
tion, becomes: 



i , / cod cos A . 
ism I-^jsmp/ - 


. (tod smB\ ) n 

Now, if the spacing of the antennas be 
restricted so that sin (owi/c) differs only 
slightly from ud/c, we have approxi¬ 
mately 

t , . 2«dJ, . , T 
1 + sin (p< - 9) J (!> 

Inspectipn of equation 1 shows that the 
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field intensity at the point P is amplitude 
modulated, and that the phase of the 
modulation varies as the azimuth angle 

e. 

The modulation may be said to be 100 
per cent when (2 a)dli)/(c Jo) = 1. 

Further, the value of Ji, the maximum 
value of current in the side-band anten¬ 
nas is, for 100 per cent modulation 



~ IS the antenna spacing in radians 5 


Hence 



Thus, for a spacing of one-half radian, 
the maximum side-band antenna current 
is equal to the maximum carrier anteima 
current in the 100 per cent modulated 
condition. 

Referring again to figure 1, the follow¬ 
ing items should be noted: 

1. Radiators 1 and 1', since they carry 
equal and opposite currents, induce no 
voltage in antennas O, 2, or 2'. 

2. Radiators 2 and 2', since they also carry 
equal and opposite currents, induce no 
voltage in antennas 0,1, or 1'. 

■3. Radiator 0 induces equal voltages in 
antennas 1 and 1', and 2 and 2'. Inasmuch 
^ these antenna pairs are fed in series, the 
induced voltages are in opposition, and thus 
produce no current. 

The full significance of the above points 
is grasped when it is realized that the 
carrier antenna, side-band pair 1, 1', and 
side-band pair, 2, 2', axe completely de- 
coupled, and each may be fed by its own 
generator (amplifier) without affecting 
the others. 

In the derivation of the expression for 
the field intensity at the point P, the for¬ 
mula was simplified by making the as- 
sumption that the electrical spacing was 
small, less than 0.5 radian. This consid¬ 
eration is fortunate, for in practice it 
me a n s that the side-band radiators 


conceivably be suspended from the main 
carrier radiator. For example, with a 
spacing of one-third radian, the following 
situation exists at a frequency of 1,000 
kilocycles; 

One wave length = 985 feet 
One-third radian = 52.2 feet 

The required spacing is thus 52.2 feet, 
which is an entirely feasible value, per¬ 
mitting the central radiator to support 
the side-band radiators. 

Another desirable result of the dose 
spacing is that the high-angle radiation 
distribution of the side-band system 
dosely approaches that of the central an¬ 
tenna, so that the per-cent modulation 
is substantially equal for all radiation 
angles. 

The sparing, however, must not become 
too small, for some difficulty would un¬ 
doubtedly be experienced, first in the 
balance of the mutual effects of the in¬ 
dependent systems, and second, the radia¬ 
tion resistance of the side-band pairs at 
the current loop diminishes approxi¬ 
mately as the square of the sparing. For 
a spacing of one-third radian, the resist¬ 
ance at the current loop for the side-band 
pairs may be calculated to be 22.2 per 
cent of riiat of the central antenna. It 
is a rather simple matter properly to ex¬ 
rite this side-band system. 

The Transmitter 

A block diagram of a typical polyphase 
transmitter is shown in figure 2. It is es¬ 
sentially a three-channel transmitter fre¬ 
quency-controlled from a common crystal 
oscillator and appropriate buffer ampli¬ 
fiers. The carrier channel is a straight¬ 
forward continuous-wave telegraph de¬ 
sign and sufficient amplifiers cascaded to 


Figure 2. Block diagram of polyphase 
transmitter 


obtain the desired carrier power level. 
The output of the carrier amplifier is 
coupled by conventional means to the 
carrier antenna. Each of the side-band 
channels consists of a final class-F radio¬ 
frequency amplifier excited by a bal¬ 
anced modulator. The balanced modu¬ 
lator, in turn, receives its excitation from 
the crystal oscillator through a phase- 
shifting goniometer, and the necessary 
buffer amplifiers. The output of each 
side-band channel is fed to the appropri¬ 
ate pair of side-band radiators. The 
phase-shifting goniometer is employed in 
each of the side-band channels to provide 
easy adjustment of phase so that the 
phase of the double side-band current in 
the side-band antennas can be set at its 
proper value with respect to the radio¬ 
frequency current in the carrier antenna. 

Polyphase Audio System 

All of the foregoing material would be 
an interesting academic consideration 
only, if it were impossible to design a 
satisfactory source of two-phase audio¬ 
frequency modulating voltage. Two pos¬ 
sible systems were studied. 

The first system given consideration 
was the following. A single-side-band 
signal is obtained using a 50-kilocycle 
suppressed-carrier modulator and ap¬ 
propriate filters. The resulting single¬ 
side-band signal is impressed on the grids 
of two demodulators, one demodulator 
being supplied with the original carrier, 
and the other with the original carrier 
shifted 90 degrees in phase. The outputs 
of the demodulators will be in phase 
quadrature. This system, while pro¬ 
ducing perfect quadrature voltages, is 
seriously limited in its low-frequency re¬ 
sponse due to the nature of the filters re¬ 
quired. The limitation is so severe, that 
the best single-side-band systems today 
are acceptable only between frequencies 
of 100 and 6,000 cycles. This frequency 
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band is not sufficient for high-fidelity 
broadcasting, and consequently, this 
source of two-phase audio was discarded. 

The second system, and the one 
adopted, m akes use of non -di s sipative 
phase-delay networks of the lattice type. 
The audio-frequency voltage is impressed 
across two networks, each having three 
sections, and the circuit constants in each 
^ction are so chosen that the difference 
in the phase delay of the two networks is 
substantially 90 degrees throughout the 
frequency range 30-10,000 cycles. 

Figure 3 is the calculated and measured 
performance of a pair of two-section net¬ 
works. In this graph, the deviation from 
the desired value of 90 degrees is shown as 
a function of frequency. Figure 4 is the 
calculated performance of a pair of three- 
section networks. 

Practical Aspects of the System 

Vacuum-Tube Complement 

It is clear that, for a 50-kw transmitter, 
the carrier amplifier must be capable of 
supplying a peak power of 60 kw. Under 
no condition is its load any |preater than 
60 kw. Further, at 100 per cent modu¬ 
lation, the power output of the system is 
constant at IV 2 times carrier power. 

The combined output of the side-band 
amplifiers is hence equal to one-half the 
carrier at every instant of the 100 per cent 
modulation cycle. Each of the side-band 
pairs is idle twice every cycle and during 
this time the operating side-band pair 
must supply all the side-band power. 
It is therefore apparent that the side-band 
amplifiers each have a peak capability of 
one-half carrier power. In the case of a 
60-kw transmitter, therefore, each side¬ 
band linear amplifier must have a peak 
capacity of 26 kw. 

The total tube capacity in the final 
stage of the transmitter is hence equal to 
two times the carrier power, in contrast 
with four times carrier power in present 
day equipment. 

The reduction in the number of vacuum 
tubes required in the final stage of a high- 
power transmitter is at once apparent. 
Comparing a possible arrangement for a 
600-kw polyphase transmitter with the 
arrangement at WLW, it can be shown 
that at least 11 of the 20 100-kw vacuum 
tubes now used would be eliminated. 
The saving in filament power consump¬ 
tion alone, would be of the order of 80 kw. 

Efficiency op Final Amplifiers 

The efficiency of the carrier amplifier 
will be nominally 70 per cent so that in 
the case of a 60-kw transmitter, the plate 
input to this stage will be 71.4 kw. In 
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Figure 3. Perform- 
ence of a pair of 
two-section phase- 
shifting networks 



the case of the side-band amplifiers, as¬ 
sume that the peak efficiency during a 
modulation cycle is 70 per cent. This 
efficiency will be obtained at the maxi¬ 
mum output of 26 kw. Assuming that 
the plate current of tlie linear amplifier 
is proportional to the radio-frequency 
grid voltage, the instantaneous power 
input p will be 

P « JSjI^lsin pt \ 

where Eq = direct plate voltage in kilo¬ 
volts, Is = maximum value of plate cur¬ 
rent in amperes. The d-c input power P 
is the average of the above expression. 

P « 

V 

Also it was assumed that, for 26-kw peak 
output, the efficiency was 70 per cent. 
Therefore 


EbIb X 0.7 « 25 


The average power input to each side¬ 
band amplifier is thus 


P 


2 X 25 
T X 0.7 


22.7 kw 


The average output of each side-band 
amplifier .is 12.5 kw and the efficiency is 
12.5/22.7 = 55 per cent. 

At 100 per cent modulation, the total 
power input to the last stages is 


Carrier amplifier 71.4 kw 

Side-band amplifier number 1 22.7 kw 

Side-band amplifier number 2 22.7 kw 


Total 116.8 kw 


The output, 100 per cent modulated, is 
75 kw and the efficiency of conversion is 
75/116.8 “ 64 per cent. This efficiency 
figure is comparable to other high-effi- 
dency systems. 


Exciter Circuit Requirements 

In the case of the high-effidency linear 
amplifier, the exciter drcuit must be of 
suffident capadty to drive the final am¬ 
plifier to a peak output of four times car¬ 
rier power. For example, in the case of a 
50-kw transmitter, the exdter must be 
capable of substantially linear perform¬ 
ance for a final amplifier output range, 0 
to 200 kw. In the polyphase system, 


however, each side-band amplifier ex¬ 
dter is required to drive its amplifier lin¬ 
early only in the range 0 to 26 kw. This 
fact results in a reduction in exciter ca¬ 
pacity, and in fact, radiation-cooled 
tubes may readily be used for exdtation 
of the final amplifiers for 50-kw trans¬ 
mitters. The exdter for the carrier am¬ 
plifier may likewise consist of radiation- 
cooled tubes. Inasmuch as the total 
capability of the final amplifiers is only 
one-half as great as in conventional sys¬ 
tems, the exciter capability is likewise half 
as large as is ordinarily required. As a 
matter of fact, the exdter capadty is 
somewhat less than one-half that re¬ 
quired for a linear amplifier, for it is un¬ 
necessary to provide a stabilizing load for 
the carrier amplifier exdter. 

Fidelity of Transmission 

The effect of the phase of the audio 
signals being different from 90 degrees re¬ 
sults in nonuniform percentage of modu¬ 
lation in different directions. Equation 
1 was derived on the assumption that the 
audio-frequency modulating voltage was 
in phase quadrature. If the audio-fre¬ 
quency voltages are not in phase quadra¬ 
ture, the expression for the field is modi¬ 
fied according to the following expression: 

„ KIo ( fAr, . 2 Sh 

E- — 

sin pt cos B - cos (p/ — 0) sin B 

where is the deviation from the desired 
90 degrees. 

Inspection of this relation shows that 
the greatest effect due to phase deviation 
will occur for ^ = 45 degrees, 135 de¬ 
grees, 226 degrees, and 316 degrees. 

The following table shows the effect of 
small deviations upon the per-cent modu¬ 
lation at an angle ^ « 45 degrees. 



Phase 

Decibel Change 

Deviation 

in Amplitude 


+10 .- 0.82 


0 . 

. 0 

- 6. 

.-{-0.36 

-10 .. 
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Figure 4. Perform* 
ance of a pair of 
three-section phase- 
shifting networks 


source was used to modulate a second 
conventional transmitter on a different 
frequency. By the use of two similar 
receivers the demodulated 60-cycle out¬ 
put from the two receivers was com¬ 
pared, and the phase between these two 
outputs varied from 0 to 360 degrees as 
the receiving point was moved around the 
antenna system. 


The change in modulation level for small 
deviations from the desired value of 90 
degrees is thus seen to be small. 

If the phase relation between the audio 
signals is different for signal components 
of different frequencies, the result in any 
particular direction is the same as that 
produced by varying frequency response 
in the conventional transmitter. As 
noted above, if the phase does not vary 
from 90 degrees by more than ±10 de¬ 
grees the effect is a maximum variation 
in ^quency response of less than one 
decibel. Thus a deviation from the de¬ 
sired 90-degree phase relation of the 
modulating voltages produces frequency 
distortion. 

The effect of an improper phase ad¬ 
justment of the side-band amplifiers with 
respect to the carrier is to produce am¬ 
plitude distortion. To make this clear 
refer to figure 5. In this figure the line OC 
is the carrier vector. The side-band 
vectors are oppositely rotating and their 
sum lies along the line 5— ,S+. At any 
particular mstant in the modulation cycle 
the sum of the carrier and the two side¬ 
band vectors might be represented by 
the vector OF. As the modulation pro¬ 
gresses through the cyde, the point P 
mov^ back and forth along the line 5—, 
•S'—in simple harmonic motion. A linear 
detector would merely provide a current 
proportional to the magnitude of the vec¬ 
tor OP as a function of time. Conse¬ 
quently if the side-band phase is incorrect 
by as much as 30 degrees serious ampli¬ 
tude distortion would occur at high modu¬ 
lation percentages, for the length of the 
vector OF obviously does not vary sinu¬ 
soidally. On the other hand, if the side¬ 
band phase is no more than three degrees 
from the desired value, a glance at figure 
5 is sufficient to indicate that the amount 
of distortion occurring would be rather 
small. In practice, a remote monitoring 


point would be selected, and the modu¬ 
lated radio-frequency pattern would be 
transmitted back to the control point at a 
low intermediate frequency—say 50 kilo¬ 
cycles. This pattern would then be 
viewed on a cathode-ray oscilloscope and 
proper adjustment of the phase of the 
side-band amplifiers with respect to the 
carrier would permit full 100 per cent 
modulation to be obtained^ 

Experimental Data 

A systematic program of experimental 
work is in progress to substantiate the 
fundamental operations of the system 



Figure 5. The effect of side-band phase 
adjustment 


and to make a detailed study of broad¬ 
cast-signal fidelity. 

The first preliminary work was carried 
out with a transmitter having about 100 
watts carrier power and operating on 
about 80 meters. PreKminaiy measure¬ 
ments showed complete accord with the 
above theoiy of operation. A check was 
made using two-phase 60-cycle audio 
frequency for modulation of the ttans- 
mitter and 60 cycles from the same 


The audio-frequency phase-difference 
network of figure 2 was then inserted and 
the polyphase transmitter operated on 
voice modulation. The fidelity of opera¬ 
tion was equivalent to that of conven¬ 
tional transmitters. No particular at¬ 
tempt was made in these first experiments 
to measure audio-frequency harmonic 
distortion or to make a detailed study of 
fidelity. No effort was made to provide 
an accurately spaced antenna system or 
to provide low-distortion suppressed- 
carrier modulators in this first model. 

In order to make a detailed experimen¬ 
tal study of the broadcast signal fidelity, 
a second project is under way. This 
project consists in construction of a 1,000- 
watt broadcast-frequency transmitter. 
Experimental data will be obtained us¬ 
ing an array of half-wave vertical radia¬ 
tors. 

Conclusions 

A new system of broadcasting ampli¬ 
tude-modulated radio-frequency signals 
has been described. It is felt that this 
S)rstem has great possibilities and the es¬ 
sential features are high efficiency of 
power conversion and minimum tube ca¬ 
pacity requirements for the final ampli¬ 
fiers. The inherent disadvantage of such 
a system lies in the fact that an essential 
requirement is a nondirectional radiation 
patt^.^ It is felt that the complication 
of circuits and adjustments over that of 
conventional transmitters will further 
limit the application of this s 3 rstem to 
high powered equipment (60 kw and 
larger) where power consumption and 
tube replacement are formidable items of 
expense. 

The techmcal possibility of supei^ower 
transmitting equipment of the order of 
1,000 to 2,000 kw, is brought into the 
realm of reality using tubes now avail¬ 
able. 
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^12-Channel Carrier Telephone System 
for Op en- Wire Lines 

B. W. KENDALL 

FEaOW AIEE 


Synopsis: A new carrier telephone system 
is described, together with its application 
in the long-distance telephone plant. By its 
use, an open-wire pair which already fur¬ 
nishes one voice circuit and three carrier 
circuits may have 12 more telephone cir¬ 
cuits added. Thus in all 16 telephone 
circuits are obtained on a single pair. 
Several such systems may be operated on a 
pole line. 

Various problems incident to the exten¬ 
sion of the frequency range, from about 30 
kilocycles, the highest frequency previously 
used, to above 140 kilocycles, are discussed. 
Among the more important of these are the 
control of crosstalk between several systems 
on a pole line, arrangements for taking care 
of intermediate and terminal cables, and 
automatic means for compensating for the 
effects of weather variations on the trans¬ 
mission over this wide frequency range. 

B are wires supported on insula¬ 
tors, stretched between poles, make 
up the pioneer electrical communication 
circuit, the open-wire line. Although 
great advances have been made in lie 
application of cable structures, the open- 
wire lines still hold their own in some 
sections of the country. This is because. 


H, A. AFFEL 

MEMBER AIEE 

The first carrier systems, beginning in’ 
1918, added three or four chaimels to 
the existing voice circuit on a pair. To 
keep pace with this development, im¬ 
provements in transposition systems were 
devised so that many such carrier sys¬ 
tems might be operated on the same pole 
line. Such carrier systems, typified by 
the three-channel type system, have 
seen continuous grov^ in use in the long¬ 
distance plant. Now a 12-channel sys¬ 
tem, the type /, is being made available 
to add to the type C system, thus giving 
16 telephone circuits on an open-wire pair 
in addition to the two telegraph circuits. 
Since there are already about 60,000 
miles of pole line equipped with type C 
systems, the new t 3 rpe J system was 
developed to go in the frequency range 
above the type C system rather than 
to supersede it with more channels 
(figure 1). 

The new system has been designed to 
meet high standards of transmission and 
reliability for distances up to several 
thousand miles. The frequency band 
transmitted by the individual derived 


losses increase with frequency, and what 
is usually more important, there may be 
substantial reflection effects at junctions 
of the open-wire line and cable. These 
are serious, not only from the standpoint 
of the transmission loss which they en¬ 
tail, but from their effect on crosstalk. 
The increase in attenuation at the higher 
frequencies has also brought other prob¬ 
lems into the picture. For example, 
repeaters are needed at more frequent 
intervals than with the lower-frequency 
systems. Attenuation variation with fre¬ 
quency due to weather changes is greater 
than at the lower frequencies. 

Figure 2 shows schematically the 
complete type J system, with its different 
major circuit elements, resulting at the 
terminals in the division of the single 
line circuit effectively into 16 talking 
circuits. In no recent development is the 
function of the wave filter in providing 
essential units in a frequency dividing 
plan more forcefully illustrated than in 
the application of this new system, in 
combination with the type C and other 
facilities which exist. There are about 
60 different designs of filters and net¬ 
works in the terminals and repeaters. 
Their functions are varied, as, for ex¬ 
ample, separating the individual channel 
bands, separating the opposite directional 
groups of channels, separating the type J 
frequency range as shown in figure 1 
from the type Cand other ranges, separat¬ 
ing the different carrier frequencies of 
a carrier supply system in which the 
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to offset their ph 3 rsical vulnerability, 
they have several unique virtues. They 
are flexible and permit adding one pair 
of wires at a time. They are also com¬ 
paratively economical where conditions 
favor their use. Furthermore they are 
low-attenuation circuits and for this 
reason were the first to be used for 
high-frequency carrier systems. 


Paper number 39-53, recommended by the AIEE 
committee on communication, and presented at 
the AIEE -winter convention, New York, N. Y., 
Januar 7 23-27, 1939. Manuscript submitted 

November 26,1988; made available for preprintiiig 
December 28, 1938. 

B. W, EIbndaix is toll development director and 
N. A. Apfblt ts assistant director of transmission 
development, BeU Telephone Laboratories, Inc., 
New York, N. Y. 

1, For ^1 numbered references, see list at end of 
paper. 


Judy 1939, Vol. 58 


circuits is exceptionally wide, from about 
100 to 3,600 cydes for a single system and 
has been previously discussed® in relation 
to the channel spacing in this and other 
new broad-band developments. 

An important feature of the work on 
the type J system has naturally been 
that of making the line circuits suitable 
for carrying the higher frequences. The 
tendency of drcuits to crosstalk into 
one another increases rapidly with fre¬ 
quency. Advances in transposition de¬ 
sign and structural improvements have 
now made it possible to extend the fre¬ 
quency range from 30,000 cycles to 140,- 
000 cydes, which is about the upper fre¬ 
quency of the type J system. The prob¬ 
lem of inddental cables in open-wire 
lines has also been serious, since the 
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carriers are all derived from a common 
4,000-cycle source, etc. 

The new S 3 rstem, as in the case of the 
type C, uses single-sideband transmission 
with carrier elimination. Copper-oxide 
units are employed as translator elements 
of various kinds—^modulators, demodula¬ 
tors, and harmonic producers. Methods 
of mounting the equipment, and methods 
and apparatus for testing follow lines 
already worked out for the type K 
cable carrier system, which was described 
a year ago in two AIEE papers.^* ® 

Channel Terminals 

A terminal of the type J system changes 
12 independent voice channels into a 
compact block of 12 carrier channels 
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properly allocated in frequency for 
transmission over the open-wire line. 
Inversely, such a block received from the 
open-wire line is separated and trans¬ 
formed into 12 independent voice chan¬ 
nels. The first step in transmitting the 
12 voice channels is to modulate them 
on 12 carrier frequencies 4 kilocycles 
apart from 64 to 108 kilocycles and to 
select the lower sidebands by means of 
quartz-crystal channel band filters. The 
last step in the conversion from a re¬ 
ceived 12-channel block to the 12 inde¬ 
pendent voice channels consists in the 
division of the block by 12 quartz- 
crystal channel filters and the demodula¬ 
tion of these messages to produce voice 
frequency transmissions. These two 
frequency changes and separations are 
performed by the same equipment that 
is used in the type K cable carrier system 
terminals. 

Figure 3 shows the circuit of a modula¬ 
tor and a demodulator for the opposite 
directions of a single conversation with 
indicated connections for the 11 others 
which make up this fundamental 12- 
channel block. The modulator consists 
of a bridge assembly of copper-oxide 
varistors and is supplied with about 0.5 


milliwatt of carrier power from the carrier 
supply system which is described later. 
Of the two resulting sidebands, the lower 
is selected by the crystal band filter 
following the modulator. The line sides 
of 12 modulator band filters are joined 
in parallel and a compensating network 
is connected to preserve the band char¬ 
acteristics of the upper and lower chan¬ 
nels. 

On the receiving side, after separation 
by one of the 12 parallel filters, the side 
band is applied to a demodulator sup¬ 
plied with the proper carrier frequency to 
restore the voice-frequency message. 
Because of the low level at which de¬ 
modulation takes place, the demodulator 
is followed by a single-stage amplifier to 
produce the level desired in the voice- 
frequency circuit. The gain of this 
amplifier is adjustable over a moderate 
range. 

The combination of a single modulator 
and a single demodulator and associated 
equipment shown in figure 3 is called 
a ‘^modern” and two of these are mounted 
on a single equipment panel. Nine of 
these panels, sufficient for IV 2 type J 
systems, or 18 conversations, mount in a 
single relay rack bay of standard height. 


Carrier Supply 

The carrier frequencies G4-108 kilo¬ 
cycles are all derived as harmonics of a 
4-kilocycle frequency produced by a 
tuning-fork-controlled oscillator. This 
frequency is applied to an easily saturated 
coil to produce a sharply peaked wave 
which is rich in odd hannonics. Even 
harmonics of four kilocycles are obtained 
by rectification in a copper-oxide unit of 
part of the odd harmonic output. Odd 
and even harmonics appear in separate 
circuits from whicli each frequency desired 
is separated by a quartz-crystal filter. 
Frequencies as high as the 121st harmonic, 
that is, 484 kilocycles, are obtained in this 
way from the carrier supply system. Be¬ 
cause of the importance of the carrier 
supply two sources are provided, with 
automatic equipment to transfer rapidly 
from the regular to the emergency source. 

Group Modulation 

As shown in figure 1, the type / system 
uses a band of 36 to 84 kilocycles for the 
west to east direction of transmission and 
92 to 140 kilocycles for the east to west 
direction. The output of the fundanien- 
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Fi3ure 3. Channel modulator and demodula¬ 
tor 


tal 12-channel unit consists of 12 lower 
sidebands from carriers of 64-108 kilo¬ 
cycles. This must, therefore, be trans¬ 
lated to the two type J directional groups 
for line transmission. Since the fre¬ 
quencies in the fundamental unit overlap 
those in both directions of line transmis¬ 
sion, this transfer must be made in two 
steps. Figure 4 shows these frequency 
translations. The first group modulation 
is the same for both directions of trans¬ 
mission. By modulating tlie fundamental 
unit with a carrier of 340 kilocycles there 
is obtained a block of lower sidebands 
extending from 400 to 448 kilocycles. A 
second modulation with a 484-kilocycle 
carrier then gives, for transmission from 
west to east, a 12-channel block of upper 
sidebands extending from 36 to 84 kilo¬ 


cycles. For the east to west transmission 
the second modulation uses a 308-kilo¬ 
cycle carrier, producing a 12-cliannel 
block of lower sidebands between 92 and 
140 kilocycles. 

Frequencies as high as 308, 340, and 
484 kilocycles are chosen for group modu¬ 
lation in order that undesired products 
shall be well separated from desired 
products to permit their elimination by 
simple filter structures. 

The same group modulation processes 
that have been described above for 
adapting the 12-channel group for line 
transmission are used in the opposite 
sequence for receiving the block from the 
line and preparing it for separation by the 
channel band filters of the receiving ter¬ 
minal; thus, for instance, at an east 
terminal the block of upper sidebands, ex¬ 
tending from 36 to 84 kilocycles as re¬ 
ceived from the line, is first modulated 
with 484 kilocycles producing lower side¬ 


bands between 400 and 448 kilocycles. 
These are next modulated with 340 kilo¬ 
cycles which produces a block of 12 
lower sidebands extending from 60 to 
108 kilocycles, which is the group that 
the fundamental 12-channel terminal unit 
is designed to handle. 

Figure 5 shows the essential features of 
the group modulating and group demodu¬ 
lating circuits. As in the type K system, 
group modulation is performed at a very 
low level of the message material and with 
a high level, about 25 milliwatts, of the 
group carrier supply, in order to minimize 
interchannel crosstalk. The group modu¬ 
lators are of the doubly balanced bridge 
type which aids in suppressing some of the 
unwanted modulation products. Follow¬ 
ing the first group modulator and also 
following the first group demodulator are 
coil and capacitor type 400-448 kilocycle 
band filters which reject the unwanted 
products and pass the band of frequencies 
containing the 12 channels. Between 
this filter and the second group modulator 
on the transmitting side of the terminal, 
an intermediate amplifier is used in order 
to keep the level of the group transmission 
above danger of noise. Following the 
second group modulator and also follow¬ 
ing the second group demodulator are 
low-pass filters which cut off frequencies 
above about 160 kilocycles, to suppress 
unwanted modulation products. From 
the output of the receiving low-pass filter 
the 12-channel group, 60-108 kilocycles, 
passes through a two-stage “auxiliary” 
amplifier to bring it to the desired level. 

The carrier frequencies for group modu¬ 
lation and for group demodulation are 
derived from the same four-kilocycle 
tuning-fork-controlled oscillator that sup¬ 
plies carriers for the 12-channel unit. 
From the circuit in which appear the odd 
harmonics of 4 kilocycles, the 77th, 85th, 
and 121st harmonics, that is, 308, 340, 
and 484 kilocycles, are selected by carrier 
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supply filters and separately am plifipH by 
two-stage amplifiers to produce the 
powers required for group modulation. 
Outputs from these amplifiers are fed to 
individual-frequency busses capable of 
supplying the group modulators and 
demodulators for ten S 3 rstems. An emer- 
^ncy carrier supply for these frequencies 
is also provided with arrangements for 
switching rapidly from the regular to the 
emergency circuits. 

Terminal Amplifiers 

As indicated on figure 5, the trans¬ 
mitted 12-diannel group, now transferred 
to the proper frequency range for line 
transmission, goes from the low-pass filtm- 
at the output of the second group modula¬ 
tor to a tonsmitting terminal am plifi er 
which is sunilar in most essentials to the 
amplifiers of the line repeaters. The 12- 
channel group arriving from the line 
passes through a regulating amplifier ar¬ 
ranged and controfied to compensate for 
variations in equivalent of the adjacent 
line section before passing to the first 
group demodulator. Similar regulating 
amplifiers are used at all repeater points. 

Filters 


At tominals and also at repeater poi 
two kinds of filter sets are required 
hind is used in the line to separate 
type J frequency range 36 to 140 1 
^des from the type C and other lo 
frequencies on the line. The second 1 

Js the directional filters of the ^e /j 
tern itself. These separate a’ 12-char 


354 Transactions 


band of frequencies Ijdng below 84 
kilocycles used for west to east trans¬ 
mission from the 12-channel group lying 
above 92 kilocycles which is transmitted 
from east to west. These directional 
filter sets are carefully designed to squal¬ 
id any nonuniformity of loss in both the 
directional and the line filters. As this 
equalization involves a considerable loss 
over a large part of the filter band it is 
provided entirely in the receiving direc¬ 
tional filters where the transmission is at 
a low level and the loss can readily be' 
made up by amplification. In this way 
nearly the full energy output of the 
transmitting or repeater ampli fier is 
available for line transmission. 

Line Crosstalk Problems 

As noted previously, type J systems 
will, in general, be appHed on pairs on 
which type C systems are already operat¬ 
ing. Such pairs have already been ar¬ 
ranged to transmit frequencies up to 
30,000 cycles, and transposed in such a 
manner as to perform satisfactorily as 
regards crosstalk to and from nearby pairs 
on wWch similar carrier tystems are 
operating. In addition, on most modem 
lines the spacing between wires of a pair 
has been reduced from 12 to 8 inches; 
and, on many of the lines, in order further 
to reduce crosstalk by iTifTParitig the 
spacing between pairs, the number of 
pairs on a crossarm has been limited to 
four instead of five, omitting the pole 
pair. Now, by applying a new transposi¬ 
tion system designed for type J operation 
up to 140,000 cydes, an eight-inch-spaced 
four-crossarm line may be arranged to 
transmt type J frequences on at least 
10 pairs out of 16. Type C sjrstems may, 
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of course, be used on all of the pairs. 
Finally by using the most advanced 
transposition design methods, and in- 
leasing the crossarm spacing, in addi¬ 
tion to the features noted above, a new 
line may be constmcted to permit the 
operation of 16 chatmels on all pairs. 

To make the pairs of wires good for 
^re J systems, more than a fourfold 
increase in frequency range, was difficult. 
The natural tendency of the circuits to 
crosstalk is increased even more than the 
frequmty ratio, so that in addition to 
applying a new transposition design it is 
necessary that the transposition poles 
be more accurately located, and that the 
sags of the two wires of each pair be kept 
more nearly alike. On lines which al¬ 
ready have eight-inch-spaced wires, no 
major structural changes are necessary. 
However, on lines which have only 12- 
inch-spaced wires and where it is desired 
to make available a number of pairs for 
type J transmission, stractural changes, 
such as respacing the wires of the pairs 
concerned to 6 inches, are necessary in 
• order to reduce the coupling. 

One factor of errtreme importance is 
that of reflected near-end crosstalk. 
In the application of transposition sys- 
i*uis it is usually not possible to reduce 
the near-end crosstalk to a magnitude 
api^oximatir^ the far-end crosstalk. 

It is the latter with which the canter 
sptems are chiefly concerned, since 
types of systems on different 
pairs ^ 'transmit the same frequenty 
range in the same direction. If, how¬ 
ever, the lines concerned do not have 
smooth impedance characteristics, that 
w, a high degree of freedom from re¬ 
flection effects, near-end crosstalk may 
be converted by reflection into far-end 
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crosstalk of sufficient magnitude to be 
controlling over the true far-end cross¬ 
talk. 

This means that lines to be used for 
several type J systems must be made tm- 
usually smooth electrically—impedance 
variations kept within a few per cent. 
The achievement of such smoothness 
consists chiefly in: 

1. iReducing the electromagnetic and elec¬ 
trostatic couplings to other pairs so that 
there are no large energy interactions, with 
corresponding impedance irregularities. 
Generally speaking, when the pairs con¬ 
cerned have been transposed for reduced 
far-end crosstalk up to the maximum fre¬ 
quency transmitted, this condition is also 
satisfied. 

2. Minimizing the effect of intermediate 
and terminal cables. This latter problem 
has caused considerable concern and is re¬ 
sponsible for the development of several new 
techniques in the design and treatment of 
such cables, where they appear in a long 
line otherwise consisting chiefly of open 
wire. 

Cable Treatment 

As a means of overcoming the reflection 
and attenuation effects of short pieces 
of terminal or intermediate cable, load¬ 
ing naturally suggests itself, as applied 
in type C systems, where the cable pairs 
involved are commonly equipped with 
carrier loading coils, spaced at about 700- 
foot intervals. This compares with the 
3,000-foot or 6,000-foot spacings which 
are standard for voice-frequency loading. 
However, loading pairs in existing cables 
satisfactorily up to 140,000 cycles would 
mean coils at approximately 200-foot 
intervals. Because of physical limita¬ 
tions, existing manhole spacings, etc., 
this is highly impractical. A reasonable 
solution has, however, been found in the 
creation of a new form of low-capadtance 
high-frequency cable—a disk-insulated 
unit which has constructional features in 
common with the coaxial cables and a 
capacitance of only 0.025 microfarad per 
mile as compared with about 0.062 micro¬ 
farad for conventional cable pairs. This 
permits more practical loading-coil spac¬ 
ings. These disk-insulated units are 
made up as spiral-fours, that is, two pairs 
(0.061 inch diameter wire) which form the 
diagonals of a square. Wien these cables 
are loaded with small coils at intervals of 
approximately 600 feet, they present 
impedance characteristics substantially 
equivalent to that of an open-wire pair 
over the desired frequency range. Ac¬ 
cordingly, they form a desirable, although 
somewhat expensive, solution of the 
probldn of intermediate or entrance 
cables. As shown in figure 6, the spiral- 
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four units are bound together in comple¬ 
ments of seven or less under a lead cable 
sheath similar to standard toll cables. 
It should be noted that the low-capacity 
disk-insulated loaded cables not only 
provide a satisfactory solution of the 
impedance matching problem, but they 
also give a cable circuit of low attenuation 
—approximately 1.2 decibels per mile 
at 140 kilocycles. 

Nevertheless, where spare pairs exist 
in cables, it has often been found economi¬ 
cal to use them for type J transmission. 
It is possible to use them only nonloaded, 
in which case the attenuation is very high 

^four to six decibels per mile, depending 
on the gauge, at 140 kilocycles, and im¬ 
pedance matching transformers are, of 
course, required at the junction of the 
open-wire and cable. There are cases 
where this higher attenuation may be 
permitted and these pairs are used by 
separating the type J range from the 
lower frequency range, which is trans¬ 
mitted through pairs equipped with the 
older type C carrier loading. The separa¬ 
tion is accomplished by filters which are 


Figure 6, Disk-insulated cable 

Sheath diameter 2,3 inches 

usually housed in small filter huts at 
the junction of the open-wire line and 
cable. 

In other cases it has been found eco¬ 
nomical to use the frequency-separation 
method with filters and to install new 
nonloaded cables of lower attenuation to 
lead in the type J frequency band alone. 
Paper-insulated ten-gauge pairs or the 
disk-insulated spiral-four cable of the 
type described above may be used for 
this purpose; In either case transformers 
are used to match the cable impedance 
to that of the open-wire line over the 
type J frequency range. 

The reflection requirements are so 
severe and the effects of even short lengths 
of cable at the high frequencies so serious, 
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that even short lead-in cables, where the 
open-wire line actually extends to the 
repeater or tenninal building—cables 
wWch are only 100 or 200 feet long—^must 
receive spedd treatment. This has also 
been accomplished by the use of the disk- 
insulated spiral-four cables, loaded. 

Interaction Crosstalk 

Because of the higher attenuation 
there will be many repeater points on a 
long line at which the type J system will 
be amplified but at which the other sys¬ 
tems and wires on the line will pass 
through the station without amplifica¬ 
tion. in this case, even though the 
t 3 pe J pairs are properly transposed to 
keep down crosstalk between themselves, 
there still remains the crosstalk between 
them and the other pairs on the line, not 
only pair-to-pair crosstalk blit crosstalk 
from the type J pair to various circuit 
paths consisting of irregular wire com¬ 
binations. 

Two difficulties arise in tliis case: The 
first is that the crosstalk from the output 


of one J system into an irregular path may 
be retransferred into the input of a 
repeater on another type J system. The 
second is that the crosstalk from the ir¬ 
regular path may be returned to the input 
of the same repeater and either influence 
the over-all transmission characteristic or, 
if suflfidently severe, actually cause the 
repeater to sing. This general situation 
has made it necessary to introduce in the 
circuits at such points “crosstalk sup- 
pression” filters in the non-/ pairs and 
longitudinal choke coils in all pairs. 

Staggering 

In addition to the various steps which 
are taken in order to reduce crosstalk by 
improving the line conditions, the type J 
S 3 ^tem may indude a feature which has 
been used in the type C system—^the 
staggering of the chmnel bands used on 
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Figure 7. Attenuation-frequency character¬ 
istics of open-wire lines 


neighboring pairs. The advantage of 
staggering results from the facts that (a) 
the sensitivity of the ear and the power- 
of the voice vary over the audible range, 
(b) the efficiencies of transmitter and 
receiver also tend to vary over the fre¬ 
quency range, (c) part of a channel band 
may lie opposite “dead” frequency range 
on an adjacent pair, and (d) by controlling 
the arrangement of the sidebands the 
crosstalk may be made unintelligible even . 
if not inaudible. The staggering feature 
is readily provided in the type J system 
by a suitable choice of carrier frequency 
for the second group modulator and first 
group demodulator. With the staggered 
systems the highest frequency used would 
be about 143 kilocycles. 

Attenuation Problem 

In what has preceded in the discussion 
of line problems, the emphasis has been 


confined chiefiy to the question of the 
smoothness of a line from an impedance 
standpoint in order to keep down re¬ 
flection effects and, correspondingly, to 
improve the operation from a system-to- 
system crosstalk standpoint. There is 
also the problem of the higher attenua¬ 
tion incident to the use of higher fre¬ 
quencies. Between 30,000 cycles and 
140,000 cycles, the normal wet-weather 
attenuation for a 165-mil open-wire pair, 
for example, rises from about 0.13 to 
0.28 decibel per mile—an increase of 
approximately 2:1. Repeaters on the 
type / system, if applied on the basis of 
approximately the same output level 
and minimum level requirements, must 
be spaced at about one-half the interval 
of the type O systems: Normal spac- 
ings for type / systems would therefore 
be expected to range from 75 to perhaps 
100 miles where no large amount of 
intermediate cable existed. 

However, another problem, not present 
to a similar degree at the lower frequen¬ 
cies, tends in many cases to have a con¬ 
trolling effect on this spacing, that is, 
sleet or ice on the wires. With ice, frost, 
or snow on the wires, the wet-weather 
attenuation may be exceeded by very large 
amounts. The additional attenuation is 
due primarily to the coating on the wires 
themselves rather than the coating on 
the insulators. It arises from the 
potential gradient through the ice deposit 
in combination with the high dielectric 
loss characteristic of the ice or snow coat¬ 
ing. Figure 7 gives examples of the at¬ 
tenuation frequency characteristics of 


open-wire lines, including, certain meas¬ 
urements with ice coating. The exact 
increase in attenuation due to snow and 
ice naturally depends on the thickness 
and other characteristics of the coating. 
Even very thin coatings of ice on the 
wires tend to raise the attenuation at 140 
kilocycles from the normal wet-weather 
figure of about 0.28 decibel to about 1 
decibel a mile, that is, an increase of 
three or four to one Extremes up to 
five decibels per mile have been measured 
for short lengths of line with ice nearly 
two inches in diameter. Such heavy ice 
obviously approaches the mechanical 
breakdown conditions for the line. 

Where ice and sleet occur the repeater 
spacings may be reduced to about 50 
miles or less. The repeaters now being 
provided for the type / systems have 
gains of approximately 45 decibels. Re¬ 
peaters are under development which are 
expected to raise the maximum available 
gain to something like 75 decibels. The 
normal dry or wet weather operation of 
such repeaters would be limited to gains 
of perhaps 10 to 25 decibels depending 
upon the amounts of cable included. 
The problem of obtaining automatic gain 
control over, the extra wide range re¬ 
quired by the high sleet attenuations is a 
difficult one. 

Repeaters 

At each repeater point line filters and 
directional filters are required on both 
sides of the amplif)dng equipment to 
separate type / currents from those of 


Figure 8. Line repeater circuit 
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lower frequency services on the line and 
to separate oppositely directed groups for 
separate amplification in one-way line 
amplifiers. These filters have been de¬ 
scribed in connection with the terminals 
where they perform similar functions. 
Two regulating amplifiers, one for each 
direction of transmission, properly con¬ 
trolled to compensate for variations in 
the attenuation of the preceding line 
section, are also needed at each repeater 
point. These are described later under 
‘‘Regulation. 

Figure 8 shows the circuit of one of the 
line repeaters and indicates the location 
of the directional filters, and certain 
supplementary filters for suppressing 
frequencies outside the transmitted range; 
also the regulating amplifier circuit, and 
the pick-off of the pilot channel which 
controls the gain. 

The line amplifier has three stages of 
pentodes. The first two stages use single 
tubes of high voltage amplification and 
low power capacity while the third stage 
has four power pentodes in parallel to 
increase the output capacity. Because 
of considerable heat developed by these 
power tubes, spedal precautions are 
necessary to dissipate the heat and to 
protect capacitors and other elements 
mounted near them. 
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Fisure 9. Regulalins amplifier and pilot con¬ 
trol 


Negative feedback to improve the 
operation of the amplifier is supplied over 
two paths. The inner feedback, from the 
plates of the output tubes over a properly 
designed network to the grid of the input 
tube, reduces the gain at frequencies out¬ 
side the transmitted band and so prevents 
singing at those frequencies. It has 
little effect at frequencies within the type 
J range. The outer feedback path in¬ 
cludes the input and output transformers, 
which are made as hybrid coils. In each 
of these one pair of the conjugate windings 
is connected to the incoming or outgoing 
circuit of the amplifier while the other 
pair is used for the feedback connection. 
By feeding back through the transform¬ 
ers in this way, they benefit by feed¬ 
back in much the same way as the tubes, 
and the over-all characteristic of the 
amplifier is practically independent of 
the transformer characteristics. This 
feedback reduces the amplifier gain by 
over 40 decibels and correspondingly 
reduces modulation effects within the 
amplifier, and gives exceptionally stable 
transmission with respect to tube and 
voltage changes. It is also designed to 
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improve and stabilize the input and out¬ 
put impedances. 

Equalization^ 

Equalization is necessary in each direc¬ 
tion of transmission at a repeater point 
and in the receiving direction at a ter¬ 
minal, to compensate for frequency dis¬ 
tortion produced by the preceding section 
of line. Fortunately, the attenuation- 
frequency curves for the usual open-wire 
circuits, that is, 104-, 128-, and 165-niil 
wire, have nearly the same shapes for 
section lengths giving the same attenua¬ 
tion at the maximum frequencies for the 
two directions of transmission, so that 
these various circuits can be equalized 
alike. 

As is well known, the transmission fre¬ 
quency characteristic of an amplifier witli 
large feedback is almost the inverse of 
that of the feedback circuit itself, so 
that the insertion in the feedback cir¬ 
cuit of a network having the same char¬ 
acteristics as a line section will provide 
equalized transmission over the amplifier 
and section combined. In the outer 
feedback circuit of the line repeater is 
included an equalizer which has a char¬ 
acteristic sloping with respect to fre¬ 
quency ill the same way as the variation 
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oscillator. This modulation is performed 
in a copper-oxide bridge similar to the 
channel modulators and the desired 
product is selected by an 84-kilocycie 
carrier supply filter. The output of 
84.1 kilocycles is sufficient to supply 
pilot current for ten terminals in the 
office. A sharply selective crystal band 
elimination filter is inserted between the 
output of the 12-channel terminal and 
the point where the pilot source is bridged 
on the circuit to eliminate any current 
near the pilot frequency which would in¬ 
terfere with the small pilot current that 
is sent out to control the system. 

The two group' modulation processes 
alter this pilot frequency of 84.1 kilo¬ 
cycles so that it appears on the line as 
59.9 kilocycles in the west to east direc¬ 
tional band, and as 116,1 kilocycles in the 
east to west band. Correction in accord¬ 
ance with the magnitudes of these mid¬ 
group currents in the two directions is 
satisfactory over all 12 channels under 
ordinary conditions. In the case of 
ice or snow the channels at the edges of 
the directional frequency groups may not 
be properly adjusted. Additional pilot 
frequencies will probably be needed ul¬ 
timately to care for such unusual condi¬ 
tions. 

Regulating Amplifier 

Figure 9 shows the circuit of the 
regulating amplifier and above this, the 


Figure 10. Typical installations 
/i—Auxiliary repeater station 
B —Cable hut 

C and D —Terminal installations 

in loss imder wet weather conditions of 
the longest open-wire section likely to be 
used. Thus, there is provided in the 
repeater a basic equalization for this 
longest wet-weather line. At a receiving 
terminal a basic equalizer is provided 
which performs this same compensation, 
but in this case the slope of the curve 
must necessarily be opposite to that of the 
line attenuation and of the equalizer in 
the feedback path of the line repeater. 

Line sections, however, vary in length 
^d in the amount of entrance cable 
included. In order that they may be 
properly corrected by this basic equaliza¬ 
tion, they must be built out to equal this 
longest wet-weather section. For this 
purpose there are provided flat loss pads 
and building-out networks whose losses 
have the same frequency shapes as the 
losses of short lengths of open-wire cir- 
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cuit. These pads and networks can be 
inserted or omitted by simple changes in 
strapping. They suffice to build out the 
shortest section which is expected to be 
used. 

Pilot Currents 

For a satisfactory system, arrangements 
must be provided to correct automatically 
for the effects on line attenuation due to 
changes in weather, by adjusting the am¬ 
plification at each repeater point and in 
the receiving terminal circuit. To permit 
measuring these effects a pilot current of 
fixed frequency, near the middle of the 
transmitted band, and of constant am¬ 
plitude, is supplied from each terminal. 
This is applied to the transmitting side of 
the terminal circuit between the 12- 
channel terminal and the first group 
modulator, where the message band lies 
between 60 and 108 kilocycles. The 
pilot frequency is 84.1 kilocycles which 
is obtained by modulation of 88 kilo¬ 
cycles, from one of the output taps of the 
channel supply of that frequency, with 
3.9 kilocycles derived from a tuning fork 
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circuit of the pilot-channel receiving 
equipment which controls it. Current 
enters the regulating amplifier circuit 
from the left, coming from the receiving 
directional filter through a shielded 
transformer and the pads and building- 
out networks used for equalization. At 
the terminals the circuit includes also the 
basic equalizer. Last in the circuit lead¬ 
ing from the line to. the regulating ampli¬ 
fier is the regulating network which con¬ 
sists of a series of three equal networks 
having a total loss of 20 decibels at 140 
kilocycles in the east to west direction 
and 16 decibels at 84 kilocycles in the 
west to east direction. The network loss 
increases with frequency in the same way 
as the difference between dry and wet 
weather attenuation of the line. The 
two terminals of the regulating network 
and the two junction points between the 
three networks are brought to four sets of 
stator plates on an adjustable capacitor. 
The rotor of this capacitor, which has 
about the same area as one set of stator 
plates, is connected to the grid in the 
first stage of the regulating amplifier. 
Rotation of the capacitor therefore ap¬ 
plies, to the grid of the, first tube, a volt- 
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age which decreases continuously as the 
capacitor rotates from left to tight. 

The regulating amplifier has two stages 
of pentode tubes, a high input impedance 
necessary for the proper operation of the 
capacitor potentiometer, and feedback 
to stabilize the gain and to prevent inter¬ 
modulation of the channels. Its output 
goes to the line amplifier at repeater 
stations, and to the first group demodula¬ 
tor at the terminals. At a west ter minal 
there is interposed a high cut-off filter 
to eliminate frequencies above the upper 
band which may have been picked up on 
the open-wire line, 

Pilot Control 

The setting of the capacitor which con¬ 
trols the regulating network is deter¬ 
mined in accordance with the amotmt of 
pilot cturent flowing in the circuit in the 
direction concerned. At repeater sta¬ 
tions the pilot current is picked off at 
the output of the line amplifier, being 
separated from the message transmissions 
by a quartz filter which has about a 30- 
cycle pass band. For control of trans¬ 
mission from west to east at the repeater 
stations, this filter selects 59.9 kilo¬ 
cycles and for control of the oppositely 
directed transmission, 116.1 kilocycles. 
At the terminals the pilot-channel select¬ 
ing filter is connected across the output 
of the auxiliary amplifier following the 
second group demodulator where the 
pilot frequency is 84.1 kilocycles. The 
pilot current from the pick-off filter is 
amplified in a single-stage amplifier which 
has feedback for constancy of operation 
and input and output circuits tuned to the 
pilot frequency. After amplification the 


pilot ciurent is rectified by a temperature- 
compensated copper-oxide rectifier. 

The resulting direct current passes 
through the operating windings of the 
control and alarm relays. These Weston 
Sensitrol relays are, in fact, microam¬ 
meters with high and low contacts made 
by the pointers. The mechanical bias 
of the moving system is adjusted so that 
with the normal pilot current the pointer 
will remain free in the middle between the 
two contacts. A change of about 0.5 
decibel in this current will cause the 
pointer of the control relay to make con¬ 
tact with the terminal at the correspond¬ 
ing end of its swing. As the limiting 
contacts are magnetized and the pointer 
is of magnetic material, good contact is 
insured. When contact is made on one 
side a 60-cycle circuit is closed through 
the motor which controls the regulating 
capacitor in such a direction as to cause 
the loss in the regulating network to be 
increased. Closure of the other contact 
similarly causes the loss in the regulating 
network to be decreased. Closure of 
either contact also doses a drcuit con¬ 
taining a slow operate “pulse*' relay to 
release the Sensitrol relays after an in¬ 
terval of about four seconds During 
this time the gain of the regulating am¬ 
plifier will have been changed about 
0.1 dedbd. If now the pilot current 
levd is within 0.5 dedbel of normal the 
operation is complete. If not, it is 
repeated and the device keeps periodically 
testing the drcuit so long as it is away 
from satisfactory compensation. There 
are also alarm circuits for attracting 
attention in cases of wide variations in 
equivalent. In severe ice conditions 
where a single regulating repeater has not 


suffident gain to make up for the great 
loss in the line, the next succeeding 
repeater will do its utmost to make up the 
defidency. 

Conclusion 

In what lias preceded, developments 
have been described which are making it 
possible to provide a very substantial 
increase in drcuits on open-wire pole 
lines without additional wire stringing. 
Illustrations of typical office installations 
of type / carrier equipment, unattended 
repeater stations, and filter huts are 
shown in figure 10. 

Three stages in the devdopment of the 
open-wire line over the past 20 years, 
giving successive increases in drcuit 
capacity, are shown in figure 11. Prior to 
the application of carrier systems, a four- 
crossarm pole line would yield 30 voice 
drcuits. Now, on a new line 256 drcuits 
are potentially obtainable. Thus it is 
probable that the open-wire line will 
continue as an important factor in fur¬ 
nishing facilities in moderate numbers, 
particularly in the less densely populated 
sections of the country and where climatic 
conditions are not unfavorable. Instal¬ 
lations of type J systems have already 
been made in various parts of the United 
States. 
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Line construction with eight-lnch-spaced non- 
phantomed nonpole pairs. Type C systems on 
all elght-inch-spaced pairs 

Facilities—22 voice circuits, 48 carrier cir¬ 
cuits, total 70 



New line construction; all eight-inch-spaced 
pairs; no pole pairs; crossarms spaced 36 
inches instead of 24 inches; no phantoms 

Facilities—16 voice drcuits, 240 carrier 
circuits, total 256 
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of the channels between Charlotte and 
West Palm Beach are extended north to 
New York by means of the cable carrier 
systems between New York and Charlotte 
of the kind described in a paper by C. W. 
Green and E. I. Green, presented at the 
^ter convention in January 1938, to form 
New York—West Palm Beach and New 
York-Miami circuits. 

The use of this type of facility will doubt¬ 
less be an increasing factor in our plans for 
circuit growth. 


Discussion 

James J. Pilliod (American Telephone and 
Tdegraph Company, New York, N. Y.); 
The 12“Channel open-wire carrier telephone 
systems came into commercial use in the 
plant of the long lines department of the 
American Telephone and Telegraph Com¬ 
pany during the latter part of 1938 and in 
JanuaiT of this year. Six such systems 
have been placed in operation, one in 
Texas between Dallas and Houston, two on 
the recently completed transcontinental 
route between Oklahoma City and White- 
between Oklahoma City and 
Albuquerque, and two between Charlotte 
and West Palm Beach. These systems 
provide 72 channels, making a total of 
nearly 55,000 miles of telephone circuit. 

The longest of these systems is the Okla¬ 
homa City-Whitewater (Los Angeles) whose 
route totals approximately 1,180 miles and 
m which there are 16 intermediate repeater 
pomts. The spacings of these repeaters 
were adjusted in accordance with knowledge 
of abnormal weather conditions. On the 
eastern end, between Oklahoma City and 
the Texas-New Mexico state line, in which 
sleet IS to be expected, the average spacing 
IS m the order of 50 miles, while west of this 
point wh^e less severe conditions, from a 
transmission standpoint, are encountered, 
the pacing averages more in the order of 
75 mues. On the southern systems spacings 
ranj^g from 75 to nearly 100 miles obtain. 

Experience with these systems thus far 
h^ been very satisfactory. Excellent tele¬ 
phone circuits have been obtained and the 
chapels, for the most part, have been ex¬ 
tended by other types of faciUties. For 
e^mple, four-wire cable circuits out of 
Oklahoma City to Chicago, St. Louis, and 
New York, and out of Charlotte to Washing¬ 
ton ^d New York, the combined facilities 
fonmng very long toll circuits over which 
excellent transmission is obtained. 

It may be of interest to note that many 


R* M. Goetchius (nonmember; American 
Telephone and Telegraph Company, New 
York, N. Y.): In addition to the systems 
mentioned by Mr. Pilliod, two additional 
tjqje J systems were placed in service in 
1938, one between Dallas and San Antonio, 
a distance of 280 miles, and one between 
D^as and Longview, a distance of 130 
miles. These two systems provided 5,000 
miles of ^ additional telephone circuit. In 
the application to existing telephone plant 
of all these type J carrier telephone systems, 
there are many engineering problems. For 
example, in laying out the intermediate 
repeater stations, consideration must be 
given to the probability of ice formations, 
static noise, which is a maximum in the 
summer, and possible interference from 
near-by radio stations. In many cases 
portable testing apparatus is used to make 
field measurements of the order of magni¬ 
tude of these effects in the particular loca¬ 
tion. 

After the number of auxiliary repeater 
stations between existing offices has been 
determined on these general considerations, 
it is necessary to make a detailed survey 
to determine suitable sites for the repeater 
office. ^ Important elements in these con¬ 
siderations are the availability of commercial 
power and the accessibility to mai n roads. 
In most parts of the country commercial 
power is readily avaUable within a few 
miles of the theoretically best location for 
a repeater station. However, in the case of 
several offices on the route between Okla¬ 
homa City and Whitewater, Calif., no 
source of power was available at the repeater 
site or even within a reasonable distance. 
Accordingly, windmill generators were in¬ 
stalled together with emergency gas-engine 
generators which served as a source of 
power for charging the batteries used at 
these locations. 

An important problem which must be 
considered in applying type J systems to 
an existing open-wire line is the extent 
to which the transposition system and 


configuration of the line needs to be modified 
to make it satisfactory for type J use. The 
solution in each case depends to a large 
extent on how well the line is transposed 
and on the number of type J systems for 
which it appears reasonable to arrange the 
line. On the present-day eight-inch-spaced 
well transposed lines, it is possible to apply 
a number of type J systems with relatively 
small changes in the present arrangements. 
On the older lines employing 12-inch spacing 
where only a limited number of crossarms 
are now available for type C carrier, the 
application of type J systems may require 
extensive retransposing and even respacing 
to six inches of the pairs which are used for 
type J operation. The solution for this 
problem which was worked out in Texas for 
the Dallas-Houston and Dallas-San An¬ 
tonio systems was quite different from either 
of the general treatments mentioned pre¬ 
viously, On both of these routes, which 
consisted of five full crossarms of wire, it 
was decided to provide additional facilities 
during 1937 before the type J system was 
available. In order to prepare the addi¬ 
tional wire for future tjrpe J application 
and to eliminate the possible hazard due to 
wires from the upper crossarm falling on the 
type J wire, an additional crossarm was 
placed on both these lines 24 inches above 
the present top crossarm. This was ac¬ 
complished by adding a simple extension 
fixture consisting of a four-inch steel H- 
beam arranged to be fastened to the pole 
by the through bolts supporting the two 
upper crossarms. On this additional cross- 
arm there were placed four six-inch-spaced 
128-mil conductors suitably transposed for 
type J operation. 

While experience with commercial opera¬ 
tion of the type J systems has been quite 
limited, the service results to date have been 
ve^ good. The circuits themselves are very 
quiet and transmit a wider band of fre¬ 
quencies than previous types of open-wire 
earner systems. The regulation features 
of the system automatically compensate for 
all normal weather changes and therefore 
mi nimi ze the amount of periodic mainte¬ 
nance work required to maintain satisfactory 
operation. As an example of this, during 
the first three months of operation of the 
Dallas-San Antonio system, there was not 
a single report of trouble to the testboard 
on any of the circuits operated over this 
system. Furthermore, if trouble condi¬ 
tions arise in the system, automatic alarm 
features notify the maintenance attendants 
and, in some cases, indicate the nature of the 
trouble so that remedial measures may be 
quickly initiated. 
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An Electronic Control Circuit for 
Resistance Welders 


T. S. GRAY 

MEMBER AIEE 

F lexible electronic control cir¬ 
cuits for the precise timing of re¬ 
sistance welders have been utilized 
thus far priniarily on large welders. 
This paper describes a new circuit using 
recently developed types of cold-cathode 
electronic tubes which makes the appHca- 
tion of such control economically prac¬ 
ticable to sm^l as well as large wdders. 
The advantages of precise timing of 
welds by electronic means are well 
recognized, particularly for exact dupli¬ 
cation of welds and for fabrication of 
materials difficult to weld oi; subject to 
physical or chemical changes if over¬ 
heated. Utilization of the method oh 
small laboratory or industrial welders 
may render expedient processes that 
heretofore were considered tmavailable 
except for large-scale production. 

Elements of Operation 

In the circuit shown by the heavy Hues 
near the top of figure 1 , two band- 
ignitor mercury-arc tubes^ are connected 
in a parallel-inverse relationship in series 
with the welder-transformer primaty 
winding to conduct alternate half-cycles 
of current. These tubes consist of a 
mercury-pool cathode and a metal anode 
in an evacuated bulb with a metal band 
located outside the tube near the edge of 
the surface of the mercury. Conduction 
begins in such tubes upon application of 
a high-voltage from a spark coil to the 
external starting band if the anode is 
more than about 50 volts positive with 
respect to the cathode.* The function 
of the control unit, which constitutes the 

Paper number 39-40, recommended by the AIEB 
committee on electric welding and subcommittee 
on electronics, and presented at the AIEB winter 
convention. New York, N. Y., January 23-27,1939. 
Manuscript submitted September 19. 1938; made 
available for preprinting December 19^ 1938. 

T. S. Gray is assistant professor of electrical engi¬ 
neering, Massachusetts Institute of Technology, 
Cambridge; J. Brbybr, Jr., former student at 
Massachusetts Institute of Technology, is in the 
engineering department of the Belmont Radio 
Corporation, Chicago, Ill. 

The authors are indebted to H. E. Edgerton for 
many suggestions in the design of the circuit. 

1. For all numbered references, see list at end of 
paper. 

* Voltage polarities of tube electrodes are taken 
with respect to the cathode as a reference in this 
article unless otherwise stated. 
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remainder of the circuit, is to initiate 
conduction in the band-ignitor tubes 
whenever the control switch S is moved 
from point 2 to point 1 . Conduction is 
to begin precisely at a chosen phase angle 
in the supply-voltage alternation during 
an arbitrarily predetermined number of 
half, cycles. The band-ignitor tubes 
then act as electrically controlled syn¬ 
chronously operating switches in series 
with the welder. Two are necessary to 
conduct the current in opposite directions 
because of their unilateral-conduction or 
rectifying characteristic. The three¬ 
fold requirements of the control unit are 
that it ( 1 ) deliver a controllable number 
of high-voltage pulses to the starting 
bands of the band-ignitor tubes, ( 2 ) 
synchronize these pulses with the supply- 
voltage alternation at a controllable 
phase angle, and (3) provide operation 
which is independent of both the time at 
which the control switch S is operated 
and the interval it is held closed. 

Operation in Detail 

The Strobotron tube is tlie nucleus 
of the control circuit. Its function is to 
complete a discharge circuit for capacitor 
Ca through the primary winding of the 
spark coil TR 2 and thereby to impress a 
high-voltage surge upon the starting 
bands of the band-ignitor tubes. Since 
the Strobotron tube is a relatively recent 
development, its characteristics as utilized 
in this application will be summarized 
briefly. 

The electrodes of the Strobotron tube® 
consist of a cathode composed of a 
caesium compound, a metal anode, and 
two grids located between them. The 
tube is filled with neon gas at a pressure 
of about 1.5 millimeters of mercury. A 
glow discharge will start between the 
grids if the voltage between them reaches 
an amount of the order of 100 volts, with 
one grid positive and the other negative 
with respect to the cathode. If the anode 
is made 200 to 400 volts positive, the 
discharge will immediately transfer to 
the anode and cathode, and it will change 
from a glow into an arc with a low voltage 
drop if the source of supply for the anode- 
cathode circuit is capable of furnishing 
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several amperes even momentarily. Less 
current to the grids is required for start¬ 
ing if the inner grid (the one nearer the 
cathode) is made negative and the outer 
grid (the one nearer the anode) is made 
positive than if the grids have the re¬ 
versed polarities. 

It is necessary that the high-voltage 
pulse to the starting bands occur twice 
during each cycle of the supply voltage 
in order that both band-ignitor tubes 
fire and conduct the alternate half cycles. 
To this end, the output of a peaking® 
transformer TRi is rectified by the full- 
wave rectifier tube Ti, and the resulting 
tmidirectional peaked voltage wave, hav¬ 
ing a frequency of 120 cycles per second, 
is applied to a voltage divider consisting 
of Ra and R^ in series. The major portion 
of the peaked voltage, about 60 volts 
in amplitude, is supplied to the inner 
grid of the Strobotron tube through re¬ 
sistor J? 8 . The polarity of the voltage is 
such as to make the inner grid momen¬ 
tarily negative when tlie peaks occur. 
Capacitors Ci and Cz are included to 
furnish a surge of grid current and make 
the firing of the Strobotron tube more 
positive.® In addition they serve to pre¬ 
vent extraneous surges from starting the 
tube. The primary winding of the peak¬ 
ing transformer TR\ is supplied through 
resistor Rz and capacitor Ci, which form 
a resistance-capacitance phase-shift cir¬ 
cuit for adjustment of the time in the 
cycle at which the peak of voltage from 
the secondary winding occurs. This 
voltage supply to the inner grid of the 
Strobotron tube is not sufficient alone to 
cause the tube to fire, but it insures that 
firing will occur at a frequency of 120 
cycles per second when the remainder 
of the control circuit makes the outer 
grid positive by an amount greater than 
about 50 volts. Thus the second of the 
control-rmit requirements listed above is 
accomplished. 

The transformer TRz supplies power to 
heat the cathodes of the varioxis high- 
vacuum tubes, and in conjunction with 
the full-wave rectifier tube Tb it furnishes 
a direct voltage across capacitor CV to 
operate some of the tubes and to charge 
capacitor C 4 . 

Tubes Ta and Tz form a **trigger-con- 
troUed^^ time-delay circuit to supply the 
outer Strobotron grid with a direct voltage 
for a chosen time interval after the con¬ 
trol switch is operated. The adjustable 
contact on resistor is so set that 
normally grid number 1 of tube is 
negative beyond cutoff; hence, the 
current through J^u is negligible and the 
voltage of point E is practically that of 
D; namely, about 375 Volts positive. 
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The grid of tube Tj is held at a positive 
voltage through resistor therefore 
this tube conducts a relatively large 
plate current, the voltage drop in the 
plate resistor Rn is large, and point G 
is normally only a few volts positive. 
The current to the grid of the tube Tf 
causes a large voltage drop in Rn, mailing 
the voltage of point F also only a few volts 
positive, with the result that capacitor 
C» is charged to about 350 volts, terminal 
B being positive with respect to terminal 

When a positive voltage impulse is 
impressed on grid number 1 of tube T 4 , 
in a manner to be described later, the 
plate amrent through resistca: Rn sud¬ 
denly rises, the voltage at E falls, and, 
because the charge on the capacitor Ct 
cannot change instantaneously, the grid 
of tube Tt, point F, is suddenly made 
hijlily negative as is indicated in the 
idealized vmve forms of figure 2. The 
plate current of tube T, therefore de¬ 
creases suddenly. As it decreases, the 
voltage of point G increases, thereby 
mcreasiag the screen-grid voltage of tube 
Tt, which increases the plate cunent in 
Ti and accelerates the changes. The re¬ 
sult is that grid number 2 of the Strobo- 
iron tube is suddenly made positive, and 
It remains fixed at this positive voltage 
until the transient described below is 
completed. 


When point F is driven ne^ 
riiarging current flows from D 
-Rn, a, andr4toi\r. Thevolta 
grid of Ts therefore approaches 


Figure 1. Electronic control circuit for a 
resistance welder 

The control unit is enclosed by dotted lines 
Circuit constants: 


Ri — 10 ohms 

R 2 — 5,000 ohms 

Rt — 3,000 ohms 

Ra — 100,000 ohms 
Rs —1/000,000 ohms 
Rt — 25,000 ohms 

R 7 —1/000,000 ohms 
Rs —^1/000,000 ohms 
ft — 200 ohms 

fto — 100,000 ohms 
Rii — 100,000 ohms 
Ri 2 —^1/000,000 ohms 
fts — 100,000 ohms 
Ri4 — 50,000 ohms 

Ri6 — 25,000 ohms 

Ti —Type 6H6 
Ta —^Strobotron 
Ta —^TypelV^ 

Ti —^Type77 


Ts —Type 01/1 
Te —Type 6X5 
TRi —Peaking trans¬ 

former 

Tft—Automobile-type 
spark coil 

Tft—Plate and filament 
supply trans¬ 
former (Thordar- 
son number 
77020) 

Cl —^1.0 microfarad 
C2 —0.001 microfarad 
Cb —0.005 microfarad 
C4—1.0 microfarad 
Cb —0.005 microfarad 
C® —Decade capaci¬ 
tor 

C7 —24 microfarad 


D in a manner that can be represented 
approximately by an expression involving 
an exponential with a negative exponent 
The grid voltage becomes equal to that 
of the cathode of tube Tb in a time of 
about 0.69 R^Ct seconds, where is in 
ohms and C is in farads. After the 
elapse of this time, tube Tg begins to 
conduct again, and the voltage of the 
saeen grid of tube r4is thereby decreased. 
This causes a decrease of the plate cur¬ 
rent and an increase in the positive volt- 
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age of point JS, which in turn increases 
the voltage of point F and accelerates the 
return of the circuit to its initial condition. 
The outer grid number 2 of the Strobo- 
tron tube T 2 is thus suddenly brought 
back to a low positive voltage after a 
time dependent upon the size of ca¬ 
pacitor C®. 

The operation of the time-delay cir¬ 
cuit described here results in the applica¬ 
tion of a positive voltage to grid number 
2 of the Strobotron tube for a controlled 
time interval whenever an impulse is 
delivered to grid number 1 of tube T®. 
During this interval the Strobotron will 
fire at 120-cycles-per-second frequency in 
^cordance with the voltage supplied to 
its grid number 1, and pulses synchro¬ 
nized with the supply-voltage alteniations 
will be delivered to the starting bands of 
the band-ignitor tubes. 

The first control-unit requirement 
listed here, namely, that the unit de¬ 
liver a controllable number of high- 
voltage pulses to the starting bands of 
the band-ignitor tubes, is only partially 
fulfilled by the circuit thus far described. 

If a control switch were incorporated in 
the circuit merely to comiect grid number 
1 of tube Z 4 to a source of positive voltage 
upon manual closure, the number of half 
cycles of welding current conducted dur¬ 
ing the controlled time interval would 
depend upon the time in the cycle at 
which the control switch was closed, and 
the welding current would continue as 
long as the switch was held closed. 

These difliculties are avoided by inter¬ 
posing tube Tz with its associated circuit 
to deliver only one short impulse to grid 
number 1 of tube regardless of the 
length of time the control switch S is 
held closed; and to cause this impulse 
to occur at a particular point in the sup¬ 
ply-voltage cycle regardless of when the 
control switch is closed. Control, switch 
S (actually a relay for remote control) is 
normally closed on position 2, and opera¬ 
tion transfers it to position 1. A small 
portion (about ten volts) of the next 
succeeding rectified peak of voltage from 
transformer ri?i then appears across 
resistor R^ and charges capacitor C® 
through tube Tz and resistor jRio. A small 
voltage pulse caused by the charging 
current Ihrough is delivered to tube 
Ta and the controlled weld is thereby 
initiated. Capacitor <7 b cannot discharge 
wMe the control switch is held closed 
on position 1 because of the rectifier 
tube T B. Hence, only one pulse is trans- 
mtted to tube Ta each time the switch 
is opiated, and a number of half cycles of 
wel^ng current predetermined by the 
setting of capacitor Cs occurs. 
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An Electronic Control Circuit for 
Resistance ^X^elders 

T. S, GRAY J. BREYER, JR. 
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F lexible electronic control cir¬ 
cuits for the precise timing of re¬ 
sistance welders have been utilized 
thus far primarily on large welders. 
This paper describes a new circuit using 
recently developed types of cold-cathode 
electronic tubes which makes the applica¬ 
tion of such control economically prac¬ 
ticable to small as well as large welders. 
The advantages of precise timing of 
welds by electronic means are well 
recognized, particularly for exact dupli¬ 
cation of welds and for fabrication of 
materials difficult to weld or subject to 
physical or chemical changes if over¬ 
heated. Utilization of the method on 
small laboratory or industrial welders 
may render expedient processes that 
heretofore were considered unavailable 
except for large-scale production. 

Elements of Operation 

In the circuit shown by the heavy lines 
near the top of hgure 1, two band- 
ignitor mercury-arc tubes^ are connected 
in a parallel-inverse relationship in series 
with the welder-transformer primary 
winding to conduct alternate half-cycles 
of current. These tubes consist of a 
mercury-pool cathode and a metal anode 
in an evacuated bulb with a metal band 
located outside the tube near the edge of 
the surface of the mercury. Conduction 
begins in such tubes upon application of 
a high-voltage from a spark coil to the 
external starting band if the anode is 
more than about 50 volts positive with 
respect to the cathode.* The function 
of the control unit, which constitutes the 

Paper number 39-40, recommended by the AIEE 
committee on electric welding and subcommittee 
on electronics, and presented at the AIEE winter 
convention, New York, N. Y., January 23-27, 1939. 
Manuscript submitted September 19, 1938; made 
available for preprinting December 19, 1938. 

T. S. Gray is assistant professor of electrical engi¬ 
neering, Massachusetts Institute of Technology, 
Cambridge; J. Breybr, Jr., former student at 
Massachusetts Institute of Technology, is in the 
engineering department of the Belmont Radio 
Corporation, Chicago, Ill. 

The authors are indebted to H. E. Edgerton for 
many suggestions in the design of the circuit. 

1. For all numbered references, see list at end of 
paper. 

* Voltage polarities of tube electrodes are taken 
with respect to the cathode as a reference in this 
article unless otherwise stated. 
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remainder of the circuit, is to initiate 
conduction in the band-ignitor tubes 
whenever the control switch S is moved 
from point 2 to point 1. Conduction is 
to begin precisely at a chosen phase angle 
in the supply-voltage alternation during 
an arbitrarily predetermined number of 
half cycles. The band-ignitor tubes 
then act as electrically controlled syn¬ 
chronously operating switches in series 
with the welder. Two are necessary to 
conduct the current in opposite directions 
because of their unilateral-conduction or 
rectifying characteristic. The three¬ 
fold requirements of the control unit are 
that it (1) deliver a controllable number 
of high-voltage pulses to the starting 
bands of the band-ignitor tubes, (2) 
synchronize these pulses with the supply- 
voltage alternation at a controllable 
phase angle, and (3) provide operation 
which is independent of both the time at 
which the control switch 5 is operated 
and the interval it is held closed. 

Operation in Detail 

The Strobotron tube T'2 is the nucleus 
of the control circuit. Its function is to 
complete a discharge circuit for capacitor 
C4 through the primary winding of the 
spark coil TR 2 and thereby to impress a 
high-voltage surge upon the starting 
bands of the band-ignitor tubes. Since 
the Strobotron tube is a relatively recent 
development, its characteristics as utilized 
in this application will be summarized 
briefly. 

The electrodes of the Strobotron tube^ 
consist of a cathode composed of a 
caesium compound, a metal anode, and 
two grids located between them. The 
tube is filled with neon gas at a pressure 
of about 1.5 millimeters of mercury. A 
glow discharge will start between the 
grids if the voltage between them reaches 
an amount of the order of 100 volts, with 
one grid positive and the other negative 
with respect to the cathode. If the anode 
is made 200 to 400 volts positive, the 
discharge will immediately transfer to 
the anode and cathode, and it will change 
from a glow into an arc with a low voltage 
drop if the source of supply for the anode- 
cathode circuit is capable of furnishing 
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several amperes even momentarily. Less 
current to the grids is required for start¬ 
ing if the inner grid (the one nearer the 
cathode) is made negative and the outer 
grid (the one nearer the anode) is made 
positive than if the grids have the re¬ 
versed polarities. 

It is necessary that the high-voltage 
pulse to the starting bands occur twice 
during each cycle of the supply voltage 
in order that both band-ignitor tubes 
fire and conduct the alternate half cycles. 
To this end, the output of a peakirg^ 
transformer TRi is rectified by the full- 
wave rectifier tube Ti, and the resulting 
unidirectional peaked voltage wave, hav¬ 
ing a frequency of 120 cycles per second, 
is applied to a voltage divider,consisting 
of i?4 and R^ in series. The major portion 
of the peaked voltage, about 50 volts 
in amplitude, is supplied to the inner 
grid of the Strobotron tube through re¬ 
sistor i?6. The polarity of the voltage is 
such as to make the inner grid momen¬ 
tarily negative when the peaks occur. 
Capacitors G and Cz are included to 
furnish a surge of grid current and make 
the firing of the Strobotron tube more 
positive.2 In addition they serve to pre¬ 
vent extraneous surges from starting the 
tube. The primary winding of the peak¬ 
ing transformer TRi is supplied through 
resistor R 2 and capacitor Ci, which form 
a resistance-capacitance phase-shift cir¬ 
cuit for adjustment of the time in the 
cycle at which the peak of voltage from 
the secondary winding occurs. This 
voltage supply to the inner grid of the 
Strobotron tube is not sufficient alone to 
cause the tube to fire, but it insures that 
firing will occur at a frequency of 120 
cycles per second when the remainder 
of the control circuit makes the outer 
grid positive by an amount greater than 
about 50 volts. Thus the second of the 
control-unit requirements listed above is 
accomplished. 

The transformer TRz supplies power to 
heat the cathodes of the various high- 
vacuum tubes, and in conjunction with 
the full-wave rectifier tube Te it furnishes 
a direct voltage across capacitor C? to 
operate some of the tubes and to charge 
capacitor C4. 

Tubes r4 and form a ‘Trigger-con¬ 
trolled” time-delay circuit to supply the 
outer Strobotron grid with a direct voltage 
for a chosen time interval after the con¬ 
trol switch is operated. The adjustable 
contact on resistor A15 is so set that 
normally grid number 1 of tube r4 is 
negative beyond cutoff; hence, the 
current through Rn is negligible and the 
voltage of point R is practically that of 
D; namely, about 375 volts positive. 
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amperes, but there appears to be no 
inherent limitation to its use with larger 
welders if band-ignitor tubes of suffi¬ 
ciently high ratings are substituted in the 
circuit. 
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Discussion 

L, G. Levoy (General Electric Co., Sche¬ 
nectady, N. Y.):, The authors have pre¬ 
sented an interesting description of a con¬ 
trol circuit for spot-welding applications. 
I would like to ask what actual crest volt¬ 
ages are required on the ignitor bands of the 
power tubes? High voltages, even though 
of the nature of an impulse of short dura¬ 
tion, are frequently a barrier to widespread 
application, particularly when the same 
result can be accomplished without the use 
of high voltage. 


E lectric welding could be 

pictured very accurately to an 
electrical engineer as an attempt at 
maintenance and control of a short 
circuit. In resistance welding, whether 
spot, butt, roller seam, flash, or pro¬ 
jection, it is an actual short circuit with 
definite resistance and low voltage drop. 
The arc is the maintenance of a short 
circuit in a very unstable medium, gener¬ 
ally air, with a comparatively high 
voltage and nature conspiring to ex¬ 
tinguish it. The “holding” of a metal 
arc is especially difficult as one electrode 
is continuously melting away into the 
other electrode called the “work.” 

In 1930 the AIEE published an article 
by the writer on time recovery and 
control of the welding current and volt¬ 
age, as shown by an oscillograph, with 
both direct and alternating current. 
Direct ctirrent holds an arc very readily 
and for the single carbon arc it is so 
far unchallenged. Alternating current, 
however, is used for the double carbon 


The circuit proposed in figure 1 is syn¬ 
chronous starting with respect to phase 
angle, but is random starting with respect 
to polarity of the first half cycle of any 
spot. In a simple spot welder there are 
no cumulative residual current transients, 
smee the electrodes are lifted from the work 
^ter the termination of each spot. There 
is, however, some residual flux left in the 
core of the welding transformer. If the 
spot length and polarity of starting are 
properly controlled, the effect of this residual 
flux can be minimized. In a welding trans¬ 
former liberally designed for the voltage 
applied, the effects of residual flux are 
small, but in many cases welding trans- 
fomers normally run at high flux den¬ 
sities, in which case the effect of residual 
magnetism may give rise to primary tran¬ 
sients and also may result in greater mag¬ 
netic energy storage at the termination of 
the spot. This often gives rise to undesir¬ 
able arcing at the electrodes when they are 
quickly removed from the work after the 
c^sation of primary current, tending to 
shorten the electrode life and also cause 
pitting of the surface of the work. For 
these reasons, where precise work is to be 
done It would be desirable to incorporate 
tue future of unipolar starting in the 

J® maximum 

the spot length should be 
^justable m full cycle increments only, 
^ese features are available on existii 
electoomc controls. Where odd half-cySi 
s 5 >ot len^ are required, antipolar starting 
f f °vided for m available electronic con- 
rtols For mterrupted spot or seam weld¬ 
ing, proper control of the starting polarity 


single tungsten shielded arc welding 
It was considered impossible to hold ai 
a-c metallic arc continuously previou! 
to the writer’s efforts. The a-c arc 


Paper number 3iMS7, recommended by the AIBB 
committM on electric welding, and presented at 
the AIEE winter convention, New York. N. Y 
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and spot length is a requisite to consistent 
weldmg. 

T. S. Gray: The actual crest voltage re- 
qtmed on the ignitor bands of the power 
tubM, about which Mr. Levoy asks, depends 
the thickness of the glass through which 
the voltage acts. In glass tubes made with 
ordma^ borosilicate glass approximately 
IVi millmeters thick, the crest voltage r^ 
^ed is about ten kilovolts. Thinner 
glass between the metal ignitor and the 
mwe^ pool makes possible a reduction 
of this crest voltage by a factor of three to 
fire (see Z. J. Germeshausen, Physical 
volume 66, Jan. 16,1939, page 228) 
mere is no serious problem of high-voltage 
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however, once established, is much easier 
to control and nonferrous alloy welding, 
even with copper-base alloys, is being 
accomplished by the use of capacitance 
and the high-frequency pilot circuit. 
The introduction of desirable gases, 
instead of air with its oxygen and nitro¬ 
gen, to help hold the arc by means of 
covering on the rods or by surrounding 
the arc as in “atomic” or “shielded arc” 
welding, is a very great improvement in 
the arc stream from the “holding” 
standpoint. The deposited metal is 
also greatly improved. 

In 1920 the AIEE Journal contained 
an article by the writer on phenomena of 
a-c arc welding, also showing a table of 
electrode arc voltages which is now up- 
to-date by the general adoption of covered 
electrodes. If there were ever natural 
companions for combined good results 
it is the firm of the a-c arc and covered 
electrodes. 

The a-c arc does not wander or have 
arc blow” and the current and voltage 
can be held ever so much steadier than 
the d-c arc. Whether for this reason 
or due to the fact that the alternating 
current agitates the molten puddle during 
crystal growth, it is an accepted fact 
that alternating current and covered 
electrodes make the highest quality weld 
deposit. 

Class I pressure vessels are welded 
with alternating current. The $11,000,- 
000 Boulder Dam job was welded with 
alternating current. 


wmg or protection associated with the use 
of the band-ignitor tubes, because the prob¬ 
lem IS similar to that in an automobUe and 
the spark coil may be located nearby in the 
same metal enclosure with them. 

The suggestion by Mr. Levoy that for a 
minimum ma^etking transient the timin. 
should^ be adjusted in multiples of a full 
cycle is important, and this adjustment 
would ordinarily be made except whoa a 
si^le half cycle is desired. It is interesting 
that provision for unipolar or antipolar 
startmg becomes important with large 
wdd^ and with interrupted spot or seam 
In our work with small spot 
Traders we have not observed arcing of the 
electrodes or pitting of the surface of the 
work as a result of the lack of such control. 
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Copper alloys—Monel, bronzes, etc.— 
still give trouble with the metallic a-c 
arc although the double carbon arc is 
better for brazing with alternating current 
than with direct current. Capacitor 
circuits have brought copper, bronze, 
and brass alloy welding into the scope of 
the a-c metallic arc. Previously the 
d-c carbon arc was the solution for 
copper-alloy welding and brazing not 
done by gas welding. The '‘atomic’' 
or hydrogen-bathed arc has opened a 
new field for alternating current in that 
special jobs requiring no contact with 
the air are extending the field of the art. 
Copper welding, Monel, stainless, and 
“tricky” alloys are handled with ease 
by the hydrogen-flame arc. 

The superimposed high-frequency cir¬ 
cuit is a very desirable adjunct for special 
welding purposes. With an air-core 
transformer and capacitor oscillating 
circuit (figure 1) high frequency, as used 
in vaudeville shows, is here made to 
jump the gap and break down the sur¬ 
faces for the following of the arc current. 
This is especially desirable for thin 
work, stainless, mill-scale plates, and 
tack welding. It is also useful in starting 
and maintaining the hydrogen “atomic” 
arc and in maintaining any arc under 
specially disadvantageous circumstances 
such as oil, wind blowing, grease, water, 
etc. This high frequency can either be 
superimposed on a-c or d-c arc circuits 
but is generally used with low-current 
a-c circuits. 

The writer has preached the advantages 
of covered rods and a-c welding for 26 
years. The opposition to covered elec¬ 


Figure 1 . Superimposed high-frequency 
circuit 


trodes and alternating current was 
tremendous. Even though the AIEE 
published the writer’s 1920 article, the 
major companies fought acceptance of 
the truth of the qualities shown very 
strongly. In fact, acceptance of alter¬ 
nating current only recently has become 
universal in the United States although 
in Europe this progress had preceded 
ours. However, in this country for 
several years all important work such as 
class I pressure vessels and oil-fired 
vessels, penstocks, and those companies 
who have a testing laboratory use a-c 
welding for its quality product. In ad¬ 
dition to its quality, alternating current 
is faster and, hence, cheaper in labor, 
whicji is 80 per cent of the cost of arc 
welding. The first cost and the elec¬ 
trical cost of operation is less with alter¬ 
nating current and there is no main¬ 
tenance. There is no electrolytic action 
or positive or negative corrosive forces. 
The deposit is neutral, of finer grain 
structure, free from porosity, and gener¬ 
ally better on all iron and steel work. 

Why has a-c arc welding progress 
been so retarded? The chief sales dis¬ 
advantage against alternating current 
has been the open-circuit voltage, which 
lowers the power factor and is liable to 
cause nervous shocks especially in wet 
places. 

The writer has lately developed a 
unique method of lowering the voltage 
by an odd circuit as shown in figure 2. 
In its simplest form it consists of a leakage 
transformer with two windings. One 
winding is across the operating voltage, 
say 80 volts, and the other winding is 
in series with the operating voltage, 
open-drcuited until contact is made. 
On open circuit the second winding 
subtracts from the first one leaving the 


voltage low, say 40 volts. During weld¬ 
ing the second winding becomes a re¬ 
actance, lowering the voltage to the arc 
voltage of 40. There is no doubt but 
that this action occurs through phase 
shifting, exactly as described in the 1920 
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Figure 2. Basic buck-back circuit 



Figure 3. Compensated buck-back circuit 



Figure 4. Original low-voltage control circuit 


article. In that case, however, the 
voltages were added. In this case the 
second winding is used to subtract on 
open circuit by plain transformer action 
and under load to subtract by voltage 
reactance drop and phase shift. Capaci¬ 
tance can be used in this circuit to raise 
the bucking voltage which disappears 
under load. Professor Comfort A. 
Adams and the writer have had a good 
many months of argumentation as to 
the interaction of these two circuits and 
at various current and turn values the 
action is widely different. The writer 
admits he cannot explain everything 
that goes on in this circuit. Perhaps 
some professor and student will take 
this up as a thesis. Whether explained 
or not, it operates as described, and is 
especially applicable for heavy welding. 
Figure 3 shows a modified form of this 
circuit. 

The writer has also developed a method 
of holding the open-circuit voltage low 
while enjoying the steadiness of applied 
higher voltage (although this higher 
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Figure 5. Primary voltage cutdown control 



Figure 6, Primary counterbalanced 



voltage is never present at the arc). 
Referring to figure 4, the magnetic 
switch is normally open and only the low 
voltage of a small (bell-ringing size) 
transformer at, say, 40 volts is applied 
to the welding leads. Upon touching 
the electrode to the work the difference 
in reactance between the work electrode 
circmt and the transformer parallel 
circuit causes the magnetic switch to close 
the arc circuit, opening the ‘‘bringing 
in** circuit and the switch is held in by 
a series winding until the arc exceeds, 
say, 40 volts when it drops out This 
systm is “positive safe** and thousands 
are in use, some with the doubtful im¬ 
provement of a time delay in dropping 
out The device is used on large welding 
transformers in the primary circuit thus 
cutting off even the core-loss expense 
and for small arc welders the 40 volts 
can be obtained from the welder itself 
by a tap or separate winding. 

Another method of accomplishing low 
voltage, figure 6, also developed by the 
writer, is to put a resistance or reactance 
or capacitance in the primary of the arc 
welding transformer and by a simple 
^ries relay cut out this voltage-lowering 
impediment during welding. 

Still another method, figure 6, is to 
counterbalance a reactance or capacitance 
in the primary circuit by the welding 
current but this is limited to a very short 
range of welding current with insufficient 
range of adjustment 


The power factor of a-c arc welding 
can be overcome with capacitors, which 
capacitors also give spontaneity of arc, 
this action being similar to that of con¬ 
denser coils in an automobile ignition 
circuit or as in an oil-boiler ignition 
transformer. Capacitors can also be 
used to lower the open-circuit voltage 
by neutralizing the inductive action, as 
in the Hunter circuit (T. M. Hunter, 
president of the American Transformer 
Company), figure 7. Of course, any¬ 
where a capacitor is in the circuit it has 
a correcting effect and if enough ca¬ 
pacity is used the power factor can be 
leading. F. C. Owens of Fayette*<rille, 
N. C., also helps power factor and the 
welding arc by use of capacitors in 
multiple, and wherever a capacitor is 
placed in or across all or part of an arcing 
circuit, it helps the arc and, of course, 
the power factor. Balancing of capaci- 
tence in the primary of the 40-40 circuit 
is also feasible but capacitors are only 
as reliable as storage batteries. 

Another disadvantage of a-c welding, 
from an operating standpoint, is the 
fact that it operates single phase and very 
often not on a line built for single phase 


and the voltage droops and the welding 
withers accordingly. 

With the multiple star system, as 
schematic wiring diagram and photo¬ 
graphs show, there is an adequate tank 
or reservoir in the shape of the mother 
transformer absolutely to preclude any 
drooping. With the a-c multiple system 
the efficiency is three times better than 
with a multiple d-c system and twice 
as good as that of any single-motor- 
generator system. The independent 
control of both amperage and voltage 
at each station also removes one of the 
disadvantages of d-c multiple system 
where only one voltage is available for 
the entire system. D-c multiple installa¬ 
tions would be used more if their effi¬ 
ciency were not so poor. 

A typical welding-shop floor plan is 
shown in figure 8, with mother trans¬ 
former A star connected, neutral 
grounded to buiMing steel, rails, work 
tables, etc., and one cable to each general 
location to outlet transformers along 
the wall, overhead, or generally out of 
the way. The operator has but one 
welding lead. D-c motor generator sets 
have two welding leads, three power 


Figure 8. Mulfiple 
star system 
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leads, and a motor generator for each 
arc. 

Still another great advantage of the 
multiple star system is the space in the 
shop is not interfered with welding 
apparatus, nothing but outlets on the 
wall being necessary for this system. 

The 220-, 440*, 550-volt power lead 
wires to the alleged portable single¬ 
operator machines are done away witt 
and a very great hazard of fire and safety 
is obviated. 

The second greatest detriment to 
single-operator transformer operation is 
interference which is a by-product of 
electrical line drop. The mother trans¬ 
former reservoir system precludes this 
and PR is a negligible component where 
reactance control is used. In single¬ 
operator installations, part of each unit 
is tied up if the full capacity is not used. 

D-c multiple systems are popular 



where one single voltage and no polarity 
reversing will do but the resistance 
method of control of d-c installations 
makes them very costly to operate and 
the large motor and its losses makes 
fractional operation very uneconomical. 
This is obviated in the multiple star 
system (figure 9). In single-operator 
installations there can be no diversity 
factor of the equipment. In the multiple 
arrangement the entire output can be 
had or any fraction of it with the maxi¬ 
mum diversity factor and efficiency and 
no stand-by losses. 

The a-c arc is one-fourth of the cost of 
a. multiple d-c system and one-half that 
of any d-c motor generator set. 

Where the work is heavy enough to 
stand the reservoir capacity, chipping and 
caulking are not necessary, and up to 
lV 2 -inch-thick plates, this system has 
accomplished this desirable step forward 
with the testing and consent of the 
interested authorities, both the insurance, 
The American Society of Mechanical 
Engineers and the National Inspection 
Bureau. This is a saving of 60 per cent 
alone and alternating current is faster 
than direct current generally. 

This multiple ring system (figure 10) 
is a planned installation. The country’s 
welding progress has arrived at a point 
where this Topsy-like method of growing 
by adding single-operator machines 
should be superceded by an orderly 
designed welding power plant. In this 
connection, this system fits in beauti¬ 
fully with electric power, steam, or 
Diesel installations, or combinations of 
either. This multiple star system, 
which provides great diunks of power 
where needed without affecting the light 
and medium work outlets, is also ideal 
for the submerged-arc heavy welding 
or any requirement where combined 
amperage is necessary. 

Figure 10. Multiple star system 

Hamler boiler, Chicago 




Figure 11. Public Service preheating welding 


The latest development of induction 
hysteresis stress-relieving operates per¬ 
fectly with this system. An illustration 
of two pipe joints preheated, welded, and 
normalized with the Smith-Dolan a-c 
preheating development is shown in 
figure 11. There were 8,900 such welds 
at the Essex plant of the Public Service 
Electric and Gas Company accomplished 
perfectly with their 60-cycle power. 
The test pressure on these joints was 
2,250 pounds; the operating temperature 
was 950 degrees Fahrenheit. There 
were no leaks or failures of any kind. 
The metal was that tricky alloy to weld, 
carbon molybdenum steel. 

The d-c arc is better for overhead and 
some vertical welding. The general 
use of covered electrodes ha;s reduced 
this advantage of direct current materially 
and most industrial work is now “posi¬ 
tioned.” 

Alternating current has become the 
steam shovel of welding, leaving direct 
current for the special work tentatively. 


Discussion 

A. U. Welch (General Electric Company, 
Pittsfield, Mass.): As pointed out in this 
paper, a-c arc welding has made great 
strides recently, largely due to the fine per¬ 
formance obtained from modem covered 
electrodes. The remarkable improvement 
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ia arc stability obtained from these newer 
covered electrodes has almost eliminated 
the necessity for complicated welding cir¬ 
cuits and equipment, and excellent results 
are being obtained with simple adjustable 
reactance control of arc current. 

The circuit shown in figure 2 is merely a 
regulating autotransformer with its series 
winding connected bucking. It gives ex¬ 
actly the same performance as any other re¬ 
actance-controlled transformer with the 
same open-circuit voltage and current. 
The circuits shown in figures 3, 6, and 7 use 
capacitance in series with inductive re¬ 
actance to improve arc stability or to permit 
lowering open-circuit voltage somewhat 
with the same arc stability. The circuit 
operates in such manner that if an arc 
should fail to restrike after passing through 
normal current zero, the voltage across the 
reactor, or the equivalent reactance of the 
transformer, collapses immediately, leav¬ 
ing a charge on the capacitor. The voltage 
available to restrike the arc is then the sum 
of the capacitor and transformer open- 
circuit voltage, which will be higher than 
the normal open-circuit voltage. The ca¬ 
pacitor soon discharges through its trans¬ 
former, autotransformer, or discharge coil, 
and the circuit returns to normal open- 
circuit voltage. Since this is a series reso¬ 
nant circuit, extreme care must be taken in 
applying it to arc welding in order to avoid 
dangerous overvoltages on the capacitors, re¬ 
actors, and transformers. Operation would 
not be so precarious if no adjustment of cur¬ 
rent output were required. 

In order to obtain improved arc stability, 
it is necessary that the capacitive reactance 
partly compensate for the inductive re¬ 
actance, or vice versa. In order to control 
current, either the inductive or capacitive 
reactance must be varied, and if the range 
of current is at all wide, the two reactances 
are likely to become so nearly equal as to 
form a completely resonant circuit with very 
high voltages on both capacitor and reactor. 
Furthennore, any additional reactance in¬ 
serted in the circuit, which may be inherent 
reactance in the primary and secondary 
leads, will greatly disturb the operation of 
the circuit, change the ciurent output to a 
very marked extent, and in some cases 
throw the circuit into resonance. Even the 
normal starting transient currents of the re¬ 
actor and capacitor are apt to change the 
inductance sufficiently to cause resonance 
troubles. 

A connection of capacitors in shunt across 
the primary leads of an arc welding trans¬ 
former improves power factor, but has no 
effect on the welding arc except possibly to 
help hold the primary voltage up to its rated 
value. 

The '^multiple star system,” which is 
merely a system of distributing power at 
low voltage instead of primary voltage, in 
general offers no advantage over distribut¬ 
ing at usual primary voltages, such as 220, 
440, or 560 volts. The price of adjustable 
reactors for the multiple star system is 
essentially the same as the price of arc 
wdding transformers designed to run off 
primary voltage, and the elaborate system 
of heavy cables required for distributing 
at low voltage is much more expensive than 
the usual primary wiring in conduit. This 
IS particularly true if isolating switches 
are used at each welding station, as is the 
usual practice, to prevent one faulty unit 


from shutting down the entire system. The 
cost of switches for the low-voltage high- 
current system is very much more than for 
the primary circuit switches. 

The adjustable-reactance welding trans¬ 
former which is the accepted standard 
equipment for a-c arc welding has the ad¬ 
vantages over the circuits presented in this 
paper of simplicity, low cost, low mainte¬ 
nance, adaptability, and freedom from over¬ 
voltages and other dangerous phenomena. 


R. F. Wyer (General Electric Company, 
Schenectady, N. Y.): As always, Mr. 
Holslag’s paper stimulates a great deal of 
thought, as he doubtless intended it to do. 
One idea that seems to me needs further 
clarification is the use of a three-phase 
mother transformer and individual weld¬ 
ing stations to counteract voltage droop 
in power circuits that lack stiffness. If a 
power line into a welding shop is too light 
to handle the additional load imposed by 
a-c welding, then the only means for ena¬ 
bling it to carry this load without additional 
voltage droop is the installation of capaci¬ 
tors, synchronous motors, or syncluonous 
condensers to give a leading-power-factor 
load sufficient to bring the power factor of 
the whole plant load up to the point where 
the total kilovolt-ampere input will not 
exceed the kilovolt-ampere input pre¬ 
viously existing in the plant. That is to 
say, sufficient leading reactive kilovolt¬ 
amperes must be furnished in the form of 
capacitors or synchronous machines to 
cancel the lagging reactive kilovolt-amperes 
of the welding load, and in addition some 
of the lagging reactive kilovolt-amperes of 
the other plant load. Only by this means 
could the total kilovolt-ampere load of 
the plant, and thus the voltage regulation 
of the power line be held constant in spite 
of the addition of the welding load. 

The reference to the mother transformer 
as a tank or reservoir to preclude voltage 
droop is not clear to me. It might be 
thought that a three-phase transformer 
would distribute a single-phase load over 
all three phases of a three-phase power cir¬ 
cuit. This, however, is not true, since a 
single-phase load on the secondary of a 
three-phase transformer will result in single¬ 
phase power input to the transformer, and 
the unbalancing effect on the power supply 
will be just the same as if only a single¬ 
phase transformer were used. It is true 
that if all three phases of the mother trans¬ 
former are loaded on the secondary side, 
then the welding load will be distributed on 
the power line. However the same thing 
can be accomplished by simply distributing 
ordinary wel^g transformers on the three 
phases of the power circuit, and the load 
distribution will be accomplished. 

It is difficult to see how there could be 
any economy in distributing welding power 
at low voltage, such as 80 volts, around a 
welding shop. This practice is quite the 
opposite of the trend in power distribution, 
where the tendency is to go to higher volt¬ 
ages in order to save copper. 

^ Returning to the voltage droop considera¬ 
tion, it would seem that extraordinary pre¬ 
cautions would have to be taken to avoid 
even increasing the voltage droop through 
the use of low-voltage power distribution 
to the various welding stations on account 
of the reactive drop in voltage which is in¬ 


herent in all a-c distribution circuits. This 
is directly proportional to current, and 
since the current carried by the distribution 
circuit must necessarily be increased when 
using low-voltage distribution, I would ex¬ 
pect that the trouble due to voltage droop 
would be accentuated rather than counter¬ 
acted. 

To use specific figures, suppose three 
welders are each using 250 amperes at 
various locations in a shop. With the ordi¬ 
nary single-operator transformer welder set¬ 
up, individual 440- or 220-volt leads, one 
pair from each phase, would be run to the 
individual transformers. Assuming 440-volt 
distribution, the current in these leads 
would be about 46 amperes. The actual 
primary current would depend on the open- 
circuit voltage on the secondary of the 
welding transformer, but 46 amperes is 
figured on the basis of an 80-volt open-cir¬ 
cuit voltage, by multiplying the welding 
current by the ratio of transformation of 
80/440. 

With an 80-volt distribution system, and 
assuming that 80 volts open-circuit voltage 
is desired by the operator, then the current 
in the distribution circuit between the 
mother transformer and the individual 
welding stations will be 250 amperes, be¬ 
cause there is no ratio of transformation 
in the individual welding station. Of 
course, if the open circuit voltage at the 
welding station were reduced to 60 volts, 
then the current in the 80-volt distribution 
circuit would be somewhat less; it would be 
6/8 X 260, or about 190 amperes. 

Remembering that the loss due to PR 
in the distribution lines is proportional to 
the square of the ciurrent in those lines, with 
a ratio of 46 to 200 amperes, the ratio of the 
weights of copper which will be required to 
give the same loss in the two systems will be 
30 to 1. 

In view of the foregoing considerations, 
it appears to me that a low-voltage dis¬ 
tribution system such as is proposed by Mr. 
Holslag would result in an increase in inter¬ 
ference between operators due to voltage 
drop in the supply lines to the individual 
welding stations, instead of a decrease as 
suggested in the paper. 


K. L« Hansen (Hamischfeger Corporation, 
Milwaukee, Wis.): The paper is replete 
with assertions which no doubt will be 
accepted for what they are worth. For 
example, it is stated that the efficiency of 
the a-c multiple system is twice as high as 
that of any single-motor-generator system. 
As the efficiency of some motor generator 
sets is above 60 per cent, the efficiency of the 
a-c multiple system should be over 100 per 
cent, which is, to say the least, doubtful. 

There is, however, one statement in the 
paper which will for a certainty be ac¬ 
cepted without reservation, namely, that 
the author has preached the advantages of 
a-c arc welding for 26 years. In view of 
Mr. Holslag's statement that the accept¬ 
ance of the a-c arc has now become uni¬ 
versal, it would seem that the endless repeti¬ 
tion in the paper of arguments which have 
become not only familiar, but threadbare, 
through 26 years of preaching, should be 
superfluous. 

Perhaps the acceptance of the a-c arc has 
not been so universal as this statement as¬ 
serts. Indeed, what follows immediately 
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tacitly implies that such is not the case. 
The question is asked, ''Why has a-c arc¬ 
welding progress been so retarded?" Mr. 
Holslag answers that the chief reason is the 
high open-circuit voltage, which lowers the 
power factor and is liable to cause nervous 
shocks, especially in wet places. 

In the following two paragraphs Mr. Hol¬ 
slag gives a hint of what might have been 
an interesting topic for an engineering 
paper, namely, a method he has recently de¬ 
veloped for overcoming the drawback to a-c 
welding just mentioned. The description 
is, however, entirely too inadequate for any¬ 
one to form an intelligent conception of its 
operation, let alone judge its merits. Had 
the paper omitted the great deal of needless 
repetition of old arguments and concen¬ 
trated on an engineering discussion of this 
new development, it might have been a 
good one. 

Mr. Holslag states that in Europe progress 
in a-c welding has preceded ours. C. H. 
Jennings, research engineer of the Westing- 
house company, has recently returned from 
Europe where he spent considerable time 
studying various phases of welding. He 
has written at least one article and given a 
number of addresses on various phases of 
European welding practice. In Germany 
he found that the d-c arc preponderates, 
undoubtedly because of the great use of 
bare electrodes still prevalent there. The 
situation in England is interesting. 

According to Mr. Jennings, the use of 
coated electrodes became prevalent in Eng¬ 
land at the very inception of the metallic 
arc-welding process. Furthermore, the strict 
requirements regarding inrush currents of 
induction motors made starting equipment 
expensive and militated against the use of 
motor generator sets. Hence, the condi¬ 
tions were ideal for a-c welding, and that is 
about all there was at the beginning. Some 
years ago, however, enough d-c welding had 
developed here to make the ratio about 
20 per cent direct current to 80 per cent 
alternating current. The continued in¬ 
creasing use of direct current has made that 
ratio at the present time 40 per cent direct 
current to 60 per cent alternating current, 
and Mr. Jennings estimates that continu¬ 
ance of the present trend will shortly make 
it a 50-50 ratio. What will happen after 
that is problematical. If Great Britain 
possessed an ardent advocate of d-c weld¬ 
ing, who had been preaching its advantages 
for a quarter of a century, he would now 
undoubtedly be prepared to publish a 
paper on ''The D-C Arc Progresses." 

Recently, when Mr. Jennings addressed 
the Milwaukee section of the American 
Welding Society on this subject, he was 
asked if he could account for this rapid 
increase of d-c welding in England. His 
answer was that the inability of the a-c 
arc to weld successfully nonferrous metals, 
such as aluminum, copper, copper alloys, 
nickel, nickel alloys, nickel clad steel, etc., 
and the superiority of the d-c arc in welding 
of some alloy steels and in vertical and over¬ 
head welding, are unquestionably factors in 
this changing ratio of d-c to a-c welding in 
England. Even Mr. Holslag concedes that 
d-c welding has these advantages, and for 
that reason gives it a lease of life, although 
only a tentative one. 

There is one other statement in the paper 
that I in general agree with, although not 
100 per cent. In his concluding paragraph 


Mr. Holslag says that alternating current 
has become the steam shovel of welding. 
It is well known, however, that the steam 
shovel has become an entirely antiquated 
piece of machinery, having completely given 
way to the internal combustion engine, that 
is, the gasoline or Diesel engine, and to 
some extent to the electric-driven shovel. 
Mr. Holslag did well in choosing an analogy, 
although I would not go so far as he does 
and compare a-c welding with the steam 
shovel, which is a completely outmoded 
piece of equipment. That is entirely un¬ 
fair to a-c welding. There is, however, one 
strong similarity. If a steam shovel today 
were to be taken in trade for an up-to-date 
machine, its trade-in value would approach 
the vanishing point. It has been our ex¬ 
perience that the same holds true when we 
are confronted with the situation of taking 
a welding transformer in trade for a motor 
generator set. 


W. Richter (A. O. Smith Corporation, 
Milwaukee, Wis.): This discussion is con¬ 
fined to an analysis of the so-called "basic 
buck-back circuit" as shown in figure 2 of 
the paper. 

For the purpose of studying the behavior 
of the circuit, replace the arc by a variable 



load resistance and the transformer by two 
coils, having self- and mutual inductance, 
as shown in figure 1 of this discussion. 

Let 

Zi -1- jwLi » primary impedance 

Z 2 — i ?2 H“ JvfLa = secondary impedance 
X * wM = mutual impedance 
Ri = load resistance 
El =» primary voltage 
£2 — secondary voltage 
/i = primary current 
I 2 secondary or load current 

We have then: 

El ^ h X zi -j- I%jx 

El =» /i X X (s2 4* Rxr) 

Eliminating h, results in 

' ' ^ Zi{z2 -h Rl) + a:* 

^ El X 

Z2 H- V Rl 

Zi 



The secondary voltage is found by multiply¬ 
ing with Rl. This results in 


~ It XRl 


El X 


Qfi —jx) 

Zi 



For i?L “ 00 we obtain the open-circuit sec¬ 
ondary voltage 

Zi 

Putting this into the equation for Ii, we ob¬ 
tain 


h 


E 20 _ 

22 H- \- Rl 

Zi 


This shows that the secondary current is 
the same as if we employed a generator or 
transformer with a terminal voltage £20 
and a fixed impedance + (^c®/2i) in series 
with the load as shown in figure 2 of this 
discussion. 


Thomas M* Hunter (American Transformer 
Company, Newark, N. J.): Mr Holslag’s 
paper is of considerable interest to the 
welding industry because it describes a 
number of circuits for improvement in a-c 
welding. Up until the present time direct 
current has been largely used for arc weld¬ 
ing and alternating current has been used 
to a lesser extent. Economically alternat¬ 
ing current has many advantages over direct 
current. The reasons for this are as follows: 

1. The load factor on the average welding ma¬ 
chine is very low and the difference between the 
running-light losses of a generator and transformer 
is very high, consequently the operating efficiency 
of the transformer is very much greater than the 
generator. 

2. The mmntenance cost of transformers is 
negligible as compared with generators. 

3. Transformers can be built so that they are 
much easier to install and transport from time to 
time than is the case of generators. 

The reasons why a-c welding has not been 
more generally used are as follows: 

1. The transformers, as built up to the present 
time, have open-circuit voltages from 80 to 106 
and this has been considered dangerous by many 
users of welding equipment. 

2. The power factor of these transformers is very 
low, ranging from 20 per cent to 50 per cent lagging. 

3. These transformers draw a very large single- 
phase current and due to the low power factor this 
affects adversely the line voltage which causes 
disturbance on other apparatus. 

4. In many of the transformer designs* the means 
of controlling current has been awkward and very 
unsatisfactory from the operating standpoint. 

o. Due to the very high reactance of transformers 
the length of secondary leads has affected the 
current output to such an extent it was impossible 
to obtain desired currents at great distances from 
the transformer. 

In Mr. Holslag’s paper he shows a num¬ 
ber of circuits which tend to overcome these 
objections. Figure 2 will lower the open- 
circuit voltage and afford satisfactory weld¬ 
ing operation but it does not improve the 
power factor. In figures 3, 6, and 7 he 
shows the use of capacitors which do aid in 
improving power factor as well as lower the 
open-circuit voltage; in figure 7 a circuit 
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is shown where reactance and capacity is 
used in series with the secondary circuit of 
the transformer. This gives very desirable 
characteristics for arc welding. The ca¬ 
pacitors are not in the circuit at no load 
and are introduced into the circuit in such a 
manner that there is no tendency for in¬ 
stability, dangerous voltages, etc., and the 
app^tus is quite simple. Therefore, it is 
possible to obtain operating characteristics 
as shown ^ in the data given hereinafter. 
We are giving data on both a reactance 
transformer and a resonant-circuit trans¬ 
former. 

A. U. Welch, in his discussion, explains 
the action of this circuit and I believe his 
explanation is about what takes place. 
The welding cu^ent builds up voltages 
a^oss the capacitance and the reactance 
high^ than the impressed voltage and the 
arc is stabilized due to the fact that the 
open-circuit voltage and reactance voltage 
come into play just at the correct moment to 
maintain the arc. This of course means 
that a lower voltage can be used at open 
circuit and still maintain arc stability at 
least equal to that obtained with reactance 
transformer. There have been a great 
many devices offered for lowering this 
open-circuit voltage and the ones used in 
the past have been of a mechanical nature 
such as contactors. This circuit gives a 
result which is entirely automatic and re¬ 
quires no moving parts. 

The control is designed so that a range of 
current from 20 per cent to 100 per cent 


Table I 


React¬ 

ance 

Trans- 

Test former 

Ca¬ 

pacitor 

Trans¬ 

former 

Drop in line voltage when 
thrown on line (per 
cent)... 

15. 

. 0 

Power factor (per cent).,. 

51 lagging. 

. 88 leading 

Time required to obtain 
complete range in cur¬ 
rent. 

2 minutes.. 10seconds 

Change in current when 
secondary leads were 
increased from 6(1 foot 
length to 350 feet (per 
cent drop). 

35. 

.20 

Current drawn on primary 
(amperes). 

120 . 

.65 

Open-circuit voltage on the 

secondary (volts).83/105 

.64 

Electrical efficiency (per 
cent). 

88 . 

.87 


can be obtained with stability throughout. 
The cncuits are so interlocked that it is 
impossible to get complete resonance which 
would build up excessive voltages. The 
control is very simple requiring only a rela¬ 
tively few seconds to change from maximum 
to minimum or vice versa. It is made either 
for installation in the transformer or ex¬ 
ternal, in which case it can be installed at a 
distant point. In many installations it is 
desirable to have the welding transformer 
installed on the balcony or some other place 
so as to conserve floor space and the control 
unit, being relatively small, can be installed 
ne^ the operator, the interconnecting wires 
being of low capacity requirements. In 
t^ respect this control duplicates the prac¬ 
tical results of a generator control. It is a 


very simple matter to make the control 
device motor operated. 

Comparative tests of the capacitor control 
transformer versus the reactance control, 
600-ampere capacity in both cases, give the 
data in table I of this discussion. In mak¬ 
ing these tests, a circuit of 150-kva capacity, 
440 volts, 60 cycles, was used. All data 
given were taken at 600 amperes output 
from the secondary. 

Summing up, I would like to refer to a 
statement made by Mr. Welch which I 
quote as follows: 

The adjustable-reactance welding transformer 
which is the accepted standard equipment for a-c 
arc welding has the advantages over the circuits 
presented in this paper of simplicity, low cost, low 
maintenance, adaptability, and freedom from over¬ 
voltages and other dangerous phenomena. 

In my opinion no device is accepted as 
standard when better equipment is avail¬ 
able. The comparative data given here 
fully justify the consideration of the reso¬ 
nant circuit for arc welding particularly 
when th^e advantages can be had with no 
sacrifice in operating characteristics. 


Claude J. Holslag: The leading electric¬ 
welding companies in this country have 
fought the acceptance of the truth that the 
combination of a-c transformer welding 
and covered electrodes was and is the great¬ 
est advance in metal construction in its en¬ 
tire history. The large welding manufac¬ 
turers made a concerted effort to stifle th fQ 
advance to the art. The kindest thing I 
can say is they were innocent of the ad¬ 
vantages to this country of this combina¬ 
tion. The General Electric Company is 
apparently following the same policy in 
regard to the low-voltage developments and 
multiple star system. I notice Mr. Hansen 
is still of the d-c opinion that prevailed a 
decade ago. I would like to call his atten¬ 
tion to the fact that even the Lincoln 
company has been attempting to sell a 
revolving a-c welder for the last five years 
and is now announcing a static transformer 
welder and, hence, friend Hansen is the last 
of the d-c *'die hards.** 

The statement is made in the discussion 
of my paper that our multiple star system 
is not different from a grouping of single 
operator sets. In regard to this, I Would 
like to refer to a three-page article in the 
April 1938 Welding Rngineer which was 
written without my knowledge by Messrs. 
McGuire and Wood, president and general 
manager, respectively, of the Hamler Boiler 
and Tank Company, Chicago, where a 
7,200-ampere installation was made by our 
company. We are listing a summary as 
made by another large company. 

Multiplb-Stak-Systbm Comparison Table With 
Other Arc-Welding Equipment 

Versus A~C Single Arc Sets 

1. Initial cost less 

2. No voltage-drop interference 

3. * Better load factor 

4. Planned system; no overloaded circuits 

5. Balance of phase load 

* Under better load factor, I would like to add the 
explanation that with single operator sets it is 
certainly obvious that if a fraction of their capacity 
is used for welding the rest of their capacity is 
not available but with the multiple star system 
half of the unused capacity of, say, two single 
operator sets could be added to create a third 
welding stotion. It is our actual experience that 
the capacity of this system Is doubled because of 
this fact. 


Versus D-C Single Arc Sets 

1. Initial cost less 

2 . Consumes less power^no idle loss—more 
efSdent 

8 .* Advantage of load factor 

4. Planned system with no overloaded circuits 

5. Uses common ground 

Versus D-C Multiple Arc System 

1. Initial cost less 

2 . Consumes less power—no idle loss—more 
efficient 

3. No interference of operators 

4. Open circuit not fixed, but is arranged for 
adjustment 

In regard to the reference that a man 
came back from Germany, who saw bare 
wire and d-c welding, this is due to one 
reason, namely; they dislike England and 
England’s advance in welding with covered. 
wire. However, for the last ten years, 
covered wires have been permeating Ger¬ 
many from all directions. Our Holland and 
our Scandinavian agents advise they have 
been having great success with alternating 
current and covered electrodes for the last 
ten years all over Europe, especially in 
Germany. Any person who could not see 
the advantages of covered wire now would be 
obtuse, indeed. 

So as not to smother this triumph with 
words I will just point out that the excep¬ 
tion noted in Mr. Hunter’s discussion is the 
reactance means of controlling the current, 
which this company has developed, by 
which any amount of current can be varied 
from 10 p^ cent to 100 per cent with no 
greater power required under load than open 
circuit. Comparing this to, say, reactance 
controls which require two arms of a strong 
man to open and a very heavy motor for 
remote control and with which scheme it is 
practically impossible to move under load, I 
am quoting Doctor Comfort A. Adams that 
he cannot understand why the electrical 
industry has missed such a simple electro¬ 
magnetic mechanical current-varying solu¬ 
tion as we have developed. 

^ Although Mr. Richter presents a very 
simple and interesting analysis of my basic 
buck-back transformer, the method which 
he employs is wholly unsatisfactory for 
power transformers and was abandoned 
many years ago as far as that application 
was concerned. The reason for this aban¬ 
donment was that this method involved a 
determination of a relatively >small quantity 
by the difference between two relatively 
large quantities, both of which were hy- 
pothetical and widely variable. 

In other words. Li, Lz, and M as used in 
Mr. Richter’s discussion are all widely vari¬ 
able. 

If Mr. Richter’s conclusion is correct, 
to the effect that this arrangement works the 
same as would a simple leaky welding trans¬ 
former with an open-circuit voltage equal to 
Ezot it is obvious that this arrangement has 
no advantage. That this conclusion is not 
correct is obvious from the follbwing fact: 

A welding transformer with an open-circuit 
voltage of 46 or 50 will not a stable 

arc, whereas my buck-back transformer 
with an open-circuit voltage of 46 or 50 
does maintain a stable arc. 

The explanation of this fact is not ob¬ 
vious, but may be due to some short-time 
transient effect, the analysis of which is too 
difficult for me to tackle. 

If the problem were as simple as Mr. 
Richter seems to think, it would have been 
solved long ago. 


370 Transactions 


Holslag—The A-C Arc Progresses 


Electrical Engineering 














Effect of Restriking 

C. CONCORDIA 

MEMBER AIEE 

I T IS well known that when any portion 
of an electrical circuit is either opened 
or closed a transient condition will usually 
exist for some period, depending on the 
damping, before the circuit assumes its 
new steady state. In power circuits, such 
switching operations are the application 
and removal of faults or loads and the con¬ 
necting or separating of various parts of a 
system. The transient conditions re¬ 
sulting from these switching operations 
give rise in some cases to overvoltages, 
which can be calculated by straightfor¬ 
ward and more or less well-known meth¬ 
ods, if the transient circuit parameters are 
known. However, in some instances 
voltages much higher than those predicted 
by such calculations have been obtained, 
and various explanations^"® have been 
offered for these occurrences. 

In the present paper, it is suggested 



C Figure 1 


that some of these cases of excess voltage 
arise from the opening of a circuit which 
is- already in a transient condition, the 
transient condi-tion being caused by im¬ 
mediately preceding switching operations. 
For example, under certain circuit con- 
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on Recovery Voltage 
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ditions they may arise from successive 
momentary clearings and re-establish¬ 
ments of a circuit at such short intervals 
as to allow comparatively little decay of 
the transients between these events. 
Under such conditions it is sho-wn to be 
theoretically possible to build up ex¬ 
tremely high voltages, although tests have 
indicated that the actual voltages realized 
are always less than the theoretical 
maximum. 

General Analysis 

This phenomenon may occur with cir¬ 
cuits which may in the simplest case be 
reduced to that of figure 1. Here capaci¬ 
tance may exist also across the switch, 
but the only capacitance essential to the 
process is Co, so all other capacitances 
will be neglected at this point. Genera¬ 
tion may be either at the point shown or 
in the xq branch, without influencing the 
analysis except for the voltage b~c (that is, 
across iCo). 

Let 2xi be much less than xq. 

Now suppose that there is an arc at a 
which completes the circuit at this point. 
At each cturent zero there will be an 
attempt at extinction, and voltage will 
rise across the arc path either to complete 
the recovery transient and interrupt the 
circuit, or to cause a new breakdown of 
the arc path and re-estabHshment of the 
arc. If breakdown occurs, three com¬ 
ponents of current will flow; a resump¬ 
tion of the normal-frequency current, a 
d-c component, and an oscillation involv¬ 
ing Co, 2xit and Xq. The frequency of this 
oscillation will usually be considerably 
greater than normal frequency. If it is 
veay high the d-c component becomes 
very small and in the limit may be neg¬ 
lected without affecting -the nature of the 
process to be described. The two remain¬ 
ing components initially have the same 
polarity, but in the second half-cycle of 
the natural-frequency component the 
polarities are opposite. Then if the re¬ 
strike occurs at a sufficiently high point on 
the recovery transient and if 2xt is con¬ 
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siderably smaller than aco^ the instantane¬ 
ous value of current in the natural-fre¬ 
quency component will exceed that of the 
normal-frequency component and the net 
current will tend to pass through zero. 
This gives an opportunity for a new at¬ 
tempt at interruption, which may result 
in a repetition of the process. 

The manner in which this process may 
build up voltage is as follows, if generation 



5 


Figure 2. Build-up of voltage at point b of 
Bgure 1 due to successive clearings and re¬ 
strikes within a normal half cycle 

Odd-numbered points are clearings/ even- 
numbered points restrilces. After clearing/ 
voltage tends to oscillate about 0/ after 
restrlke It tends to oscillate about —E 


is as shown in figure 1 and interruption oc¬ 
curs at the peak of a voltage wave. 

It is evident from inspection that the 
steady-state voltage h-c is zero when tiie 
circuit is open at a, and substantially 
equal and opposite to the generated volt¬ 
age when ourrent is flowing at a. There¬ 
fore, if JS is the generated voltage, which 
may be taken as equal to normal peak 
voltage, at the time of interruption the 
voltage h-c tends to change from —E to 0; 
in doing so it will oscillate to +E, The 
first half cycle of this oscillation is given 
by the section between 1 and 2 of the 
curve of figure 2. 

At this time the voltage at a is 2E, and 
the arc may restrike. If it does, the volt¬ 
age h-c tends to change from +JS, to 
—and will therefore oscillate to 
as indicated by the section from 2 to 3 of 
the curve of figure 2. 

At about the time when — 3E is 
reached, the net current may pass through 
zero and a second interruption may take 
place. The voltage h-c then starts to 
change from — 3E to zero, and may there¬ 
fore oscillate to -}-3E, as from 3 to 4 of 
figure 2. 
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The arc may then restrike again, and 
thus the process may repeat with a pos¬ 
sible voltage increase of considerable 
magnitude at each repetition. 

The voltage at a will, of course, go 
through changes somewhat similar to 
those of the voltage h-c. 

This analysis has idealized the situa¬ 
tion somewhat both as regards system 
performance by neglecting such items as 
the change in generated voltage, some of 
the effects of the presence of ri, and dec¬ 
rement of the oscillations, and as regards 
performance of the arc by assuming re- 
strike always to occur at the peak of the 
recovery transient. 

A more exact treatment is given in ap¬ 
pendix I, and from this are plotted the 
curves of figure 3, which apply to the 
voltage across the switch at a rather than 
to the voltage h-c. Even here, however, 
it has been necessary to make some 
assumption with reference to the time of 
restrike, and naturally the worst reason¬ 
able condition was assumed. As a result, 
the rate of build-up of overvoltages in 
most actual cases is less than that indi¬ 
cated, even to the extent that there may 
not be progressive build-up. Instead, 
successive voltages may be of a more or 
less random nature. Figure 4 shows an 



Figure 3. Switch voltage on interruption of 


circuits of figures 1 

or 8 

1—Restrike at eoro * 

0.5 

2—Restrlke at Carc “ 

1.0 

3—Restrike at Carc = 

1.77 

4—^Second clearing 



oscillogram illustrating this phenomenon. 

The circuit of figure 1, both with the 
capacitance Ci/2 connected as shown and 
with it connected directly across the 
breaker, may appear in the single-line 
diagram of various circuits quite common 


in operation. Any fault supplied from a 
rather extensive system through a small 
and more or less concentrated single re¬ 
actance may act in this manner. This 
reactance may be a transformer or reactor, 
or even a short length of transmission line 
or cable. A few cases are on record in 


build-up of voltage may then take place 
as explained in the general analysis and 
illustrated in figure 2 for the neutral 
voltage and figure 3 for the voltage at 
the interrupting device. 

The methods of appendix I have been 
used to investigate the conditions under 


Figure 4. Interrup¬ 
tion of circuit of 
figure 1 

Curve A —Voltage 

Curve B —Current 

Curve C—Breaker 
travel 

Curve D—Trip-coil 
current 



which overvoltages have been experi¬ 
enced which are believed to be attrib¬ 
utable to this phenomenon but they do 
not appear to be nearly so widespread as 
the commonness of the circuit might lead 
one to expect. 

Certain other cases have individual 
features which are discussed hereinafter 
tmder the following headings: 

1. Ground faults on systems grounded 
through neutral reactance. 

2. Interruption of line charging current. 

3. Arcing ground faults on systems with 
neutral isolated or grounded through re¬ 
actance. 

1. Ground Faults on Systems 

Grounded Through Neutral 

Reactance 

It is obvious from inspection that the 
interruption of a single-line-to-ground 
fault on a system grounded through a 
neutral reactor fits the circuit of figure 1. 
Here represents the zero-phase-se¬ 
quence reactance, which will lie for the 
most part in the neutral reactor;* Co rep¬ 
resents the zero-phase-sequence capaci¬ 
tance, or one-third of the capacitance of 
the entire system to ground. xi and C\ 
represent positive-phase-sequence react¬ 
ance and capacitance, respectively. Gen¬ 
eration is as shown. In case of fault in¬ 
terruption there is a tendency for the re¬ 
strike voltage to increase at successive 
current zerbs because of the continually 
increasing separation of the contacts of 
the interrupting device. When this re¬ 
strike voltage becomes sufficiently great, 
the resulting current oscillation may be¬ 
come so large as to pass through zero in 
its first cycle. The process of successive 


which this type of build-up may occur 
and it has been foimd that they may be 
expressed in terms of the reactance xq of 
figure 1. A lower limit is fixed by the 
fact that extra current zeros do not occur 
when 5^0 lies below the values indicated 
by the curves of figure 5, although it 
should be pointed out that even if xq is 
below these limiting values a voltage ap¬ 
proaching three times normal peak may 
appear at the neutral, as indicated at 
point 3 of figure 2. 

Two points are of interest on these 
curves. When Ci/Co is equal to or 
greater than unity, corresponding ap¬ 
proximately to the usual cable or overhead 
transmission system, a conservative value 
of Xq is ten times Xi; but when Ci/Cq is 
equal to zero, which may be approached 
in the case of a number of generators 
which are substantially independent elec¬ 
trically except for a common neutral bus, 
Xq should not be greater than four or five 
times Xi, 

Once this lower limit is wdl passed, no 
great change takes place as a result of in¬ 
crease of Xq until it approaches equality 
with the capacitive reactance Co, ffiat is, 
until the condition of the groimd-fault 
neutralizer or Petersen coil is approached. 
The ground-fault current in a system 
grounded through a ground-fault neutral¬ 
izer is largely in phase with the voltage, 
so that the recovery voltage is very small 
and consequently restriking is unlikely. 
Even with poor tuning, a cyde or more is 
required for voltage to recover to normal, 
so that there is little chance of a restrike 
at a voltage high enough to cause serious 
build-up by successive clearings and re¬ 
strikes. 
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Beyond the ground-fault-neutralizer 
value, the natural frequency becomes 
lower than the operating frequency and 
the phenomenon becomes substantially 
that of the interruption of transmission¬ 
line charging current. 

Tf it is desired to use a neutral im¬ 
pedance ydthin the danger zone, succes¬ 
sive restriking may still be prevented by 
the use of a parallel neutral resistor of 
proper value or by the use of a neutral 
resistor instead of a neutral reactor. The 
parallel neutral resistance must be low 
enough to prevent, by its damping action, 
tile restrike current oscillation from pass¬ 
ing though zero. Of course, in addition 
to this main accomplishment, it also re¬ 
duces the initial recovery voltage, par¬ 
ticularly for single-line-to-ground faults. 

Calculations have shown that the re¬ 
quired parallel resistance is always some¬ 
what greater than that required for critical 
damping of the ground or zero-sequence 
circuit, the difference depending on the 
cirmt natural frequencies and on the 
ratio of zero-sequence to positive-sequence 
reactance. It is therefore suggested that 
as a practical and conservative means of 
selecting the proper resistance, this critical 
damping value ^ be used. The value of 
this resistance is given approximately by 

J V*ta*o. 

where 

Re « shimt resistance required for critical 
damping 

Xin = inductive reactance of the ground 
circuit 

“ one-third of the zero-sequence in¬ 
ductive reactance for a three-phase 
system 

Xcn = capacitive reactance of the ground 
circuit ' 

= one-third of the zero-sequence ca¬ 
pacitive reactance for a three-phase 
system 

It may be seen from this equation that 
the power rating of the required resistor 
for a given neutral reactor is approxi¬ 
mately proportional to the square root of 
the system capacity to ground. 

The discussion above applies directly 
to single-line-to-ground faults on react¬ 
ance-grounded systems. However, even 
in case of two- or three-phase faults to 
ground there is always a last phase to 
dear, and this may behave like a single- 
Hne-to-ground fault. Thus, the discussion 
applies qualitatively to all faults involv¬ 
ing ground. 

It is also evident that the neutral react¬ 
ance under discussion may be that of a 
grounding transformer, rather than a 
reactor, without essentially changing the 


circuit conditions although in this case 
there may not be any conductor at neutral 
potential, so that the neutral may be 
eliminated as a possible breakdown point. 

2. iNTERRXJmriON OP 
Line Charging Current 

Upon interruption of the charging cur¬ 
rent of a transmission line, cable, or 



Figure 5* Critical ratio of zero-sequence re¬ 
actance xio to positive-sequence reactance 
xii|. as a function of ratio of positive-sequence 
capacitance Ci to zero-sequence capacitance 
Cor-successive restriking may occur If xio/xn 
exceeds the critical value 


capadtor at a current zero the rate of 
rise of recovery voltage is very slow. If, 
because of this fact, the drcuit breaker 
interrupts at small contact separation and 
in addition has a relatively slow build-up 
of didectric strength, the arc may re¬ 
strike. When such restriking takes place, 
a current oscillation of large niagnitude 
compared to the steady-state charging 
current occurs. This current may again 
be interrupted on its first zero, with a 
resulting recovery voltage which may be 
higher than normal. Continued restrik- 
ing at successively higher voltages may 
take place in this case, just as in the case 
of the previous section, as the contact 
separation increases, until the final in¬ 
terruption is attained. 

Such operation has been discussed in 
detail in references 8 and 9. An additional 
illustration is given in appendix II and 
figure 6, in order to show that the build-up 
of voltage may occur even with interrup¬ 
tion of lumped capadtance current. 

To prevent successive restriking it is 
desirable to build up the breaker didectric 
strength as rapidly as possible after the 
first interruption and thus successfully 
prevent the first restrike. 

Another method of attack is to intro¬ 


duce damping into the circuit by re¬ 
sistance in or across the breaker or line. 

3. Arcing Ground Faults on Systems 
With Neutral Isolated or 
Grounded Through Reactance 

A single-line-to-ground fault on an 
isolated-neutral system causes only a very 
small capadtance current to flow. Usu¬ 
ally this current flows through an arc, 
which is interrupted at every current zero 
and requires a certain restrike voltage for 
rdgnition. The results of such action 
have been described for a particular case 
in references 1 and 7. A more or less 
constant restrike voltage may be ex¬ 
pected, which limits the voltage on the 
faulted phase. The transient applied to 
the system at every such restive and 
every subsequent clearing may lead to 
voltages in the unfaulted phases which in 
the steady state exceed the maxim um 
transient voltages associated with simple 
application or interruption of a solid fault. 

Curve A of figure 7 shows the maxim um 
sustained voltages at the point of fault on 
the unfaulted phases of a three-phase 
system having a steady-state ardng 
ground on one phase. These voltages 
were obtained by tests on a miniature 
system. 

For positive value of xq/xi the curve of 
maximum obtainable voltage is affected 
considerably by the amount of system 
capadtance, the curve shown being the 
envdope of the many possible curves ob¬ 
tainable with particular values of capad¬ 
tance. 

It was found in test that if the restrike 



Rgure 6. Interruption of capacitance current- 
circuit of figure 9 

Curve 1—^Voltage at inductance side of 
switch 

Curve 2—^Voltage at capacitance side of 
switch 

Height of cross-hatched area gives voltage 
across switch 


voltage was continually changing so that 
the phenomena were not periodic, the 
voltages on the unfaulted phase could be 
considerably increased. Such changes 
might be caused, in an arc to ground on a 
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power system, by wind or by changes in 
insulation characteristics. 

For ready comparison, figure 7 shows 
also the steady-state fundamental voltage 
on the unfaulted phases during a solid 


if the zero-sequence capacitance is no larger 
than the positive-sequence capacitance, or 
(b). Five times positive-sequence reactance 
if the zero-sequence capacitance is much 
larger than the positive-sequence capaci¬ 
tance. 



xii positive-sequence inductive re¬ 

actance 

Zos » steady-state zero-sequence im¬ 
pedance 

^ XcqXiq 

^os “ ■ 

»co - Xlo 

The normal voltage at the fault point is 1.0 
Zis « steady-state positive-sequence im¬ 
pedance 

^18 =‘ 

Xgi — Xii 

t = time measured from the instant the 
current is interrupted 

»co = zero-sequence capacitive reactance 
% zero-sequence inductive reactance 


After the current is interrupted at / « 0, 
the recovery voltage on the faulted phase 
is 

^01 “ (cos t COS woO “I" 

2IaZis (cos t — COS (2) 

or 


Cai = COS / — laZfa COS cos (Jilt 


Figure 7. Single-line-to-ground fault on 
three-phase system—maximum voltages to 
ground at fault point in per unit of crest leg 
voltage before fault 

/xo zero-sequence Impedance 
/xi s* positive-sequence Impedance 


line-to-ground fault (curve E) and the 
maximum transient voltage caused by 
the application (curve D) or removal 
(curves C and B) of such a fault. Re¬ 
sistance and arc drop are neglected in all 
curves except that for a sustained arcing 
ground (curve A), In general, fault 
resistance decreases the voltages on the 
unfaulted phases. 

Conclusions 

From the discussion given above and 
from the calculations and tests made, it 
may be concluded that: 

1* In the course of the interrupting process 
on certain t 3 rpes of circuit, the current im¬ 
mediately following restrildng of the arc 
after an early attempt to dear may involve 
high-frequency components of suflSdent 
magnitude to cause the current to pass 
through zero very shortly after the restrike. 
Cles^g at this time gives rise to voltages 
considerably in excess of . those normally 
associated with the recovery transient. 

2. Systems grounded through neutral re¬ 
actors may be subject to these overvoltages. 

3. If the possibility of these overvoltages 
is to be avoided, neutral-grounding re¬ 
actors must satisfy one of the following con¬ 
ditions: 

(A), Their reactance must be so low as to 
keep the zero-sequence reactance below 
(a). Ten times positive-sequence reactance 


(F). Their reactance must tune the line 
capacitance to ground (ground fault neu¬ 
tralizer). 

(C). They must be shunted by resistance 
to provide substantially critical damping. 

4. The interruption of line charging cur¬ 
rent may give rise to high voltages unless 
restriking is prevented either by quick 
dearing by means of rapid build-up of 
didectric strength in the circuit breaker, 
or by circuit damping. 


where 

la is defined by equation 1 

coo = z ero-seq uence natural frequency 

“0 =V*co/*» 

«i = p ositive- Bequence natural frequency 
"I 

The zero-sequence voltage is 

Coi = la^Qs cos (Oot (3) 


Appendix I 


In this appendix there is presented an ap¬ 
proximate analysis of the behavior of a 
three-phase power system with neutral 
reactance grounding, during the dearing 
of a single-line-to-ground fault and with 
restriking of the arc after the first clearing. 
The system may be approximately repre¬ 
sented by the drcuit of figure 8, which in 
turn may be represented for the purposes 
of analyzing a single-line-to-ground fault 
by the circuit of figure 1. 

It is assumed that: 

1. Arc drop is zero. 

2. All resistances are zero. 

8. Arc interruption occurs only at current zeros 
determined by the circuit constants. 

4. The arc restrikes at various values of switch 
voltage. 

6. Positive- and negative-sequence impedances 
are equal. 

Under these conditions the fault current 
before interruption is given by the equa¬ 
tion 


% 


sin t 

Zds 2Zig 


la sin t 


( 1 ) 


where 


Xci “ positive-sequence capacitive re¬ 
actance 



Figure 8. Typical three-phase system with 
single-llne-to-ground fault 


If restrike occurs at time t — tu the restrike 
current is 


^c2 “ — 


sin ti 


+ 


(Zos . 
[ — sr 
\ «o 


xio + 2xii xio -f- 2xii 

2Zu 

sm woh H-sin wih 

Ml 


X 


') 


la sin (t -I- ti) + 
[sin h cos 


(w'* — «o*)(mi* — m'®) 
{Xco + 2xci){ci'^-lW^ 
-f- 6)' COS h sin to'^] .-|- 


X 


(xc+2x^W* ~ ^ 

cos (I)'/ -I- «' cos a>iti sin «'/) — 
<^te(Mi® — ctf'*)(wo sin wo^i cos <a't -[- 

0 )' cos 6)o/i sin (aH) ] (4) 


or 


^02 “ To + Ja sin (t -{- ^i) -h cos («'f - ^n) 
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where 


t is now measured from the point at which 
restrike occurred 

t (equation 4) = t (equation 2) - /, 

= natural frequency with fault on 

_ Jfao + 2Xir)Xcx,X^, 

^ (^co “h 

Idt In* fi^d Bn are defined by equation 4 

While this restrike current is flowing, 
the zero-sequence voltage is 

«02 = cos {t -h /i) — 

^co(6)i^ - co^^) . 

(*.0 + 2*<j)(«'» _ 1 )„' f an <1 sin «'/ + 

m' cos h cos <a't] + - -- V ' 

i^co H“ 

^Zig (— 6)1 sin wi^i sin (o'i + 

6)' cos Wj/i cos «'/) + ~ CD ^ 

COO^) 

(— <00 sin <oo/i sin <o'/ -f- w' cos <oo/i cos <o'0] 


restrike current oscillates to zero at point 
4 and is there interrupted^ The recovery 
voltage then rises to about three times nor¬ 
mal, if no further restriking occurs. At 
the ^ same time the zero-sequence voltage 
(which is nearly equal to the neutral voltage 
to ground) rises to about two times leg 
voltage. 

By means of these equations and tests on 
miniature circuits with Xa = Xco, it has 
been^ determined that if xio/xn < 10, the 
restrike current cannot oscillate to zero 
regardless of the point of restrike. There¬ 
fore a second (or more) clearing is rendered 
impossible. 

If Xci > Xco the critical value of xio/xn 
is decreased, while if x^ < Xgo, the critical 
xio/xii is increased, as shown by figure 6. 


Appendix II 

As an extremely simplified representation 
of the interruption of charging current one 
may consider the circuit of figure 9. Here 
the line or other capacitance is represented 


^02 


^o«Ia cos (l -f- tj) -|- 


Xeo<a'In 

<•)'* <tfo* 


sin (<p'/ — Bn) 



Figure 9 


Note that ^ is simply the im- 

\coo*—« V 

pedance of the zero sequence circuit at a 
frequency w'. 

If the current given by equation 4 passes 
through zero ot t ^ ta, where / is measured 
from time fi, the circuit may then be re¬ 
cleared. After this second clearing the 
recovery voltage on the faulted phase is 


by a lumped capacitance Xc supplied through 
the source inductance xi. If this circuit is 
interrupted at a current zero the recovery 
voltage in per unit of normal voltage at the 
capacitor is 

Xc — Xi 

ea, “ —-cos f - 1 (7) 


C(a “ cos (/ “h /i + ^ 2 ) “h mloxio sin e«)o/ -f- 
<ai2IoXu sin Mit —laZas [cos (ti + ^ 2 ) X 
cos <oo^ + <*>0 sin (h + h) sin (oot] — 
2/aZjj[coS (/i -j- 4) cos (Hilt — 

«1 sin («i + /j) sin wi<]-X 

<o'* — 6)0* 

[<oo COS (w '/2 — Bn) sin 6 ) 0 ^ -f- 

a' sin (ttf'/j — «„) cos utt] + - ' 

< 1 ) 1 * — 6 )'* 

[<01 COS ( 6 j '/2 — Bn) sin 6 >i^ + 

<o' sin {( 0 % — Bn) cos 6 ) 1 ^] ( 6 ) 

where 

t (equation 6) = i (equation 4) — 

«= t (equation 2) — 4 — ^2 

^CO ^ ^ «?co+23gcl ■ 

ft)'* — 6)0’ <*)l* — 6)'* 6)1* — 6)0* 

Tlie zero-sequence voltage is the nega¬ 
tive of the sum of all the terms of equation 
6 having a frequency < 00 . 

As an exmnple of the application of these 
equations, a circuit with xio/xn « 20, 
Xeo/xm = 30, and Xg = 3?co has been con¬ 
sidered. Figure 3 shows the recovery 
voltage on the faulted phase. If re- 
strike occurs at half or normal voltage 
(points 1 ^d 2), the resulting os¬ 
cillations of the restrike current do not pass 
through zero and the current continues 
for another half cycle; if restrike occurs at 
maximum recovery voltage (point 3), the 


If restriking takes place when the recovery 
voltage is maximum at / « gr, the restrike 
current is 

. sin / — 2ft) sin ut 


where / is now measured from the instant 
of restrike, and 

ft) = a/ Xe/Xi 

It is evident that in general the natural- 
frequency component of ^2 is much greater 
than the fundamental component. Thus a 
large current oscillation of high frequency 
takes place and may be interrupted at its 
first current zero. If this occurs, the re¬ 
strike current and subsequent recovery 
voltage, neglecting minor oscillations, will 
appear as in figure 6. By continuing the 
process begun by equations 7 and 8 we 
arrive at the successively higher voltages 
of figure 6. 

It is not to be inferred that voltages of 
pactly this character exist. Instead, there 
is here also a randomness in the restrike 
voltage at successive intervals which 
largely controls the individual voltage 
peaks. In addition, the capacitance may be 
distributed along a transmission line as in 
references 8 and 9, and the voltage may also 
be affected by coupling between phases of a 
piolyphase system. However, the tendency 
and the possibility of a building up of high 


voltages is clearly shown, so that it seems 
highly desirable to prevent such restriking. 
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Discussion 

R. A. Hentz (Philadelphia Electric Com¬ 
pany, Philadelphia, Pa.): From the time 
impedances in the* neutrals of generators 
were deemed desirable, resistances were 
used almost exclusively, if not entirely so, 
and to the best of my knowledge with com¬ 
plete satisfaction as far as electrical char¬ 
acteristics are concerned. Later grounding 
reactors instead of resistors were used in a 
number of cases, as they offered the ad¬ 
vantages of smaller space, less cost, and of 
being less subject to deterioration. With 
the advent of transmission substations 
where the busses were supplied from delta- 
connected transformer banks, neutral 
grounding was obtained in many cases by 
means of zigzag grounding transformers. 

The analysis made by the authors brings 
out (conclusion number 2) that systems 
grounded through neutral reactors may be 
subject to overvoltages considerably in 
excess of those normally associated with the 
recovery transient. This analysis is of 
considerable importance to those systems 
which use neutral reactors or where ground¬ 
ing transformers are employed which re¬ 
sulted in a somewhat similar electrical con¬ 
dition. 

The importance of the subject is further 
emphasized by the fact that not only can 
difficulties result from neutral grounding 
through reactance, but that breakdowns 
have occurred both to machines and cables 
on systems for which this form of grounding 
gives a probable explanation. 

Reactance grounding can be eliminated 
relatively ea^y where '‘wye'^-connected 
machines or other equipment are eniployed 
by installing neutral resistors in place of the 
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reactances. This in my opinion is to be pre¬ 
ferred to paralleling the existing reactors 
with a resistor. The situation is not so 
simple where the grounding transformers are 
employed. Such situations, therefore, pre¬ 
sent a challenge to designing engineers for 
the development of some equipment which 
will either replace or supplement these 
grounding transformers to the end that these 
dangerous overvoltages may be reduced to 
safe limits. 


B. C. Prince (General Electric Company, 
Philadelphia, Pa.): This paper represents a 
valuable addition to the literature on 
voltage recovery transients. It will be 
noted that it contains actual test data sub¬ 
stantiating at least the order of magnitude 
of the overvoltage due to an arcing ground 
predicted by Messrs. R. D. Evans, A. C. 
Monteith, and R. L. Witzke (AIEE 
Transactions, volume 68, 1939, pages 
388-97). The phenomena, however, con¬ 
sisted of more restrikes under less severe 
conditions than those postulated by Messrs. 
Evans, Monteith, and Witzke, so it is not 
certain that the apparent confirmation is 
more than an accident. 


J. A. Adams (Philadelphia Electric Com¬ 
pany, Philadelphia, Pa.): It is of interest 
to compare the limits of zero-sequence re¬ 
actance given in conclusion 3 with values 
which have existed during faults on actual 
systems where the phenomena discussed 
have probably been the cause of secondary 
failures. 

In two frequency-converter substations 
on the Philadelphia Electric Company 
system the neutrals of the 25-cycle genera¬ 
tors were grounded through four-ohm re¬ 
actors. While operating one of these sub¬ 
stations with two generators connected to 
the 13.2-kv bus, one generator with the 
neutral grounded through the reactor and 
the other with the neutral ungrounded, a 
single-phase-to-ground fault developed on 
one of the cables fed from the bus. After 
the fault was cleared it was found that the 
neutral lead on the generator with its 


neutral ungrounded had broken down to 
ground. In this case the ratio of xti/xi was 
25.7, which is well above either of the lower 
limits given. For another fault on this 
system with only one generator operating 
the ratio of Xfi/xi was 12.9 and a second 
breakdown did not occur. The ratio of 
Cl/C q for these two cases is estimated to be 
approximately unity. 

At the other substation practically simul¬ 
taneous faults developed to ground on one 
phase of the leads from one generator 
operating with its neutral grounded through 
the reactor and in the winding in the same 
phase of the second generator operating with 
its neutral ungrounded. In this case the 
ratio x^/xi was 14.6 and the ratio of Ci/Co 
was approximately unity. At another time, 
however, a cable failure to groimd with the 
same system set up did not cause a second 
breakdown, probably indicating that this 
ratio of x^/xi is near the critical value. 

As a result of an analysis of these cases of 
trouble, the neutral-grounding reactors are 
being replaced with four-ohm resistors. 


R. D. Evans, A. C* Monteith, and R. L, 
Witzke (all of Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.); Considering the paper by Messrs. 
Concordia and Skeats, we feel that it is 
essential to consider the arc voltage and the 
increase in voltage due to extinction of the 
arc prior to a normal current zero as this 
effect will give rise to higher voltages than 
indicated in their paper. This is of particu¬ 
lar interest when considering grounding 
means for generators as the extinction volt¬ 
age may be comparable to the normal line- 
to-neutral voltage and proportionately in¬ 
crease the transient voltages. 

(See also discussion, page 412.) 


C* Concordia and W, F. Skeats: The 
authors are particularly grateful to those 
discussers who have contributed their ex¬ 
perience with overvoltages apparently com¬ 
ing within the scope of this paper. Circuits 
falling within the general dassification sus¬ 
ceptible to this type of overvoltage appear 


to be more widespread than is indicated by 
any trouble experience, and a study of 
trouble experience seems to afford the most 
practical means of setting down more pre¬ 
cisely the conditions under which over¬ 
voltages may be expected. In this con¬ 
nection it should be noted that funda¬ 
mentally the phenomenon is not limited to 
systems using neutral-grounding reactors 
but may occur on any system where, look¬ 
ing back from the point of fault, one sees 
first a small reactance, then an appreciable 
capacitance, and finally a comparatively 
large reactance. 

High arc voltage preceding current zero 
tends to increase the voltage reached on 
the normal recovery transient, which in¬ 
directly increases the likelihood, upon re¬ 
strike, of a high-frequency current oscilla¬ 
tion of sufficient amplitude to cause the 
total current to pass through zero early in 
the cycle and so start the process of build¬ 
ing up voltage. High arc voltage after a 
restrike also helps directly to bring about 
such an early current zero. However, 
once the build-up process has been started, 
the effect of arc voltage may be to retard 
the rate of build-up and limit the final 
voltage obtained rather than the reverse. 
Thus the authors caimot agree with the con¬ 
tention of Messrs. Evans, Monteith, and 
Witzke that arc voltage of reasonable value 
will greatly increase the voltages reached by 
the build-up process discussed in the paper, 
although of course, extremely high arc 
voltages may result in dangerously high 
recovery voltages even without this build¬ 
up process. In presenting their paper the 
authors felt that the overvoltages arising 
from successive restriking with certain 
critical circuit constants should be separated 
from those arising from high arc voltage. 

The elimination of trouble in thG cose of 
zigzag pounding transformers may be 
accomplished either by using a grounding 
transformer whose reactance satisfies the 
conditions of conclusion 3^4 or ZB, or by 
using sufficient series resistance between 
the transformer neutral and ground, al¬ 
though this last remedy might in some cases 
reduce the ground currents too much for 
proper relaying. 
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O vervoltages may be produced 

lightning, switching surges, 
faults, both solid and arcing, and the 
overspeeding of machines due to loss of 
load. The effect of circuit and machine 
characteristics on the duration and 
magmtude of these overvoltages has re¬ 
ceived considerable attention. Fur¬ 
thermore, field tests have been made in 
order to determine the effectiveness of 
different methods of grounding, and the 
accuracy of the methods used to calculate 
the magnitude of overvoltage during 
system faults. 

It seems to be the proper time to con¬ 
sider and review the overvoltages pro¬ 
duced by the occurrence of system faults, 
in order that full advantage of present-day 
knowledge may be taken by those con¬ 
cerned with system design and operation. 

There are essentially three components 
of voltage due to the occurrence of a sys¬ 
tem fault: 

1. Fundamental-frequency voltages. 

2. Natural-frequency voltages usually of 
short duration which are superimposed upon 
the fundamental-frequency voltages. 

3. Harmonic voltages resulting from un¬ 
balanced currents flowing in rotating ma¬ 
chines in which the reactances in the direct 
and quadrature axes are unequal. 

In general, protective devices, par¬ 
ticularly lightning arresters, must be ca¬ 
pable of withstanding the transient over¬ 
voltages to which they may be subjected 
for periods of short duration, and then 
must be able to seal off the power follow 
current associated with the sustained 
voltages. Unnecessary lightning-arrester 
failures due to excessive sustained over¬ 
voltages during fault may be prevented 
by properly grounding and operating the 
system. 

It is the ftmdamental-frequency over¬ 
voltages which largely determine the 
lightning-arrester rating and the corre¬ 
sponding insulation protective levels. 
These in turn are a factor in determining 
the allowable apparatus insulation levels. 
From a technical standpoint, the funda¬ 
mental-frequency voltages can be deter? 
mined with fair accuracy. 

Although this phase of the subject is of 
considerable importance, it has been dis¬ 
cussed in the literature only in somewhat 


scattered and incomplete form. It is the 
purpose of this paper to review and 
analyze the factors which determine the 
maximum voltages which may be ob¬ 
tained on a system following the occur¬ 
rence of faults, so that a more rational 
selection of system protective equipment 
can be made and the best method of sys¬ 
tem grounding determined. 

Results of calculations, and of tests on 
a mini ature S 3 rstem are presented. In¬ 
cluded in these results are the transient 
voltages as well as the fundamental- 
frequency voltages that occur on a system 
during a fault. The information on 
transient overvoltages is of value in 
indicating the maximum magnitude of 
voltage that may be obtained on a sys¬ 
tem during a solid fault, thus showing 
the magnitude of transient voltage which 
is mherent in the circuit and which cannot 
be reduced by the dimination of excess 
voltages due to switching or arcing, or 
by building Kghtning-proof lines. Fur¬ 
thermore, as it seems reasonable to as¬ 
sume that arcing at the fault may sub¬ 
ject the circuit during the arcing period to 
voltages of the same order of magmtude 
as those obtained immediately subsequent 
to the i n itia l application of the fault, the 
curves presented can be used as a guide 
to indicate the maximum voltage which 
may be expected due to arcing across an 
insulator. 

The paper analyzes the effect of those 
factors which determine the magnitude 
of the overvoltages during faults, which 
are the most common causes of high sus¬ 
tained voltages. A study of these volt¬ 
ages is usually a necessary first step, 
after which refinements and the more 
unusual cases can be considered. The 
effect of different methods of grounding 
and the influence of fault and arc resist¬ 
ance are included. 

Conclusions 

From the results discussed in this paper, 
the following condusions can be drawn: 

1. Line-to-ground faults for most systems 
can be used as a basis for determining the 
maximum fundamental-hrequency and tran¬ 
sient voltages during faults. 

2. If a system is solidly grounded or 


grounded through reactance, so that the 
resultant zero-sequence impedance viewed 
from the fault is inductive rather than ca¬ 
pacitive, the fundamental-frequency volt- 
ages-to-ground on the unfaulted phases at 
the fault will not be greater than 1.73 times 
normal line-to-neutral voltage. 

3. If a system is grounded through resist- 
^ce, so that the resultant zero-sequence 
impedance viewed from the fault is induc¬ 
tive rather than capacitive, the fundamen¬ 
tal-frequency voltages-to-ground of the un¬ 
faulted phases at the fault will alwajrs be 
less than twice normal line-to-neutral volt¬ 
age. 

4. In order that the overvoltages during 
faults shall not exceed that which is con¬ 
sidered safe for the operation of grounded- 
neutral lightning arresters, it is advisable 
that careful attention be paid to the method 
of grounding and the number of grounding 
points in the system. Consideration should 
also be given to the possibility of temporary 
disconnection of these grounding points and 
the resulting overvoltages which may occur. 

6. Isolated-neutral systems may be sub¬ 
jected to particularly high overvoltages if 
the system is large in extent. The over¬ 
voltages at or near the region of resonance 
are appreciably reduced by fault and line 
resistance. This may be an important fac¬ 
tor, particularly in low-voltage systems. 
On the other hand, resistance in the fault or 
ground return for a grounded-neutral sys¬ 
tem may slightly increase the overvoltages 
obtained on one of the open phases. 

6. The transient overvoltages obtainable 
on a system which ordinarily might be con¬ 
sidered to be solidly grounded may ap¬ 
proach 2.73 times normal. Sustained volt¬ 
ages are generally higher for systems 
grotmded through resistance than for sys¬ 
tems grounded through corresponding val¬ 
ues of reactance. The natural-frequency 
transient voltages obtained on a system 
grounded through resistance are practically 
negligible except when the resistance is high 
relative to the positive-sequence reactance. 

7. The transient overvoltages during faults 
are not expected to be of sufiicient magni¬ 
tude to cause breakdown of the major in¬ 
sulation provided it is in good condition, 
except for the case of an isolated-neutral 
system having an appreciable amount of 
line or cable capacity to ground. The 
overvoltages during faults in a grounded- 
neutral system are not as great in magnitude 
as those which may be expected from 
lightning or switching surges. 

8. Grotmd-fault-neutralizer (Petersen coil) 
systems are subjected to ^ansient and 
ftmdamental-frequency overvoltages which 
are, in general, higher than those of a solidly 
grounded system but lower than the volt- 
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Rsure 1. FundamenUil-fr«quency voliases. 
Line-to-sround fault. Maximum voltage-to- 
ground of unfaulted phases at the fault 

Zi * Z 2 =* 0 + jXi 
Zo = /?o ”1" IXq 
Rf =0 


ages which can occur on an isolated-neutral 
system. 

Basis of Study 

The calculations, and tests on a minia¬ 
ture system, made to determine the 
magnitude of overvoltage following the 
occurrence of system faults, were based 
on the following assumptions and con¬ 
siderations: 

1. The fault is a solid fault; that is, there 
is no arcing. Arcing tends to subject the 
circuit to a more or less continuous transient 
condition. It has been shown that very 
high voltage may be obtained in a circuit 
with no losses under assumed conditions of 
arc interruption and restriking.^*^* Evi¬ 
dence indicates that these mechanisms of 
arcing do not ordinarily occur at the point of 
fault,although such phenomena may be 
associated with switch operation.^ It is 
believed that the maximum voltage which 
may be expected due to arcing can be taken 
to be approximately that corresponding to 


Figure 3. Fundamental-frequency voltages. 
Line-to-ground fault. Zero-sequence volt¬ 
age at the fault 

Zi =« Zj 0 “F jXi 
Zo =* /?o + JXq 

Rf^O 


the transient overvoltage obtained immedi¬ 
ately following the occurrence of a solid 
fault. Under this assumption the transient 
voltages presented in the paper are an 
indication of the maximum voltage which 
may be obtained due to arcing at the fault. “ 

2. Only fundamental and natural-fre¬ 
quency components of voltage are consid¬ 
ered. Harmonics produced by the saliency 
effect of rotating apparatus are neglected. 
This assumes in effect that = 1, 

Exceptionally high voltages may occur due 
to s^ency ^ects, particularly for the case 
of water-wheel generators not equipped with 
amortisseur windings and disconnected 
from their load. These overvoltages tend 
to be increased if the generator is left con¬ 
nected with an unbalanced fault to an ap¬ 
preciable amount of transmission line or 
cable so as to form a capacitive load. The 
conditions for this important exception are 
usually evident and are discussed fully in 
two recent papers.?'® 

It is important to realize, however, that a 
certain amount of distortion due to this 
effect may occur for many system faults and 
that this will tend to increase the sustained 
voltages above those based only upon a 
consideration of the fundamental-frequency 
components. 

3. Sudden disconnection of load and over¬ 
speeding of the system and connected gen¬ 
erators is not considered. Loss of load on a 
generator may result in overvoltages due 
both to the sudden discoimection of the load 
and also to the overspeeding.® The results 
pres^ted in this paper can, of course, be 
modified in order to indicate the increase in 
voltage which might be obtained under 
these conditions. This effect is most pro¬ 
nounced in portions of the system which 
overspeed due to loss of load on nearby 
hydro stations. 

4. Negative-sequence impedances are as¬ 
sumed equal to positive-sequence imped¬ 
ances, The effect of rotating loads and 
machines, except in the case of synchronous 


Figure 2. Fundamentel-frequency voltages 
Double-line-to-ground fault. Voltage-to- 
ground of unfaulted phase at the fault 

Zi » Za = 0 + ]X\ 

Zo /?o + \X^ 

/?/ » 0 


machines not equipped with amortisseur 
windings, is to make the negative-sequence 
impedance less than the positive and to 
increase the losses with fault duration. 
These effects, in general, tend to reduce the 
magnitude of overvoltage calculated with 
equal positive- and negative-sequence im¬ 
pedances. 

5. The magnitude of the positive-sequence 
impedance is assumed to be constant for the 
period in which the overvoltage is being 
determined. As the effective impedance of 
a rotating machine changes with time, it is 
necessary to consider the impedance under 
conditions which may result in the greatest 
overvoltage. On an isolated system, for 
example, the greatest overvoltage may be 
obtained based on impedances correspond¬ 
ing to the synchronous condition rather than 
the subtransient or transient condition. 
Because these impedances vary with time 
after the fault occurs, it is desirable that re¬ 
sults be presented in the form of curves so 
that the range of voltage can be easily 
determined. 

0. The effects of saturation and corona are 
not included. Both would tend to reduce 


Figure 4. Fundamental-frequency voltages. 
Line-to-ground fault on phase a. Phase b 
voltage-to-ground at the fault 

Zi =» Z* =s -f jXi 
Zo ^0 + iXo 
Rf^O 
Ri/Xi 0.4 



378 Transactions 


Clarke, Crary, Peterson—Overvoltages During Faults 


Electrical Engineering 










the magnitude of overvoltage. The error in 
neglecting these factors, in general, in¬ 
creases with increase in the magnitude of 
overvoltage. In the region of resonance, 
saturation is an important factor in limiting 
the excessive fundamental-frequency over¬ 
voltages. 

7. Overvoltages caused by unusual system 
conditions are neglected. For example, 
nonlinear circuit instability may be pro¬ 
duced as a result of the opening of fuses or 
single-pole disconnect switches, thereby 
causing the magnetizing currents of poten¬ 
tial or power transformers to flow through 
line capacitance with resulting overvoltages. 

8. The miniature system used for deter¬ 
mining transient overvoltages was set up to 
represent a low-loss system; that is, the 
ratio of fi/xx was approximately 0.03. For 
systems having higher losses, the transient 
overvoltages will be somewhat less because 
of greater decrement factors. 

9. T^ts on the miniature system for deter¬ 
mination of maximum transient voltage 
were made by representing the system by 
lumped impedance elements. This will, in 
general, lead to higher transient overvolt¬ 
age at the point of fault than will be ob¬ 
tained in an actual system. This pesi- 
mistic result is due to the fact that the num¬ 
ber of circtut natural frequencie is less than 
that on an actual system, and the resultant 
transient voltage are therefore likely to be 
of greater magnitude. 

Discussion of Results 

Fundamental-Frequency Voltages 

Based on the foregoing assumptions, 
figure 1 gives the maximum fundamental- 
frequency voltage to ground which will 
occur on either of the unfaulted phases at 
the point of fault following a line-to- 
ground fault. Positive- and negative- 
sequence resistances are neglected, but 
zero-sequence resistance is included. 
Fault resistance is neglected. Figure 1 
has an abscissa of X^/Xx, where Zx ~ 


Figure 5, Fundamental-frequency voltages. 
Line-to-ground fault on phase a. Phase c 
voltage-to-ground at the fault 

Zi « Z* « /?i + jXx 
Zo “ /?o + }Xq 


0 + jXi and Zo ^ Rq+ jXo are the posi¬ 
tive- and zero-sequence impedances, re¬ 
spectively, viewed from the fault. Xq 
may be positive or negative. See equa¬ 
tions 10 and 11, appendix A. 

Figure 2, similar to figure 1, gives the 
maximum fundamental-frequency voltage 
on the unfaulted phase at the point of 
fault following a double-Kne-to-ground 
fault. Fault resistance and positive- 
and negative-sequence resistances are 
neglected. See equation 13, appendix A. 

Figure 3 gives the zero-sequence volt¬ 
age at the point of fault for a line-to- 
ground fault under the conditions of 
figure 1. The zero-sequence voltage at 
the point of fault for a double-line-to- 
ground fault under the conditions of 
figure 2, is one-third the voltage on the 
unfaulted phase given by figure 2. See 
equations 9 and 12, appendix A, 

For a system which has its neutrals 
solidly grounded or grounded through 
reactance, the ratio Xo/Xx will ordinarily 
be positive. That is, the zero-sequence 
impedance viewed from the fault is induc¬ 
tive rather than capacitive in effect. 
With neutrals grounded through resist¬ 
ance, Xo/Xi may be either positive or 
negative. For an isolated-neutral system 
Xfx/Xx is negative. Also in a system 
which is extensive in number of miles of 
coimected line or cable compared with 
the total admittance of the grounded 
points, the ratio of X^/Xx may be nega¬ 
tive. With X{i/Xi negative, the voltages 
obtained correspond to those on the left- 
hand side of the vertical axis. Under this 
condition, it is possible to obtain high 
overvoltages, particularly for small values 
of Ri/Xi and values of X^x/Xx in the region 
of resonance. 

With all resistance neglected, infinite 
fault currents and voltages will occur if 
Xfx/Xx — —2 for a line-to-ground fault, 
and —0.5 for a double-lme-to-ground 
fault. See appendix A^ equations 9-13. 
Values of Xtx/Xx in the neighborhood of 
—2 or —0.5 are considered to be in the 
resonance region. Operation in the region 


of resonance with a small ratio of Rq/Xx 
is expected to be xmuspal, and undoubt¬ 
edly will occur only for isolated-neutral 
systems or grounded systems following the 
loss of the system ground point. 

Figures 4 and 5, similar to figure 1, 
show the overvoltages which may be ob¬ 
tained on phases h and respectively, at 
the point of fault for the case of a single¬ 
conductor-to-ground fault on phase a. 
These two curves apply for Rx/Xi « 
0.4. Other curves similar to these have 
been prepared for early publication by 
E. M. Hunter with different ratios of 
positive-sequence resistance to reactance. 
This particular case is selected as being 
representative. As will be noted from 
these curves, the voltages on phase c 
are, in general, higher than those on phase 
h, although this is not true for all ratios 
ofi^/ZiandZo/ATi. 

Figure 6, for the line-to-ground fault, 
shows the effect of fault resistance. Re¬ 
sistance except in the fault is neglected. 
As Rf/Xx is increased from zero to Rf/Xi 
= 1, approximately, the voltage of one of 
the unfaulted phases is increased and the 
other decreased, except in the region of 
resonance where both are decreased. 
The curve for Rf/Xx « 1 is given in 
figure 6. As Rf/Xx is further increased, 
the voltages decrease. Any increase in 
fault resistance decreases the ovenroltage 
obtained in the region of resonance. 

Ro includes the effect of resistance in 
the ground return and in the neutral, 
while Rf of figine 6 is the resistance in the 
arc or fault. Figures 1, 2, 4, and 5 can 
be used to determine the magnitude of the 
fundamental-frequency fault voltages of 
systems with isolated neutral, neutral 
solidly grounded or groimded through 
resistance, reactance, or impedance. Zo 

Figure 6. Fundamental-frequency voltages. 
Line-to-ground fault. Maximum voltage- 
to-ground of unfaulted phases at fault 

Zi « Z 2 » 0 + jXx 

Zo « 0 + /Xo 


Rf^O 
Ri/Xx = 0.4 



xo/x, 
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(a) 



•JXci 



Figure 7 

(а) —One-line diagram of power system 
consisting of synchronous machine/ transformer 

bank/ and transmission line 

(б) —Approximate positive-sequence funda¬ 

mental-frequency Impedance diagram 

(c)—^Approximate zero-sequence funda¬ 
mental-frequency impedance diagram 


-ft + jX^ is the zero-sequence imped¬ 
ance viewed from the fault and therefore 
includes the effect of neutral impedance. 

Comparing corresponding curves in 
figures 1 and 2*, it is seen that for the same 
system and fault location, that is, same 
values of Xn/Xi and ft/Xi, higher volt¬ 
ages are obtained for the line-to-ground 
than for the double-line-to-ground fault, 
except for the ft/jfi « 0 curve when 
XJX\ lies between 1 and 5 and between 
-^0.2 and —1.2, approximately. With 
XjXi between 1 and 5, and R^Xi = 0, 
the voltages for the Kne-to-ground fault 
are but slightly less than those for the 
double-line-to-ground fault. As RjXi is 


Figure 8. Transient voltages with resistance 
neglected for system shown in figure 7. 
Lfne-to-ground fault. Maximum voltage-to- 
ground of unfaulted phases at the fault 


increased, voltages increase more rapidly 
for the line-to-ground fault than for the 
double-line-to-ground fault. With BjXi 
= 1, higher values for the line-to-ground 
fatdt than for the double-line-to-ground 
fault are obtained. From equation 13, 
appendix A, any increase in ft reduces 
the voltage on the unfaulted phase for 
the double-line-to-ground fault; also, 
any increase in ft reduces the voltage 
except when XJX\ lies between —0.2 and 
1 . 0 . 

Since resistance is always present, it 
can be concluded that with Zi = Zs, 
the maximum fundamental-frequency 
voltage at the fault for the line-to-ground 
fault is as great as, or greater than, that 
for the double-line-to-ground fault, ex¬ 
cept for values of Xq/Xi between -0.2 
and —1.2, and very little resistance in the 
system. This represents a condition that 
is not expected to be met in practice 
except under the most unusual conditions. 

Transient Voltages 

Transient voltages here include both 
the fundamental-frequency component of 
voltage and the natural-frequency com¬ 
ponents. Curves for transient voltages 
following faults in terms of system im¬ 
pedances viewed from the fault cannot be 
drawn for the general case, as has been 
done for fundamental-frequency voltages. 
In the actual system, the transient volt¬ 
ages are affected by the number, connec¬ 
tion, and arrangement of the circuits. 
To simplify the work, and give an indica¬ 
tion of the maximum transient voltage 
to be expected, a system consisting of a 
^chronous generator, transformer bank, 
and transmission line open at the distant 
end wasiconsidered. With the fault on 
the line near the transformer terminals, 
as a first approximation, the open trans¬ 
mission line was replaced by its lumped 

capacitance at the point of fault. Figure 

7, part a, gives a one-line diagram of the 
system studied; parts&andc,respectively, 
show the positive- and zero-sequence 


impedance diagrams for part a. Lower¬ 
case letters are used to differentiate the 
indicated impedances in figures 7 from 
the resultant effective impedances viewed 
from the fault which are represented by 
capitals. 

In figure 7 the positive- and zero-se¬ 
quence fundamental-frequency imped¬ 
ances viewed from the fault are 


Zi 




ft +jXi 


(ri ^jXi)Xei 
Xci - xi ’hjri 

^ l^Q + 3fn H-ifa -f SXn)]Xco 
Xeo “ (^0 "f" Sfn) 

' ft -hJXo 


For a ground-fault neutralizer, « 
Xq + Zxn, and 


ft « 


(xq -i- BXn)Xai 

ro + 3r„ 


The coil is« generally tuned so that Xq 
has a very small positive value. 

Resistance Neglected, With all resist¬ 
ance neglected in figure 7, transient volt¬ 
ages are expressed in appendix A in 
terms of the fundamental-frequency im¬ 
pedances viewed from the fault and the 
ratio of the positive to the zero-sequence 
capacitive reactance. 

With resistance neglected, the funda¬ 
mental-frequency impedances viewed 
from the fault in figure 7 are: 




Zo» j 


(jgQ -I- Zxn)Xcxi 




0 -hiZo 


■” (^0 + SaCii) 

With (*, + 3x„) greater than jC, 
is negative. 

Figures 8 and 9 for line-to-ground and 
double-line-to-ground faults, respectively, 
give the maximum transient voltages in 
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Figure 9. Transient voltages with resistance 
neglected for system shown in figure 7. 
Double-line-to-ground fault Maximum 
voltage-to-ground of unfaulted phase at the 
fault 
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Fisure 11. Natural frequency with line-to- 


Figure 10. Transient voltages with resistance 
neglected for system shown in figure 7. Line- 
to-ground fault. Maximum zero-sequence 
voltage at the fault 


unity. The region between 0 and —2 
corresponds to a very low ratio of 
such as would probably not be encoun¬ 
tered in a practical sjrstem operating nor¬ 
mally. 


ground fault for system shown in figure 7, 
with resistance neglected and Xoo Xci 

13. As will be noted, exceptionally high 
voltages are not obtained until the ca¬ 


per unit of normal peak line-to-neutral 
voltage on the unfaulted phases at the 
fault in terms of XJX\ for the system 
shown in figure 7. The curves in figures 8 
and 9 were calculated from equations 19 
or 20 and 23, respectively, of appendix A 
with ^0 ~ 90 degrees. Since resistance is 
neglected there will be no decrement, and 
therefore the peak value of the funda¬ 
mental-frequency term indicated in figures 
8 and 9 by full-line curves, and the peak 
value of the natural-frequency term are 
added directly (since they must eventu¬ 
ally come in phase) to give the total 
maximum voltage. Peak values of tran¬ 
sient voltages are shown by dashed lines 
forxco ~ Xd and Xco « 2xa» 

Figure 10, for the same conditions as 
figure 8, gives the maximum transient 
zero-sequence voltage at the fault for a 
line-to-ground fault calculated from equa¬ 
tion 18, appendix A, The maximum 
zero-sequence transient voltage at the 
fault for a double-Kne-to-ground fault 
will be one-third the voltage of the un¬ 
faulted phase given by figure 9. See 
equation 23, appendix A, 

With XJX\ between 0 and —2 in 
figure 8, and between 0 and —0.6 in 
figure 9, the natural frequency, £«>», is less 
than unity. See equations 21 and 24, 
appendix A, Higher transient values 
than those plotted in this region could 
therefore have been obtained with ~ 

0 degrees instead of 90 degrees. 

The natural frequency, in per unity 
of fundamental frequency given by (21) 
for the line-to-ground fatdt with x^s « 
is plotted in figure 11, with abscissa ATo/ATi 
and parameter xjxi. From figure 11, 
at the resonant point (Xo/ATi = —2), the 
natural frequency is unity and for values 
of X^/Xi between —2 and 0, less than 


Method op Grounding 
Emctance Grounding 
Figures 8 and 9 can be used to deter¬ 
mine transient voltages with resistance 
neglected when the neutral is solidly 
grounded or grounded through any react¬ 
ance, including a ground-fault neutralizer. 
For a solidly grounded neutral, = 0. 
For a ground-fault neutralizer with re¬ 
sistance neglected, 3a?„ + «o = Xc^, and 

Zo » CO. 

Comparison of Resistance 
and Reactance Grounding 
A comparison of the effects of resistance 
and reactance grounding on the funda¬ 
mental-frequency fault voltages following 
a line-to-ground fault can be obtained 
from figures 1,4, and 5 when the positive- 
and zero-sequence impedances " viewed 
from the fault are known. 

To compare the effects of reactance and 
resistance grounding on transient overvolt¬ 
ages following faults, the curves of figure 
8 for a Hne-to-ground fault have been re¬ 
plotted in figure 12 in terms of the im¬ 
pedances indicated in figure 7. Figures 
12 and 13 show the magnitudes of the 
transient voltages which may be obtained 
following a Kne-to-ground fault when the 
neutral is grounded through reactance 
and through resistance, respectively, with 
Xq^ xi and = Xci» 

The voltages in figure 13 and some 
points in figure 12 were determined by 
using a miniature system having the 
characteristics and features described in 
appendix B. The full-line curves corre¬ 
spond to fundamental-frequency voltages 
for different values of the ratio of Zxjxi 
or Zfn/xu where x«is the grounding react¬ 
ance in the case of figure 12 and is the 
grounding resistance in the case of figure 


padtive reactance x^^ becomes small com¬ 
pared with xi. This condition corre¬ 
sponds to a system having a very large 
amount of line-charging capacity com¬ 
pared with the connected generation. 
Also, it will be noted that transient volt¬ 
ages do not exceed twice the ftmdamental- 
frequency voltages with either reactance 
or resistance grounding, for the conditions 
assumed. 

The sustained voltages for resistance- 
grounded systems are generally higher 
than those for corresponding reactance- 
grotmded systems. This is particularly 
true if the neutral grounding ohms are 
selected to give the same value of short- 
circuit current, as can be seen from an 
analysis of figures 12 and 13. For high 
ohmic values of neutral-grounding im¬ 
pedance, the transient voltages may be 
higher for reactance-grounded than for 
resistance-grounded systems. For low 
ohmic values, the natural-frequency com¬ 
ponent of voltage for resistance-grounded 
systems decreases and becomes negligible 
for values of Zrjxi < 5. Accordingly, a 
reactance-grounded system may not sub¬ 
ject the protective equipment to as high 
sustained voltages as a resistance- 
grounded system, but from the standpoint 
of natural-frequency overvoltages, par¬ 
ticularly those associated with switching 
phenomena, the resistance-grounded neu¬ 
tral may be more desirable. 

Figures 14 and 16 show the correspond¬ 
ing neutral-to-ground voltages for the 
cases shown in figures 12 and 13, respec¬ 
tively, This information is of value in 
indicating the voltages which may occur 
from neutral-to-ground under the condi¬ 
tion of line-to-ground fatdts. Excep¬ 
tionally, high overvoltages are not ob¬ 
tained at the neutral except for systems 
which have a relatively large amount of 
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connected line in proportion to the posi¬ 
tive-sequence reactance. The curves, in 
general, have the same shape as those in 
figures 12 and 13, as it is essentially the 
shift or rise in neutral voltage which 
cau^s the overvoltage on the open phases. 

Figures 16 and 17 are similar to figures 
12 and' 13, except that xjx^^ = 2 in 
figure 16, and rp/ri 0.5 in figure 17. 
Only transient voltages are plotted in 
figures 16 and 17. 

Since the magnitudes of overvoltages 
which are obtained are considerably 
affected by the method of grounding, this 
discussion is classified accordingly. 

1. Solidly Grounded System, There 
are many degrees of solid grounding and 
the term means very little as far as the 
overvoltages are concerned, as it depends 
upon the number, location, and kilovolt¬ 
ampere capacity of the grounding points. 
However, if the grounded-neutral system 
is considered to be one in which grounded- 
neutral lightning arresters may be used 
(Une-to-ground sustained voltages not to 
exceed 140 per cent to 150 per cent of 
normal), it becomes apparent that the 
ratio of Xsi/Xi should be kept below about 
3 or 4. See figures 1, 2, and 6. Accord¬ 
ingly, this will ordinarily mean that a 
large percentage of all transformers or 
machines must be solidly grounded. 

Systems operating in this classification, 
that is, Xfi/Xi not greater than 3 or 4, 
have a maximum transient line-to-ground 
voltage on the unfaulted phases not ex¬ 
ceeding 2.0 times normal (see figures 8 and 


Figure 12. Transient and fundamental-fre¬ 
quency voltages with resistance neglected for 
system shown in figure 7. Line-to-ground 
fault. Maximum voltage-to-ground of un¬ 
faulted phases at the fault 


9). The maximum neutral-to-ground 
transient voltage at any point in the sys¬ 
tem, for example, the neutral of an un¬ 
grounded bank, is about normal line-to- 
ground voltage due to the occurrence of a 
solid fault. See figure 10. 

2. Neutral Grounded Through Reacts 
ance. When a system is grounded 
through reactance less than that of a 
ground-fault neutralizer, the zero-se¬ 
quence impedance viewed from the fault is 
inductive rather than capacitive and the 
zero-sequence resistance is relatively 
small; accordingly, the fimdamental-fre- 
quency phase-to-ground voltages will not 
exceed normal line-to-line voltage, and 
the neutral-to-ground voltage will not 
exceed normal line-to-neutral voltage. 
See figures 1-6, with X^^/Xi positive and 
R,/Xi < X^/Xi, 

Following a fault, systems with react¬ 
ance grounds will have maximum tran¬ 
sient voltages to ground on the unfaulted 
phases not exceeding 2.73 times normal. 
The voltage to ground of the neutral will 
not exceed 1.67 times normal line-to- 
neutral voltage. See figures 8-10. 

3. Neutral Grounded Through Resist¬ 
ance, When a system is grounded 
through resistance, the zero-sequence 
impedance viewed from the fault may be 
inductive or capacitive, depending upon 
the number and location of the grounding 
points and the amount of connected line 
or cable. With low-resistance grounds, 
Xo will ordinarily be positive and the 
fundamental-frequency phase-to-ground 
voltages will, in general, not exceed 
normal hne-to-line voltage and the neu¬ 
tral-to-ground voltages will not exceed 
normal line-to-neutral voltage. With 
high-resistance grounds, X^ may be 
negative. In that case, phase-to-ground 
voltages may be greater than normal Hne- 
to-line voltages, and neutral-to-ground 
voltages greater than normal line-to- 


neutral voltages. See figures 1,3,4, and 5. 

If low-resistance grounding is used, the 
natural-frequency voltages are practi¬ 
cally eKminated and the maximum volt¬ 
ages are essentially the fundamental- 
frequency voltages which, however, are 
generally higher than the ftmdamental- 
frequency voltages obtained with corre¬ 
sponding values of neutral-grounding 
reactance. 

4. System Grounded Through FauU 
Neutralizer, For systems grounded 
through ground-fault neutralizers, with 
resistance neglected, Zo is infinite; with 
resistance included, Rq is very large while 

is negative. Based on either assump¬ 
tion, the fundamental-frequency voltages 
on the unfaulted phases at the fault fol¬ 
lowing a line-to-ground fault are essen¬ 
tially line-to-Kne voltages. See figure 1. 
The maximum transient voltages-to- 
ground on the unfaulted phases are less 
than 2,73 times normal, and of the neu- 
tral-to-'ground less than 1.67 times nor¬ 
mal Kne-to-neutral voltage. See figures 8 
and 10. 

Higher voltages may- be obtained at 
points removed from the ground-fault 
neutralizers where there is in effect con¬ 
centrated an appreciable amount of zero- 
sequence capacitance to ground. This 
indicates the advisabiHty of placing the 
ground-fault neutraHzer at the centers of 
the system, and also the desirabiHty of us¬ 
ing, under certain conditions, more than 
one ground-fault neutraHzer. 

5. Isolated Neutral, In the case of an 
isolated-neularal system, Xq is negative 
and of the order of magnitude of the 
capacitive reactance while R^/Xi is 
relatively small. From figures 1, 4, and 

Figure 13, Transient and fundamental-fre¬ 
quency voltages for system shown in figure 7. 
Line-to-ground fault. Maximum voltage-to- 
ground of unfaulted phases at the fault 
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quency voltas^s with resistance neglected for 
system shown in figure 7. Line-to-ground 
fault. Maximum voltage-to-ground at the 
neutral 


those occurring at the point of fault may 
be obtained. This is particularly true at 
points which are located at a distance 
from the fault and the grounding points, 


Figure 15. Transient and fundamental-fre¬ 
quency voltages for system shown in figure 7. 
Line-to-sround fault. Maximum voltage-to- 
ground at neutral 


but located where there is, in effect, an 
appreciable amount of zero-sequence 


Xco * Xci 


5, the fundamental-frequency voltages 
obtained may be in excess of normal line- 
to-Hne voltage; and in some cases, par¬ 
ticularly when the system is large in ex¬ 
tent, considerably in excess, so that a 
very undesirable condition is created 
when faults occur. The fact that such 
voltages may be obtained makes it highly 
desirable that under no condition of 
operation shall a system lose its grounding 
points, if by so doing it is liable to be in 
.the region of resonance. Otherwise, 
damage to the protective equipment or 
flashover of major equipment may result. 
The minimum voltage rating commonly 
used in isolated-neutral arresters is 1.83 
times normal line-to-neutral voltage. 

Voltages Distant From Fault 

The fundamental-frequency and tran¬ 
sient voltages given by the curves in this 
paper are at the point of fault. Under 
certain conditions higher voltages than 



xco/x, 


capacitance to ground. The fundamen¬ 
tal zero-sequence voltage at such points 
can be readily calculated from the zero- 
sequence voltage at the fault and the 
zero-sequence network. Figure 18 shows 
the simplified zero-sequence impedance 
diagram with the identity retained of the 
fault point F and point P, at which 
voltage is required. The zero-sequence 
voltage at P is 

P"«.(atP) = 

With Zg capacitive reactance and Zp 
inductive reactance, the zero-sequence 
voltage at P will be higher at P than at P. 
If it is appreciably higher, additional 
calculations are required for determining 
both fundamental-and natural-frequency 
voltages. The case of higher funda¬ 
mental-frequency voltages at points dis¬ 



tant from the fault than at the point of 

fault has been discussed in a recent paper.® 

FTomencIature 

= Pi + jXi, Zo = Po + *= positive 

and zero-sequence fundamental-fre¬ 
quency impedances, respectively, 
viewed from the fault point 

Rf *» fault resistance 

Zi(P), Zoip) — operational expressions for 
the positive and zero-sequence im¬ 
pedances, respectively, viewed from 
the fault point 

Lower case letters apply to the circuit shown 

in figure 7. 

2i » fI + jxu ro = fo + jxo — positive 
and zero-sequence fundamental-fre¬ 
quency impedances, respectively, 
from neutral to the fault point 

+ jxn = fundamental-frequency 
impedance between neutral and 
ground 

Xeu positive and zero-sequence funda¬ 
mental-frequency capacitive re¬ 
actances, respectively, of trans¬ 
mission line 

a = $0 + t — ^gle between direct axis of 
refer^ce machine and axis of phase a 

(Ofi natural frequency in times funda¬ 
mental frequency 


Figure 16. Maximum transient unfaulted- 
phase voltage-to-ground for system shown in 
figure 7. Line-to-ground fault. Neutral 
grounded through resistance 

Xft * xi « O.Sxci 


Figure 17. Maximum transient unfaulted- 
phase voltage-to-grpund for system shown |n 
figure 7. Line-to-ground fault. Neutral 
grounded through resistance 

Xo ** 0.5x1 Xco ** Xd 


Appendix A. Fundamental- and 
Natural-Frequency Voltages 

The instantaneous phase voltages at any 
point in a balanced three-phase system in 
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per unit ot crest voltages to neutral or to 
ground at that point are 

«a = — sin ^ 

1 . . V5 

- sm ^ cos d 


2 

1 . Vb 

- sm 0-cos $ 

2 2 


— '*02 *B0 ” 

«o “ ~ 


^i(P) + Zt(p) + 3J2/ 
_ Zo(p) sin e 


^i(P) + Ztip) + 8Rf 

( 2 ) 

1 . V5 

«» =” - sm fl H —— cos B + 


sin 6 (3) 


Z»(P) - -Zi(O) 

22i(/>) +Z,{p) +3J?/ 

«c = 2snitf--J^cos9 + 

Zo(.P) - ^1(0) . 

22i(^>)+Z.(^)+32?/“'® 

X>o«iie lAne-to-Ground. Fault (Phases b and c) 

*<"• “"(41 + *«) = - . -2^-?-- 

+ 2Zt(p) + 6i?/ 

" - *oZ,(/>) = -sin 9 

Zi(p) +2Zt(p) + QRf 

(5) 

_ 32«(/.) + 65, 

Une-to-Une Fatdt (Phases b and c) 

* ■“ Sffl $ 


_ * iTd ~~ 

•^T ” 22 : 1 + 2:0 + 35 / 


( 1 ) 


O * •' rt 


2Ib — Zi 


( 10 ) 

( 11 ) 


Let e and i with appropriate subscripts 
refer to instantaneous values of voltages-to- 
ground at the fault and currents flowing into 
the fault, respectively. In reference 17 are 
given the relations for transformation from 
three-phase quantities (a, b, c) to sym¬ 
metrical-component quantities for the case 
of instantaneous currents and voltages, 
including the transient as well as the funda¬ 
mental-frequency components. An appli¬ 
cation of these transformation relations is 
given in reference 5, except that a and jS 
components are used. However, for the 
case under consideration, Za(p) =» Zpip) » 
^i(P) * Z 2 (p), so the application here is 
quite similar. Using the generalized 
method of symmetrical components, the 
following equations are obtained. 

Line-to-Ground Fault {Phase a) 

— sin 0 


2^*^ 2 2Zi-|-Zo + 3i?/ 
Double Line-to-Ground Fault {Phases b and c) 

( 12 ) 


Zo 


Z 1 + 2 Z 0 + 6Rf 

^ 3Zo + 6Rf 

Zi -|- 2Zq -f- 6Rf 

Transient Voltages 


(13) 


To obtain the natural-frequency com¬ 
ponents of equations 2-6 necessitates replac- 
Z^i{P) and Zq{p) by their operational ex- 
pr^sions in terms of system constants. 
This can be done only when the system is 
given. For the system represented in fig¬ 
ure 7, 


Zi{p) 


Zo{p) 


(n + M) ^ 
_£_ 

fl + pxi + 

p 


(14) 


[r» + 3r„ + ^>(*, + 3*„)]^^f 

_^ 

>•0 + 3fn + #(*. + 3*„) + 


(15) 

Resistance Neglected. With resistance neg¬ 
lected in figure 7, Zi(p). Za(p), and 
become. 


Zxip) - 

^o(#>) - 


P^Xl + Xg 

P(»> + ZX^Xg 
^*(*« + 3#b) + *<# 


•= - — jXx 

*a - *i 


(14a) 

(ISa) 

(16) 


( 8 ) 


- sin fl 
2 

Pundamental-Erequen^ 

Components of Voltage 

Introdu^ vector quantities' by replac- 

(i'S '’®®P®ctively, in 

(2)-(6), crest voltages of fundamental-fr“ 
quency are obtained. ire- 

Line-to-Ground Fatdt (Phase a) 


^ • (^0 “f* BXfi)X(!Q 

Line-to-Ground Fault. With a line-to- 
pound fault at F on phase a in figure 7, the 
instantaneous zero-sequence voltage at the 
fault in per unit of normal line-to-neutral 
peak voltage at the fault, obtained by 
sub^tuting (14<i) and (ISa) in (2) and 
solving the operational equations is 


^oo 


In terms of .X© and Xu 


2Xi-|-Xo 
2 


sin^ — 


Co 


2Zi+Xe 
^ ^0 4- 3a:^ 


sind — 


^sin ^0 






1+2 


—V2X-I + jr«) 

*co/ 


X 




cos iont H-cos 00 sin ) (18) 

«n 

with Xca — Xci, equation 18 checks that 
given by Fallou.“ 


3 -y/S 

= -s. + -^cos( 

3 •x/S 

-So- —COSI 


(W) 

( 20 ) 


where 


■i 

4 


2xi “h afo 4“ BXfi 


2xi{xq -\r 3 aff «) 


-H 

\»co 2xci/ 


( 21 ) 

Double-Line-to-Ground Fault, With a 
double-line-to-ground fault at F on phases b 
and c, the instantaneous zero-sequence and 
phase a voltage-to-ground at the fault in per 
umt of normal line-to-neutral peak voltage 
at the fault are obtained by substituting 
(14o) and (16a) in (6) and (6) and solving 
the operational equations. Expressed in 
t^ms of the positive- and zero-sequence 
reactances viewed from the fault, 


Co =■ — 


X, 


Xi + 2Xo 


sin 0-1- 


^ Xq — A*! 

^<50 


(2 + g)(jr. + Kj 

( sin 00 cos uffit H-^ sin 

\ «n / 


' 3co 


where 


«» 


4 


xx + 2(zo + 3%) 


2*i(*6 + 3*„) 


0*to 


( 22 ) 

(23) 

(24) 


22,+Zo+35/ 
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\ Xm _ XgJ 

Xi{xq -f 8Xn)(^ 4- -i-^1 

Vco XcJj 
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Appendix B. Description of 
Miniature System 

The miniature equivalent system used in 
making the laboratory tests is shown in 
figure 19. 

The reactors used in this system had low 
ratios of resistance to reactance which 
varied from about 0.01 to 0.04 at 60 cycles 
depending upon the portion of the total 
winding being used. The miniature power 



Figure 19. Miniature equivalent system 


transformer was also of low-loss design so 
that the entire system caused relatively 
low damping of natural-frequency oscilla¬ 
tions. This was desirable for purposes of 
checking calculations based on no-loss cir¬ 
cuits. 

The miniature system was energized from 
a three-phase 110-volt 60-cycle voltage 
source of such capacity that its terminal 
voltage remained essentially constant re¬ 
gardless of transient conditions imposed by 
faults in the equivalent circuits. 

A synchronous commutator was used to 
apply and remove repeatedly the fault in 
synchronic with the system voltage. The 
commutator drum was driven by an 1,800- 
rpm s 3 rnchronous motor by means of a ten- 
to-one gear reduction so that one revolution 
of the drum was completed every 20 cycles. 
The contacts on the switch were so made 
that during these 20 cycles the fault would 
be on 5 cycles and off 16 cycles. The rela¬ 
tively long period during which the fault 
was off afforded ample time for steady-state 
conditions to be reached before the switch¬ 
ing operation was repeated. 

A cathode-ray oscilloscope was used to 
measure the transient voltages. Another 
contactor on the synchronous commutator 
was used to control the grid on the cathode- 
ray tube so that the light beam would appear 
on the screen for only one cycle out of each 
20. This made it possible to obtain a clear 
picture of the transient voltages during the 
period of particular interest. 

The contactors on the commutator were 
mounted on a rack which could be rotated to 
vary the instant of application of the fault 
corresponding to various points on the volt¬ 
age wave. Thus it was possible to deter- 
niine the maximum voltage that could be 
reached by selecting the angle of fault appli¬ 
cation which gave the highest transient 
voltage on the oscilloscope. 
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Discussion 


P. A. Jeanne: See discussion, page 395. 


R. jy. Birans, A. C. Monteith, and R. L. 
Witzke (all of Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Concerning the results in the Clarke- 
Crary-Peterson paper, it may be observed 
that the simple form of network illustrated 
in figure 19 for tranrient analysis, might 
lead to appreciable error. The use of such 
a simple equivalent circuit reduces to an 
extent the usefulness of the results. 

Also, in connection with this paper, the 
authors have carried the curves to negative 
value of Xo/Xi whereas in the previous pub¬ 
lished work by Evans and Wright^ only 
values for positive ratios were considered. 
The curves in the negative zone are no doubt 
correct from an academic point of view. 
However, we are inclmed to question their 
practical use when high values of overvolt¬ 


age are considered as the constants of the 
circuit will change in a direction tending to 
limit the magnitude of voltage. Such 
changes in circuit constants may be due to 
corona, magnetizing current of transform¬ 
ers, etc. The practical range of the curves 
is probably from —1 ratio to the positive 
values. 

A value of X^/Xi of 3 to 4 is suggested for 
a safe application of a grounded-neutral 
lightning arrester. It is believed that in 
drawing this conclusion the effects of fault 
resistance have been ignored. When high 
values of fault resistance are considered the 
ratio of Xq/Xi must be lowered if the fault 
is at the point of application of the arrester. 
In the work published by Monteith and 
Roman^ it was considered improbable to 
have a fault at the point of application of the 
arrester since the arrester should prevent 
flashover. When the fault is considered at a 
point other than where the arrester is ap¬ 
plied, the ratio of 3 to 4 for Xq/Xu can be 
selected and the criterion will be entirely 
independent of fault resistance. 

(^e also discussion, page 412.) 
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Edith Clarke, S. B. Crary, and H. A. Peter¬ 
son: In answer to the discussion by 
Messrs. Evans, Monteith, and Witzke: 

The simple network of figure 19, although 
an approximation, gives transient voltages 
at the point of fault not less than the maxi¬ 
mum transient voltages which may occur 
(see ''Basis of Study,” 9), and thus enables 
us to draw conclusions in regard to the 
TnaYimuTn transient voltages which can oc¬ 
cur at the point of fault for various condi¬ 
tions of grounding. 

The curves for negative values of Xo/Xi 
have been found practical in dete rminin g 
voltages corresponding to high negative 
values of Xa/Xi beyond the resonance re¬ 
gion. As pointed out in the paper, the very 
high voltages indicated by the curves would 
not be obtained in the resonance region, 
since they are critical values and therefore 
greatly influenced by saturation, coro^, 
and variation of machine reactances with 
time (see "Basis of Study,” 5 and 6). They 
are useful, however, in that they indicate 
regions where high voltages will be obteined, 
that is, voltages in excess of normal line-to- 
UuA voltages. 

The effect of fault resistance was not 
ignored in suggesting a value of XofXi be¬ 
tween 3 and 4 for safe application of a 
grounded-neutral arrester. This condusion 
is based on the curves of figure 6, which in¬ 
dude the effect of fault resistance. The 
curves apply to cases in which the arrester 
and fault locations are far enough from each 
other so that mutual ground resistance of 
the arrester and fault is not encountered, 
and yet not so remote from each other that 
voltages to ground at the arrester are ap¬ 
preciably different from those indicated. 
Figure 6 in the region of Xv/Xx « 1 to 6 
checks the curves of figure 4 given by 
Messrs. Monteith and Roman in reference 8. 
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Synopsis: This paper summarizes the re¬ 
sults of an investigation of transient voltages 
on power systems caused by switching and 
faults. The transient voltages on power 
systems as measured by the ''Hydonograph'* 
are reviewed and compared with the fiash- 
ov^ values of transmission-line insulation. 
It is shown that the higher values of tran¬ 
sient voltages are produced by intermittent 
arcs. In part I, the various theories for the 
production of transient voltages of high 
magmtude as a result of intermittent arcs 
are reviewed and extended in order to ob¬ 
tain the highest voltages on typical poly¬ 
phase systems with the range of natural fre¬ 
quencies and attenuation factors that are 
encountered in practice. Previous studies are 
of limited scope and apply principally to the 
case of an arcing ground on an ungrounded 
system. The present study shows broadly 
the range of transient voltages which may 
be produced with intermittent arcs and ap- 
pli^ to switching operations as well as 
arcing grounds. A typical transmission 
system is studied with the aid of the a-c 
network calculator. One of the principal 
variable factors in this study is the method 
of system groun<^g and this includes a 
range of both resistance and reactance be¬ 
tween the limits of a solidly grounded sys¬ 
tem and an ungrounded system. The study 
is carried out for four different conditions, 
namely: (1) arcing grounds, (2) de-energiz¬ 
ing an unfaulted line section, (3) de-energiz¬ 
ing a line section with a fault on one phase, 
and (4) de-energizing a line section with a 
fault on two phases. The results of this 
study are presented in graphical form in 
part II and show many interesting proper¬ 
ties of systems with respect to the method of 
grounding, and the characteristics of tran¬ 
sient voltages for the different switching and 
fault conditions. It is the authors* opinion 
that the transient voltages due to faults 
and switching deserve more attention tTian 
they have received within the last few 
years. 


existence of transient over- 
■ voltages on transmission (and dis¬ 
tribution) systems as a result of drcuit 
changes caused by switching operations 
or faults has long been recognized. 
Many years ago when transmission sys¬ 
tems were first expanding, the effect of 
ardng grounds received a great deal of 
attention. The phenomena, however, 
were not thoroughly investigated at the 
time because suitable measuring and re¬ 
cording devices were not available and 
because the immediate difficulties were 
largely overcome by the adoption of the 
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practice of grounding transmission sys¬ 
tems. The invention by J. F. Peters^ of 
the ''klydonograph,** the first really 
practical surge recorder, made possible 
the collection of a mass of field data on 
overvoltages. The introduction of this 
instrument stimulated extensive investi¬ 
gations of voltages caused both by light¬ 
ning and other transients. In recent 
years, considerable attention has been 
directed to the lightning phase of the 
problem but other phases have largely 
been neglected. It is the authors* view 
that the time has come when furt he r at¬ 
tention should be given to the problems 
of overvoltages caused by faults and 
switching operations. To them it seems 
quite possible that some of the multi¬ 
phase faults on systems which are now 
attributed wholly to lightning may, in 
reality, be caused in part by voltages 
produced by intermittent arcs. 

It is pertinent to review the operating 
experience which has been obtained on 
transmission lines m regard to over- 
volteges produced by switching surges 
arising from circuit changes or isolation 
of faulted conductors. Quite a number 
of klydonograph investigations have been 
reported in the literature and many of 
these segregate the overvoltages resulting 
from switching operations from those due 
to lightning. Extensive investigations 
were reported by Cox, McAuley, and 
Huggins;^ Gross and Cox;^ Lewis and 
Foust;< and by a number of European 
investigators. The Joint Subcommittee 
on Development and Research of the 
Edison Electric Institute and Bell Tele¬ 
phone System, has also carried on some 
investigations and has made an excellent 
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summary® of the more important pub¬ 
lished data. 

The principal results of the switching 
surge studies made with the aid of the 
klydonograph have been summarized in 
figure 1. In this figure, curves A and B 
obtained from the original investigation 
by Cox, McAuley, and Huggins,* give the 
voltages due to energizing or de-energiz¬ 
ing operations and the voltages due to 
faults with subsequent switching, re¬ 
spectively. Curve C gives a summary 
derived from the work of Lewis and 
Foust,^ the most recent report of its kind. 
In order to give a more suitable scale for 
plotting the results of the surge studies 
aU the surges of a magnitude less than 
twice normal have been disregarded. 
The Lewis and Foust paper, however, 
shows that of all the reported surges above 
normal voltage, 45 per cent were above 
twice normal. Figure 1 shows that the 
limiting value of the surges is about six 
times normal crest voltage, 5 per cent 
exceed five times normal, and 20 per cent 
. exceed four times nonnal. 

It will be noted from figure 1 that there 
is an upper limit to the voltage recorded, 
indicating the possibility of some limiting 
factor. Figure 2 shows the ratio of the 
voltage required to produce flashover, to- 
the normal crest voltage, for different 
voltage transmission lines equipped with 
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Figure t, Distribution of surge voitages. 
caused by switching end faults 

/^—Switching surges—Cox, McAuley, and! 
Huggins 

fi—Surges from faults—Cox, McAuley, and 
Huggins 

C—Switching surges—Lewis and Foust 
A and fi—Eighteen $ystcms“-1925 to 1926 
C—Fourteen systems—1926 to 1930 

the range of insulator units encountered 
in practice. The shape of the curve of 
figure 1 compared with the data given in 
figure 2, indicates that the magnitude of 
switching surges recorded could be limited 
by line flashover. While it is undoubt¬ 
edly true that a considerable percentage 
of these switching operations take place 
with relativdy Httle energy in the oscilla- 


Monm, Tran^ BcBcn^ 




tion and at relatively high frequency, it is 
also true that as systems expand the 
natural frequency of systems for switdi- 
ing operations decreases and the amount 
of energy in these oscillations increases. 
Thus, these factors tend to increase the 
importance of switching surges. 

Part I. Mechanism of Producing 
Transient Overvoltages as a 
Result of Circuit Changes 

The mechanism of producing transient 
overvoltages on transmission (and dis¬ 
tribution) systems as a result of circuit 
changes caused by switching operations 
and faults will now be considered. The 
magnitude of these transient voltages, as 
shown in figure 1, will, under some condi¬ 
tions, exceed the sum of two components, 
(1) the final steady-state voltage, and (2) 
a transient voltage equal to the difference 
between it and the initial steady-state 
voltage. The value of this transient 
voltage has been assumed to be the one 
indicated by the conventional theory of 
circuit changes involving a single switch¬ 
ing operation producing a simple circuit 
change such as a “make” or a “break.” 
Thus the transient voltage, which is due 
to a “make” such as the sudden and per¬ 
manent fault to ground, or a “break” such 



Figure S. Sixty-cycle flefhover voltase ratios 
for ten-inch suspension units 


as the sudden and permanent de-energiz¬ 
ing of a circuit, oxe, rdatively low in com- 
parison.with the maximum transient volt¬ 
ages that are known to have been pro¬ 
duced by switching operatipns or faults. 
In a “simple circuit change” as the ex¬ 
pression is used in this paper, it is as¬ 


sumed that the change caused by a fault 
or switching operation takes place through 
a path that changes abruptly from a per¬ 
fectly conducting to a nonconducting 
condition, or vice versa. 

It is known that the circuit changes 
which produce the higher values of tran¬ 
sient voltages involve arc paths. It has 
also been recognized that the character¬ 
istics of the arc path have a relation to 
the overvoltages, but the nature of the 
phenomenon has, in general, not been well 
understood. A little consideration will 
show that the conditions for producing 
high transient overvoltages from switch¬ 
ing or faults have in common these fea¬ 
tures of (1) a circuit change through a 
path involving an arc, and (2) a circuit 
change which differs from that of a 
single “make” or “break” as previously 
discussed. 

In considering the characteristics of an 
arc path in respect to the production of 
transient overvoltages, two classes of 
factors may be recognized, namely: 

1. Abrupt forcing of current zero and high 
extinction voltage. 

2. Cumulative action from intermittent 
arcing. 

The phenomenon involving the first* of 
these, the abrupt forcing of current zero, 
is well known in the simple form by which 
high voltages are produced when induc¬ 
tive circuits are quickly opened. This is 
not likely to be encountered with con¬ 
ventional types of interrupting equip¬ 
ment for faults and switching operations 
on power transmission systems. In¬ 
stead, the probable conditions for the 
production of overvoltages from the first 
factor include the opening of the magne¬ 
tizing drcuits of transformers, switching 
of induction regulators, and other similar 
operations. 

The extinction voltage or the voltage 
across an arc just prior to its interruption 
is also a factor affecting the magnitude of 
transient overvoltages. This factor is of 
importance on low-voltage but not on 
high-voltage circuits. In general, it is 
the authors" opinion, as pointed out else¬ 
where,® that the factors of abrupt forcing 
of current zero and high extinction volt¬ 
age are not responsible for producing the 
more important transient overvoltages 
on transmission systems. Accordingly, 
only the effect of cumulative action from 
intermittent arcing has been considered 
in this investigation. 

Theories of Intermittent Arcing 

Various theories of intermittent arcing 
have been proposed to account for the 


high voltages produced by arcing grounds 
on ungrounded systems. These theories 
were reviewed some 15 years ago by 
Peters and Slepian^ and their designations 
for the principal ones as theory I, theory 
II, and theory III, have been retained. 
The application of these theories has been 
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extended in this investigation to the full 
range of grounding conditions for the arc¬ 
ing ground case and to other cases in¬ 
volving switching and faults. These 
theories have been studied for simple and 
complicated circuits and it has been found 
that the basic features of theories I, II, 
and III are applicable but that to produce 
the highest voltages some modifications 
were necessary to cover the range of 
natural frequencies and attenuation fac¬ 
tors, and the complication of circuits en¬ 
countered on actual three-phase systems. 

The dose relationship between the 
intermittent arcing theories for arcing 
ground and switching cases makes it 
desirable to consider them together. 
The various theories of intermittent arc¬ 
ing are based on different assumptions in 
regard to the points at which the arc is 
interrupted and established or re-estab¬ 
lished. Thus the interruption of the arc 
may take place at a current zero dose to a 
fundamental current zero or dose to a 
natural- or high-frequency current zero. 
The arc may be established or re-estab¬ 
lished at a fundamental-frequency voltage 
crest or at a natural-frequency voltage 
crest. 

In explaining these theories it is con¬ 
venient to represent the intermittent arc 
by a switch, the opening and closing of 
which are controlled in accordance with 
the different theories. In using the 
switch to simulate an intermittent arc, 
certain dielectric di^acteristics of the 
arc path are assumed as discussed subse¬ 
quently. 

The essential features of the three 
theories are illustrated with the aid of the 
simplified circuits in figure 3. Figure Za 
is a circuit for the representation of an 
ardng grotmd taking place at point S. 
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Synopsis: This paper summarizes the re¬ 
sults of an investigation of transient voltages 
on power systems caused by switching and 
faults. The transient voltages on power 
systems as measured by the ‘‘klydonograph” 
are reviewed and compared with the flash- 
over values of transmission-line insulation. 
It is shown that the higher values of tran¬ 
sient vol1:ages are produced by intermittent 
arcs. In part I, the various theories for the 
production of transient voltages of high 
magnitude as a result of intermittent arcs 
are reviewed and extended in order to ob¬ 
tain the highest voltages on typical poly¬ 
phase systems with the range of natural fre¬ 
quencies and attenuation factors that are 
encountered in practice. Previous studies are 
of limited scope and apply principally to the 
case of an arcing ground on an ungrounded 
system. The present study shows broadly 
the range of transient voltages which may 
be produced with intermittent arcs and ap¬ 
plies to switching operations as well as 
arcing grounds. A typical transmission 
system is studied with the aid of the a-c 
network calculator. One of the principal 
variable factors in this study is the method 
of system grounding and this includes a 
range of both resistance and reactance be¬ 
tween the limits of a solidly grounded sys¬ 
tem and an ungrounded system. The study 
is carried out for four different conditions, 
namely: (1) arcing grounds, (2) de-energiz¬ 
ing an unfaulted line section, (3) de-energiz¬ 
ing a line section with a fault on one phase, 
and (4) de-energizing a line section with a 
fault on two phases. The results of this 
study are presented in graphical form in 
part II and show many interesting proper¬ 
ties of systems with respect to the method of 
grounding, and the characteristics of tran¬ 
sient voltages for the different switching and 
fault conditions. It is the authors’ opinion 
that the transient voltages due to faults 
and switching deserve more attention than 
they have received within the last few 
years. 


T he EXISTENCE of transient over¬ 
voltages on transmission (and dis¬ 
tribution) systems as a result of circuit 
changes caused by switching operations 
or faults has long been recognized. 
Many years ago when transmission sys¬ 
tems were first expanding, the effect of 
arcing grounds received a great deal of 
attention. The phenomena, however, 
were not thoroughly investigated at the 
time because suitable measuring and re¬ 
cording devices were not available and 
because the immediate difficulties were 
largely overcome by the adoption of the 


practice of grounding transmission sys¬ 
tems. The invention by J. F. Peters^ of 
the “klydonograph,” the first really 
practical surge recorder, made possible 
the collection of a mass of field data on 
overvoltages. The introduction of this 
instrument stimulated extensive investi¬ 
gations of voltages caused both by light¬ 
ning and other transients. In recent 
years, considerable attention has been 
directed to the lightning phase of the 
problem but other phases have largely 
been neglected. It is the authors’ view 
that the time has come when further at¬ 
tention .should be given to the problems 
of overvoltages caused by faults and 
switching operations. To them it seems 
quite possible that some of the multi¬ 
phase faults on systems which are now 
attributed wholly to lightning may, in 
reality^ be caused in part by voltages 
produced by intermittent arcs. 

It is pertinent to review the operating 
experience which has been obtained on 
transmission lines in regard to over¬ 
voltages produced by switching surges 
arising from circuit changes or isolation 
of faulted conductors. Quite a number 
of klydonograph investigations have been 
reported in the literature and many of 
these segregate the overvoltages resulting 
from switching operations from those due 
to lightning. Extensive investigations 
were reported by Cox, McAuley, and 
Huggins;2 Gross and Cox;^ Lewis and 
Foust and by a number of European 
investigators. The Joint Subcommittee 
on Development and Research of the 
Edison Electric Institute and Bell Tele¬ 
phone System, has also carried on some 
investigations and has made an excellent 
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summary^ of the more important pub¬ 
lished data. 

The principal results of the switching 
surge studies made with the aid of the 
klydonograph have been summarized in 
figure 1. In this figure, curves A and B 
obtained from the original investigation 
by Cox, McAuley, and Huggins,^ give tfie 
voltages due to energizing or de-energiz¬ 
ing operations and the voltages due to 
faults with subsequent switching, re¬ 
spectively. Curve C gives a summary 
derived from the work of Lewis and 
Foust, ^ the most recent report of its kind. 
In order to give a more suitable scale for 
plotting the results of the surge studies 
all the surges of a magnitude less than 
twice normal have been disregarded. 
The Lewis and Foust paper, however, 
shows that of all the reported surges above 
normal voltage, 45 per cent were above 
twice normal. Figure 1 shows that the 
limiting value of the surges is about six 
times normal crest voltage, 5 per cent 
exceed five times normal, and 20 per cent 
exceed four times normal. 

It will be noted from figure 1 that there 
is an upper limit to the voltage recorded, 
indicating the possibility of some limiting 
factor. Figure 2 shows the ratio of the 
voltage required to produce flashover, to 
the normal crest voltage, for different 
voltage transmission lines equipped with 



PERCENT OF SURGES EXCEEDING ORDINATES. 

Fisure 1. Distribution of surge voltages 
caused by switching and faults 

A —Switchins surges—Cox, McAuley, and 
Huggins 

B —Surges from faults—Cox, McAuley, and 
Huggins 

C—^Switching surges—Lewis and Foust 
A and B —Eighteen systems—1925 to 1926 
C—Fourteen systems—1926 to 1930 

the range of insulator units encountered 
in practice. The shape of the curve of 
figure 1 compared with the data given in 
figure 2, indicates that the magnitude of 
switching surges recorded could be limited 
by line flashover. While it is undoubt¬ 
edly true that a considerable percentage 
of these switching operations take place 
with relatively little energy in the oscilla- 
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value of -1-5. It can be seen that the 
voltage builds up according to the series, 
1, 3, 6, 7, . . . and will have no limit if 
damping is neglected. In this analysis it 
has been assumed that the inductance is 
small and that the natural frequency of 
the circuit is very high in comparison to 
the fundamental frequency. 

Theory III has also been illustrated in 
figure 4c for the circuit of figure 3c, This 
case differs from that of figure 4b only in 
that the capacitor voltage oscillates 
around zero during the time the switch is 
open. The capacitor voltage is assumed 
to be the same in both cases at the time 
the switch is redosed. The curves are 
derived on the assumption of no damping 
in the circuit. 

In figure 4a are shown the voltages 
across the capadtors Ci and C 2 of the 
drcuit shown in figure 3a, In this case an 
arcing ground is simulated by opening and 
dosing the switdi S in accordance with 
theory III. The capadtors are assumed 
to be of equal capadtance and the drcuit 
inductance is very low, so that one-half 
the generated voltage appears across each 
capadtor with the switch open. If the 
switch is dosed at A, the voltage across 
capadtor Ci osdllates around zero be¬ 
cause the generated voltage is not im¬ 
pressed on this mesh. With Ci short- 
drcuited, the steady-state voltage across 
C 2 is twice normal. Therefore, when the 
switch S is closed, capadtor C 2 is acceler¬ 
ated toward twice normal but will over¬ 
shoot to three times normal. Now as¬ 
sume that the switch is opened at 5, at 
which time Ci has a charge corresponding 
to a voltage —1 and C 2 has a charge 
corresponding to a voltage —3. Because 
these charges are in opposite directions 
around the drcuit through the generator, 
the capadtors will not discharge but will 
equalize with a charge corresponding to a 
voltage of —2. The steady-state voltage 
across the capadtor will then be the alge¬ 
braic sum of one-half the generated volt¬ 
age, and the voltage due to the charge on 
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(a)—Capacitor voltase (b)—^Switch voltage 

Rgure 5. De-energizing a line section 
(circuit 3b/ theory 111) 


the capadtor. By referring to figure 4a 
it can be seen that the voltage across both 
capadtors is equal to these steady-state 
values at the instant the switch is opened 
and as the initial and steady-state volt¬ 
ages are equal, there will be no transient. 

If the switch is redosed at C the voltage 
across capadtor Ci will again oscillate 
around zero. With Ci short-circuited the 
steady-state voltage across C 2 is twice 
normal. Therefore, when the switch is 
dosed, the voltage of G is accelerated 
from —1 toward twice normal but will 
overshoot to -|-5 times normal. Now 
assume that the switch is again opened at 
D, at which time Ci has a charge corre¬ 
sponding to a voltage of +3 and Q has a 
charge corresponding to a voltage of +5, 
These charges will equalize leaving a 
charge corresponding to a voltage of -f4 
on each capadtor. Adding normal ca¬ 
padtor voltages to the voltage due to 
residual charges gives a voltage of -|-3 
across Ci and of -f-5 across C 2 . These are 
steady-state voltages, and as they are the 
same as the corresponding voltages, at 
the instant the switch is opened, there will 
be no transient. It should be noted that 



(d) (b) (c) 

Figure 6. Arcing ground (circuit Sa, theory 

III) 

(a) —^Voltage across capacitor Ci 

(b) —^Voltage across capacitor Q 

(c) —^Switch voltage 

the capacitor voltages build up according 
to the series 1,3, 5,. . . which is the same 
as for the switching operation in figure 46. 
Thus it can be seen that ardng grounds 
and switching operations may build up 
high voltages by the same mechanism of 
intermittent ardng. 

In figure 4d theory II is illustrated for 
the drcuit of figure 36. This differs from 
figure 46 in that the switch fe not opened 
at the first current zero which is con¬ 
trolled by the natural-frequency com¬ 
ponent, but it is opened at a later instant 
corresponding to the fundamental current 
zero. Theory I is illustrated in figure 4/ 
for the drcuit of figure 3c. In this case 
the point of switching is controlled en¬ 
tirely by the high frequency. It is 
assumed that the oscillation is of very 


high frequency and the fundamental does 
not change during the interval of time 
considered. 

In the above cases no damping was 
considered. Damping may appredably 



TIME 

Figure 7. Dielectric recovery characteristics 
assumed lor conditions of figure 5b 


Note: Corresponds to the abstract circuit 
of figure 3b. All physical circuits have 
capacitances on source side which will intro¬ 
duce additional oscillations such as shown in 
figure 5b. Such demand different dielectric 
recovery characteristics to obtain the two 
restrikes shown 


affect the shape of the curves and will 
definitdy limit the maximum voltages 
obtainable.® The effect of damping can 
be seen by comparing figures 4d and 4a. 
In figure 4e the high-frequency compo¬ 
nent of the capadtor voltage is assumed to 
be damped out in one-half cycle of the 
fundamental. The voltage is limited to 
three times normal under the assumed 
conditions of damping. In practical 
circuits the damping usually will not be as 
large as considered in figure 4e but will be 
large enough to require consideration. 

Another factor which cannot be neg¬ 
lected is the ratio of the natural frequency 
to the frequency of the generated voltage. 
In the above cases this ratio has been 
assumed to be very high. If this ratio is 
low the voltage will not build up as shown; 
the will be the same but the 

magnitudes will be less. For example, if 
in figure 46 the ratio were low the voltage 
would not build up to three times normal 
with one restrike because the fundamental 
decreases appredably by the time the 
high-frequency component reaches its 
negative crest value. In many actual 
systems the natural frequency of the 
circuit may not be much above ^e supply 
frequency. For example, in a Petersen- 
coil grounded system the prindpal natu¬ 
ral frequency is the same as the funda¬ 
mental frequency. 

At this point it is desirable to present 
some osdllograms of drcuit transients in 
accordance with the foregoing discussion. 
While these oscillograms were actually 
taken on the a-c network calculator used 
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in the general studies discussed subse¬ 
quently, it is suflScient for present pur¬ 
poses to consider them as transients ob¬ 
tained on simplified circuits of figure 3 
subjected to switching transients in ac¬ 
cordance with theories I, II, and III. 
Typical oscillograms are shown in figures 
5 and 6. Figure 7 is a replot of the oscillo¬ 
gram of figure bh with all voltages plotted 
on one side of the time axis. In this 
curve the high-frequency transients due 
to oscillations on the source side of the 
switch have been neglected. It will be 
noted from figure 7 that the first restrike 
takes place at point ^4 at a value close to 
twice normal voltage. This requires that 
the dielectric strength of the arc path 
recovers along some curve such as /, that 
is, along a curve whidi is above the curve 
of recovery voltage until at point A 
where they intersect. During the time 
the arc path is conducting, the dielectric 
streng^th of the switch is practically zero. 
When ^e arc is again extinguished, the 
dielectric strength curve again starts from 
zero but recovers much more rapidly and 
intersects the curve of recovery voltage at 
the point B causing a second restrike. 
After the next arc extinction the dielectric 
strength curve must recover still more 
rapicUy in order to meet the assumed 
condition that no restrike should occur at 
the point C. These curves show the 
requirement for the dielectric strength of 
the arc path to obtain high overvoltages. 

If cu^e I were not as high as shown, the 
restrike would have occurred at a lower 
voltage and the capacitor voltage would 
not have been as large as shown in figure 
4ft. If the dielectric strength had built 
up at a more rapid rate, no restrike would 
have taken place. It can definitely be 
concluded that the dielectric strength 


In confined arcs, where the pressure may 
increase after each conduction period, 
this phenomenon may take place. Sepa¬ 
ration of breaker contacts will have a 
tendency to cause higher dielectric 
strength recovery rates after each con¬ 
ducting period because of the increasingly 
larger contact separation. These re¬ 
quirements of the arc path probably 
provide an explanation for the difficulties 
which have been experienced in attempts 
to produce high voltages by intermittent 
arc paths in air over insulator strings. In 
this connection it may be observed that 
the conditions for producing high voltages 
by intermittent arcing are somewhat 
more favorable for the case of the appa¬ 
ratus failure under oil than for the case of 
a flashover of an insulator string. The 
sequences may be for an apparatus failure 
under oil to cause a line flashover instead 
of for a line flashover to cause apparatus 
failure. 

The foregoing discussion has been based 
on simple circuits for the purpose of 
illustrating the essential element of the 
theories of intermittent arcing. All ac¬ 
tual systems are relatively quite compli¬ 
cated and cannot be reduced to the simple 
circuits used in the illustrations. Be¬ 
cause of this complexity of actual systems 
it has been found that the maximum 
voltages with intermittent arcing are not 
obtained exactly in line with the preced¬ 
ing theories. More specifically, the maxi¬ 
mum voltages are obtained for simple 


analysis. For this reason it has been 
found desirable to represent the systems 
in miniature on the a-c network calcu¬ 
lator and to perform the actual switching 
operations by means of special commu¬ 
tators and this procedure is employed in 
the study given in part II. 

Part II. A-C Network Calculator 
Study for a Range of Grounding 
Conditions on a Typical System 
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In order to study the magnitude and 
other characteristics of transient voltages 
produced by switching operations and 
faults with intermittent arcing, a typical 
transmission system was selected for a 
study on the a-c network calculator. 
Since these transient voltages are greatly 
influenced by the method of grounding, 
the neutral impedances of the system were 
varied through a wide range of resistance 
and reactance values, between the limits 
of the solidly grounded system and the 
ungrounded system. 

The principal characteristics of the 
system selected for study are given in 
figure 8. This system consists in general 
of a hydroelectric generating station, the 
output of which is transmitted 100 miles 
over 230-kv transmission lines to a load, 
which is also supplied by local steam 
generation. The sending and receiving 
end transformers are considered to be star- 
connected on the 230-kv side in order to 
permit grounding, as discussed subse¬ 
quently. The reactance characteristics 
of the different parts of the system are 
shown in figure 8, and the wire sizes and 
configuration of the transmission lines are 
shown in figure 9. It is assumed that the 
^nsmission lines are separated so there 
is no mutual effect between them. Also, 
the generators at both ends of the line are 
assumed to be in phase and to have the 
same internal voltage. 

The general method used in setting up a 
problem on the a-c network calculator has 
be^ described in a previous paper.® In 
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complicated circuits it has 
been found that higher voltages can be 
ob^ned by modif 3 ^g the point of re¬ 
striking in one direction or the other 
from these points. This of coume is due 
to the fact that the oscillating circuits 
have several natural frequencies. The 
determination of the exact manner of re- 
strikmg is yeiy difficult to define in ana¬ 
lytical fashion. Because of this fact and 
because of the importance of damping it 
has been found to be impractical to study 
arcmg grounds and switching transients 
by the usual methods of mathematical 


Evans, 


circuit changes are accomplished by 
means of commutators. These commu¬ 
tators are designed to permit close adjust¬ 
ment of opening and closing a circuit or 
applying or removing a fault. The tran¬ 
sient voltages are measured by a cathode- 
ray oscflloscope from which records on a 
“m can be secured if desired. Because 
of the large number of circuit changes re¬ 
quired for the representation of inter¬ 
mittent arra to simulate arcing grounds 
^d switching conditions on a system it 
became necessary to provide a larger 






number of commutators than used in 
previous studies.® Figure 10 shows this 
equipment together with the measuring 
and recording apparatus used in the pres¬ 
ent investigation. 

The general method of setting up the 
network calculator, as previously dis¬ 
cussed,makes use of equivalent three- 
phase networks for each circuit element 
such as machines, transformers, and 
transmission lines. The character of 
these equivalent circuits is obvious and 
requires no comment except for the 


In all cases the highest voltages at the 
point of circuit change are recorded. 
For example, in the arcing-ground case 
the voltages are measured at the receiver 
end. On the other hand, in the case of 
de-energizing an unfaulted line or the 
faulted line, the voltages are measured at 
the sending end, the point at which the 
switching is actually accomplished. 
When arcing grounds are considered on 
the system, several phase voltages as 
well as the neutral voltage are recorded. 
In the case of switching operations the 



Rsure 10. Switching and recording equip¬ 
ment 

transmission lines and these are repre¬ 
sented by tlie circuit shown schematically 
in figure 11. 

Throughout this investigation an at¬ 
tempt is made to obtain the highest volt¬ 
ages for a particular condition. As 
previously discussed, a slight deviation is 
made from theories I, II, and III, in order 
to obtain these voltages. This deviation 
affects the point at which restriking takes 
place and this is shifted from the funda¬ 
mental-frequency voltage crest or the 
natural-frequency voltage crest to a point 
to give the maximum transient voltage. 
In the case of the arcing ground studies 
the fault is appKed at the crest of the 
normal line-to-ground voltage and is then 
removed at the first current zero. The 
point of restriking is adjusted so as to 
give the maximum voltage for the number 
of restrikes considered. The fault is 
always removed at the first current zero 
following each restrike. In the case of 
switching operations the circuit is initially 
opened at a fundamental current zero. 
The point of restriking is adjusted so as 
to give the maximum voltage for a given 
number of restrikes. The subsequent 
circuit openings are always assumed to 
take place at the first current zero follow¬ 
ing the restrike. 


voltages are recorded on the phase being 
switched, both on the line and supply 
sides as well as across the switch that is 
opening the circuit. 

The voltages recorded are those that 
take place within IV 2 cycles from the 
first interruption considered; In some 
cases, either on account of system loss or 
on account of the relation of the natural 
frequency to the fundamental frequency, 
higher voltages may be experienced with 
one or no restrikes than with two or one 
restrikes, respectively. In some cases, 
particularly in the Petersen-coil case, the 
voltages after the cycle period may 
continue to increase to a steady-state 
voltage of much higher value. In this 
connection it should be pointed out that 
with a Petersen-coil grounded system 
quite high voltages are obtained if the 
circuit is in tune at fundamental fre¬ 
quency and a residual voltage is produced 
as by some unbalance. For example, the 
opening of one phase of a system sub¬ 
jected to a three-phase or a line-to-Hne 
fault on the phase being opened will pro¬ 
duce a steady-state voltage of many 
times normal. 

In this investigation of transient over¬ 
voltages produced by switching opera¬ 
tions and faults, four principal cases have 
been selected for study as follows: 

1. Arcing-ground conditions on one phase 
to ground. 


rm m. xm. 



Figure 11. Equivalent network used for 
representing each 230-lcv transmission line of 
figure 8 


2. De-energizing an unfaulted line, one 
pole unit opening and the other two re¬ 
maining dosed. 

3. De-energizing an unfaulted phase with 
a ground fault on one of the other phases, 
one pole opening and the other two remain¬ 
ing closed. 

4. De-energizing an unfaulted phase with 
a ground fault on the two other phases, 
one pole opening and the other two remain¬ 
ing closed. 

In general, arcing-ground conditions 
are for a fault on one phase. De-energiz¬ 
ing of a line section is considered more im¬ 
portant than energizing because for the 
latter the intermittent arcing is limited in 
duration by the closing of the switch. In 
the case of opening the faulted lines it is 
assumed that the unfaulted phase opens 
prior to the pole units of the faulted phase 
or phases. Sudi an assumption is based 
on the ability of the switch to recover di¬ 
electric strength at a high rate, This as¬ 
sumption tends to give the higher magni¬ 
tudes of transient voltage. If the pole 
unit in the sound phase tends to open 
after the fault is deared, then the voltages 
will be similar to de-energizing an un- 
faulted lime. The voltages will range in 
values between these limits as the time of 
relative opening is varied. The condi¬ 
tions selected for study illustrate possible 
circuit-breaker operations on an actual 
system. 

In this study the transient voltages are 
obtained for the conditions corresponding 
to both one and two festrikes. This 
number of restrikes may be taken as the 
equivalent of a larger number with the 
earlier restrikes taking place so quiddy 
that they do not contribute much to the 
voltage magnitude. 

One of the variable factors considered 
in this study of a typical system is the 
method of system grounding which in¬ 
dudes both resistance and reactance 
values between the limits of a solidly 
grounded system and an ungrounded 
system. When the system is considered 
solidly grounded, the transformer at the 
sending end is solidly grounded when one 
line is considered in operation, and the 
transformers are solidly grounded at both 
ends when two lines are in operation. In 
the case of impedance grounding a reactor 
or resistor of var 3 dng ohmic value is .con- 
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Figure 12 . EJFect of grounding impedance 
on transient voltages caused by arcing 
grounds 

Solid curve; reactance grounding 

Dotted curve: resistance sroundins 

Note: Letters on curves refer to lettered 
points on inset circuit 

Petersen-coil reactance: 875 ohms 
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the dotted4ipe curves are for resistance 
grounding. The value of neutral react¬ 
ance which corresponds to Petereen-coil 
grounding is indicated. In each of thps e 
figure the data are plotted for one and 
two lines and one and two restrikes. 

Discussion of the Results of A-C 
Network Calculator Studies 


Mdered in the neutral-to-ground circuit 
at the srading end when one line is con- 
std^ in operation, and a reactor or 
r^s^ of equal value is considered in the 
a^t in the sending and receiving ends 
rmen two lines are in operation. The 
ohmic values plotted on the figures to be 
Kcussed later are the actual values con¬ 
sidered in the ground connection at one 
pomt. ^ For example, 50 ohms on a sys¬ 
tem with one ground point is the value 
~^d^d m the sending end ground. 
%Tien hues are considered in opera¬ 
tion, 50 ohms corresponds to the ohmic 
value m the sending-end neutral connec¬ 
tion rad a like value in the receiving-end 
neutral connection. ^ 

^ study are presented in graphical 
form mfi^es 12 to 15 inclusive. These 

figure give the transient voltages ex- 
^essedm percentage of the nonnalline to 
^ound vo^e crest and are plotted as a 
^cU^ of the reactance or resistance in 

for reactance grounding and 
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^ The limited range of previous investiga¬ 
tions has made impossible a comparison 
mth the present investigation except for 
the arcing-ground condition on the un- 
grounded q-stem. For this case, results 
of the present study given in figure 12 
show maximum voltages on sound phases 
of 6.2 times nonnal line to neutral voltage 
and 4.9 times normal as the corresponding 
value for the faulted phase. These fig¬ 
ures are somewhat higher than the limit- 
mg T^ues given by Petera and Slepian^ 
fOT theory n and are comparable with 
their values for theory III. ft is to be 
noted that the maximum values given in 
tos stady are based on two restrikes while 
foe values given by Peters and Slepian are 
the maximum values for an unlimited 
nnmb^ of restrikes. Peters and Slepian 
Mnduded from their investigation that 
foe most probable mode for an arcing 
^md was in accordance with theory II. 
Diis conclusion is not contradicted, but 
foe present mvestigation does establish 
the fact that higher voltages are possible 
wra mtenmttent arcing in accordance 
with modifications of theories I and III 
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■ Rsure 13. Effect of 0 roundin 9 Impedance 
on transient voltases caused by de-energixlns 
an unfaulted line 

See subcaption of figure 12 

Fi^re 12 brings out the fact that high 
transient voltages may be avoided by the 
use of the solidly grounded system or the 
Petersen-coil grounded system, bofo of 
which have been employed for many 
years to avoid foe abnormal voltages en¬ 
countered on xmgrounded systems. The 
voltag^ corresponding to resistance 
grounding are of fairly uniform and rela¬ 
tively low value for the range of resistance 

studied. However, it is to be noted that 

for high values of neutral resistance ap- 
proaching infinily, the transient voltage 
values will approach those of the un¬ 
bounded system. The study brings out 
m striking fashion foe fact that there is a 
v^ue of reactance intermediate between 
foe solidly grounded system and the 
Petersen-coil grounded system for which 
the transient voltages are almost as high 
as with the ungrounded system. This 
value of neutral reactance is approxi- 
mately one-third of the Peteraen-coil 

value. A similar relation has been found 

m a study on a lower-voltage sys w 
Examination of figure 12 indicates that 
arc oppression with foe Petereen coU 

be obtained for some deviation from 
foe tuned ^ue, whidi is in accordance 
wita opting experience. The voltages 
on foe faulted phase, givenin figure 12 , for 
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Petersen-coil grounding, do not show a 
marked change in magnitude as the re¬ 
actance is varied in proximity to the 
tuned value. It is of further interest that 
the magnitudes of transient voltages are 
higher for two restrikes than for one re¬ 
strike, and that there is no appreciable 
difference between these voltages for one 
and two lines in service. 

The transient voltages resulting from 
the de-endrgizing of an unfaulted line are 
shown in figure 13. The most striking 
feature of this figure is the fact that the 
lowest transient voltages, with the excep¬ 
tion of those across the neutral imped¬ 
ances, are obtained with Petersen-coil 
grounding. In all cases the neutral-point 
voltage increases with increasing values of 
neutral impedances. For the range of 
practical values of neutral impedance, 
there is no appreciable difference between 
the voltages obtained for the case of one 
and of two lines. However, in the case of 

Figure 14. Effect of grounding impedance 
on transient voitages caused by de-energizing 
line with single line-to-ground fault 

See subcaption of figure 12 


a free neutral system the voltages are ap¬ 
preciably lower for the larger amounts of 
connected line. Again in these studies it is 
to be noted that the magnitude of tran¬ 
sient voltages increases for both one and 
two restrikes. 

Figure 14 shows the transient voltages 
for the condition of de-energizing a line 
section with a fault on a phase other than 
that which is being switched. It is of 
interest to note that the voltages in all 
cases of reactance grounding increase 
from the solidly grounded case to the free 
neutral case. The voltages between 
neutral point and ground also increase for 
resistance grounding as the magnitude of 
the resistance is increased. It is to be 
noted that the voltages for the Petersen- 
coil groimded S 5 rstem are definitely higher 
than for any of the lower values of react¬ 
ance grouning. This is to be contrasted 
with the dip in the voltage curves of 
figures 12 and 13. In figure 14 there is a 
definite increase in the voltages with two 
restrikes as compared to the case with one 
restrike. As would be expected, the 
greater the amount of line connected, the 
lower the magnitude of the transient 
voltages encountered. 


Figure 15 shows the results of a study 
similar to that of figure 14 except that a 
double instead of a single line-to-groimd 
fault is applied to the Hne section being 
de-energized. In general, the comments 
are the same as for the case of figure 14. 
For reactance grounding the transient 
voltages increase very rapidly for a rela¬ 
tively small addition of neutral reactance, 
so that for a very nominal amount of 
neutral reactance the transient voltages 
dos^y approach those of the free neutral 
system. In this case the voltages experi¬ 
enced with the Petersen-coil groimded 
system are practically the same as for the 
free neutral system. 

It should be emphasized that the re¬ 
sults obtained in the a-c network calcu¬ 
lator studies are based on a definite num¬ 
ber of restrikes which are spaced at such 
intervals as to give the maximum voltage 
for this number of restrikes. Thus, in the 
average case, since the restrikes may not 

Figure 15. Effect of grounding impedance 
on transient voltages caused by de-energizIng 
line with double line-to-ground fault 

See subcaption of figure 12 
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occur at the optimum point, the voltages 
will be of lower magnitude giving a proba¬ 
bility curve for the voltage. It is, of 
course, appreciated that only a minority 
of the cases of system faults and switching 
produce abnormal voltages. 

The a-c network calculator studies have 
also been based on the assumption that 
the transient voltages of increasing mag¬ 
nitude may be impressed on the system 
without in any way changing the charac¬ 
teristics of the system. Actually, the 
transient voltages will be limited by other 
factors which become of increasing im¬ 
portance as the magnitude of transient 
voltage increases. On some systems the 
eifect of corona will importantly limit the 
magnitude of transient voltage by intro¬ 
ducing losses in the oscillating circuits. 
Under some conditions excess voltages 
will produce increases in exciting current 
pa^cularly at the lower frequencies, but 
this factor is ordinarily unimportant. 
Transient voltages may also be limited by 
the operation of lightning arresters or pro¬ 
tective gaps which are adjusted so as to 
operate below the flashover level of Kne 
or apparatus insulation. The presence 
of these devices may importantly limit 
the magnitude of transient voltages en¬ 
countered on a particular system. Fi¬ 
nally, the magnitude of transient voltage 
is Hnuted by the flashover characteristics 
of hne and apparatus insulation. Oper¬ 
ating experience does support the results 
of this study in that some switching opera- 
tiom do result in flashover of line or neu- 
tral point insulation. 

It is of interest to compare the results 
of investigation with those obtained 
m the field. The maximum voltages of 
12 to 15 correspond very well with 
tte hmitag voltage of six times normal 
“dieted m figure 1 . It is beKeved that 
the shape of the curves of figure 1 should 
not ^ accepted too freely as these are no 
doubt influenced by the flashover of lines 
^^tus, or the operation of lightning 

Petersen-coil 

grading IS used that the voltages am a 

for the cases of arcmg^rife 

^d ^tchmg on unfaulted lines, but 
ttet higher voltages may be experienced 

whM a faulted line is switdied. Thisco- 

^es with the conclusion drawn some 

« done with the (Petersen) coil 

system 

^t^ sohdly grounded." CoiJdera- 
^ pven to relay schemes to 
^^Plish automatically this result by 
^-cirmtmg the Petersen cod prior to 

the opening of a faulted circuit 


That more equipment failures have not 
occurred may be explained by the fact 
that the voltages have been limited by 
flashover at a weak point on the system. 
This might be at one of several pieces of 
equipment, or, in most cases, at a light¬ 
ning arrester that operates. In cases where 
there is considerable energy in the oscilla¬ 
tion, particularly on the larger systems, 
the phenomenon may even cause the 
failure of a lightning arrester. 

If the maximum voltages appeared on 
apparatus, it might be severely stressed 
as the voltages are in excess of the 60- 
cycle tests applied to apparatus. The 
severity of this will depend on the break¬ 
down cdiaractenstics of apparatus at 
liigher itequencies, a point which needs 
further investigation. 

The resists of this study should be of 
^istance in selecting the voltage class of 
insulation for the transformer neutral and 
^e Petersen coil. For all cases of switch¬ 
ing, the neutral voltages for the un¬ 
grounded system are substantiaUy the 
same as for the Petersen-coil grounded 
system. However, for the ardng-ground 
c^e, the neutral voltages are considerably 
higher with an ungrounded system than 
with a Petersen-coil grounded system, 
although these voltages are less fhan those 
experienced with an arcing ground on an 
ungrounded system. 

Conclusions 


laulted hnes their transient voltages arc 
relatively high. 

(e ). In general, the lowest transient voltages 
are obtained with the solidly grounded sys¬ 
tem. 

4. The method of investigation and the 
results of the study on a particular system 
are held to be pertinent to the problem of 
determming the voltage class of neutral 
point insulation on impedance-grounded 
systems. 

5. ^ The results presented in this study are- 
believed to provide an explanation for some 
of the line and neutral point flashovers, 
multiphase faults, and arrester failures 
that have been experienced on actual sys¬ 
tems. 
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1. The network calculator has made 
Practa^ the study of transients caused by 
switchmg and faults, including arcing 
pounds and other intermittent arcs, for a 
broad range of grounding conditions. 

2. This investigation shows that 

(<»). Higher maximum transient voltages 
may be obtained by modifications of pre- 
wusly advMced theories of intermittent 
arcmg grounds. 

(b). -IJeorite proposed for arcing grounds 
are applicable to switching with intermittent 
arcmg. 

L,^f of the effect of 

gr^dnig on a typical transmission system 
objected to diffttent conditions of switch- 
^ and faults with intermittent arcing, as 
presented in part II, show: “ 

^“^tages are ob- 

tamed witb the ungrounded system. 

hv be avoided 

by the use of the sohdly grounded or Peter- 
sen-coil grounded S3rstems. 

2L 7**“® reactance in¬ 

termediate between the soHdly grounded 
^em and the Petersen-coil 
^si^t voltag^ are about as high m 
with the ungrounded system. ** 

(<9. -pie transient voltages for archn? 
^unds and de-^ergizing unfaulted 
^ lowest for tte Petersen-cofl systei? 
however, unless the Petersen coil is sh^ 
for a.. 
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Discussion 

Electric Company, 
delphia. Pa.): This paper rqiresents 
a ^uable addition to the literature on 
volta^ i^overy transients. The authors 
^ calculatmg show the possibility of gen- 
wtion of overvoltages from four to eight 
rimes norm^ due to switching. The Ques- 
rion nattmally arises whether the ass^n- 
rions givmg rise to these high overvolta^s: 
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Petersen-coil grounding, do not show a 
marked change in magnitude as the re¬ 
actance is varied in proximity to the 
tuned value. It is of further interest that 
the magnitudes of transient voltages are 
higher for two restrikes "than for one re¬ 
strike, and that there is no appreciable 
difference between these voltages for one 
and two lines in service. 

The transient voltages resulting from 
the de-energizing of an unfaulted line are 
shown in figure 13. The most striking 
feature of this figure is the fact that the 
lowest transient voltages, with the excep¬ 
tion of those across the neutral imped¬ 
ances, are obtained with Petersen-coil 
grounding. In all cases the neutral-point 
voltage increases with increasing values of 
neutral impedances. For the range of 
practical values of neutral impedance, 
there is no appreciable difference between 
the voltages obtained for the case of one 
and of two lines. However, in the case of 

Fisure 14. Effect of s^ounding impedance 
on transient voltages caused by de-energiting 
line with single line-to-ground fault 

See subcaption of figure 12 


a free neutral system the voltages are ap¬ 
preciably lower for the larger amounts of 
connected line. Again in these studies it is 
to be noted that the magnitude of tran¬ 
sient voltages increases for both one and 
two restrikes. 

Figure 14 shows the transient voltages 
for the condition of de-energizing a line 
section with a fault on a phase other than 
that which is being switched. It is of 
interest to note that the voltages in all 
cases of reactance grounding increase 
from the solidly grounded case to the free 
neutral case. The voltages between 
neutral point and groimd also increase for 
resistance grounding as the magnitude of 
the resistance is increased. It is to be 
noted that the voltages for the Petersen- 
coil grounded system are definitely higher 
than for any of the lower values of react¬ 
ance grounding. This is to be contrasted 
with the dip in the voltage curves of 
figures 12 and 13. In figure 14 there is a 
definite increase in the voltages with two 
restrikes as compared to the case with one 
restrike. As would be expected, the 
greater the amount of line connected, the 
lower the magnitude of the transient 
voltages encountered. 


Figure 15 shows the results of a study 
similar to that of figure 14 except that a 
double instead of a single line-to-ground 
fault is applied to the line section being 
de-energized. In general, the comments 
are the same as for the case of figure 14. 
For reactance grounding the transient 
voltages increase very rapidly for a rela¬ 
tively small addition of neutral reactance, 
so that for a very nominal amount, of 
neutral reactance the transient voltages 
closely approach those of the free neutral 
system. In this case the voltages experi¬ 
enced with the Petersen-coil grounded 
system are practically the same as for the 
free neutral system. 

It should be emphasized that the re¬ 
sults obtained in the a-c network calcu¬ 
lator studies are based on a definite num¬ 
ber of restrikes which are spaced at such 
intervals as to give the maximum voltage 
for this number of restrikes. Thus, in the 
average case, since the restiikes may not 

Figure 15. Effect of grounding impedance 
on transient voltages caused by de-energizing 
line with double line-to-ground fault 

See subcaption of figure 12 
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could be fully developed and applied only 
in an approximate form. In addition, the 
fundamental assumptions of these theories 
regarding system behavior were on a rather 
insecure basis. The present paper is par¬ 
ticularly valuable since it corrects the first 
fault mentioned above and presents the re¬ 
sults of a following out of a physically con¬ 
sistent restriking procedure, with damping 
taken properly into account. 

The second item of whether or not the 
assumptions are sufiiciently representative 
roust be determined by comparison with 
^erating e.xperience and with test results. 
However, at least one of the assumptions 
(that, m case of clearing of faulted lines, one 
of the unfaulted phases dears first) appears 
very likdy to be correct except in the case of 
smgle-line-to-ground faults on systems 
grounded through Petersen coils. In such 
systems, for line-to-ground faults, breaker 
action should not ordinarily be required at 
^ because dealing should be accomplished 

j coil. In case the fault is a 

solid one, and breaker action is required, 
pe faulted phase might dear first. If the 
faulted phase does dear first in the par- 
Ucular system investigated, voltage will not 
be built up across the switch to any great 
degree for dther resistance or reactance 
groundmg, and voltages on the unfaulted 
phases will also be much lower than for in¬ 
terruption of the unfaulted phases. The 
reason for this is evident when the natural 
frequency or frequencies of oscillation of the 
system investigated are considered. For 
low natui^ frequencies it is not possible to 
btuld up high voltages due to r^Wg ^ 

Ae faulted phase because of the limited 
numb^ of restriking-redearing cyles that 
can take place before the fundamental com- 
ponent of voltage (which is the 
^is of oscillation of the natural-frequ^y 
proponents) passes through zero. In fact 

are suflfidently 
ow, the magnitude of the recovery voltage 
^ the b^er foAowing th7first 
^e Md r^earmg may be even lower than 
TMt Jaterruption at normal cur- 

The condition of restriking at the maxi- 

pomt of ^precedingmcovery^- 

^ TOve B of course seldom realized in 
Pwctice. Instead, with certain types S 
mtermpting devices, restriking n^t oc- 

« inAcations of the relative severity o/Sf 
str^ studies which we have ma^ an 

actence grounding for certain c^es 
th?r^*’7!?? aiso that 

to a specifi! 

voltages Me conside^blyTafef^ b^^ 

The authors ' ' 
on Petersen-coil 

the Petersen 


that this condusion is in agreement with 
that of J. M. Oliver and W. W. Eberhardt 
(authors' reference 11). It should be 
pointed out that the overvoltages discussed 
by Oliver and Eberhardt arose chiefly from 
series resonance. This source of over¬ 
voltage has been effectivdy reduced, in all 
subsequent Petersen-coil installations, by 
the use of iron cores instead of the air-core 
reactors used in Oliver and Eberhardt's ap¬ 
plication. Moreover, in the cijperating ex- 
Pplences to date on 22 applications of 
coils in the United States, extending over 
several years of operation, there has, to our 
knowledge, so far been no indications of 
dangerous overvoltages. 


E. W. Knapp (The Shawinigan Water and 
Power Company, Montreal, Que., Canada): 
The papers which have been presented are 
of fecial interest to the power company 
operating long high-voltage transmission 
lines.^ It might be of interest to mention 
at ^is time a few instances of overvoltage 
ciuring switching. The system under con¬ 
sideration consists of a double-drcuit steel- 
tow^ line with metallic bussing at the re¬ 
ceiving end only. The lines are 136 miles 
m length and operate at 165 kv. The in¬ 
sulation consists of 10 and 12 units; there 
are two overhead ground wires and some 
hmed counterpoise. At the receiving end 
of the Ime there is an automatic osciUo- 
graph with a sensitivity of about 5,000 cy¬ 
cles. Voltage records are taken from line 
potential transformers and current records 
^e taken from bushing-type current trans¬ 
formers on the line oil switches. 

During the past few years there have been 
recorded a number of cases of momentary 
overvoltage. In some cases the sound line 
at about the time that 
the imti^y faulted line cleared. In one 
case dunng 1938 during a line-to-ground 
voltages of 425 kv and 
660 kv crest were recorded on phases B and 
A to ground, respectively. In anoth^ case 
during a line-hne-to-ground fault on B and 
C phases, successive increases of voltage 
occiwed on phase A until a crest value of 
7^20 kv was reached before either flashover 
ordeai^ce. Both of these troubles wl^ 

toe-to-^ound fault oa phase B on one toe 
abojrt 18 mfles from the receiving eS 

^d, a cr^t voltage of 320 kv was recorded 
ph^e C which flashed over. The send 
mg end of Kne was cleared a few cydl 

X ““tomati- 

return^ to service with practicaUv 

this trouble!'^ ^ Hghtning during 


WiSe^^S V- Monteith, and R. L. 
w- CO swtchmg operations were 

eased. He has mdicated that if there 
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creased in direct proportion to the number 
of restrikes that take place. While several 
restrikes may take place, the effect on the 
transient voltages as indicated by klydono- 
graph studies will not exceed that of two 
restrikes occurring at such intervals as to 
produce maximum cumulative action. This 
is due to several factors including the prob¬ 
able sequence of opening of the pole units 
in an actual breaker, as pointed out in the 
paper. The spacing between restrikes is 
fully as important as the number of re- 
strikes and it is misleading to consider the 
total number of restrikes alone since with¬ 
out proper spacing the action will not be¬ 
come cumulative. 

Mr. Prince .has also raised the question as 
to rile characteristics of breakers that are 
desirable from the standpoint of minimizing 
transient overvoltages. If restriking is 
wholly avoided, cumulative action is pre¬ 
vented. However, it is undesirable for a 
breaker to have such characteristics as to 
force current zero or such as to operate with 
a high extinction voltage. High dielectric 
recovery strpigth, low extinction voltage, 
and nonforemg of current zero are, to an 
ext^t, conflicting considering the full op¬ 
erating range of a breaker. In the present 
stete of the art the emphasis, in our opinion, 
^uld be placed on the circuit condition. 
The principal significance of our paper has 
to do with the selection of the circuit con¬ 
dition for minimizing transient voltage, 
as for exMple, by the use of a solidly- 
grounded instead of a reactance-grounded 
syst^, etc. 

C^ilkeson and Jeanne have reviewed the 
work on transient overvoltages which has 
been done by the Joint Subcommittee on 
Development and Research of the Edison 
Electric Institute and Bell Telephone Sys¬ 
tem. This work has been of great value 
and co^rms the thought expressed in our 
paper that arcs over insulators in air rarely 
produce transient overvoltages, but that the 
conditions of arcing in a confined space, as 
for ex^ple, in the failure of bushings or 
cable nwulation, are more favorable for 
cumularive action by intermittent arcs. 

®*^®son has commented on the fact 
riiat the records obtained on cable and bush- 
mg failure showed intermittent arcing with 
res^es occurring every half cycle, every 
f “teryals, but that these do not 
restriking has taken place at 
^^tM than nomal voltage. However, it 
IS to be noted that the dielectric recovery 
character^c of the arc path varies from a 
breakdown occurs at normal 

I 1“® restrikes every 

half cyde, to a value which is nearly twice 

zs Sirr I" "S 

^ ^ interrupted at a current zero and 

cycle. Thus the dielectric recovery strength 
varies from a value somewhat less to a value 
somewhat more than that necessary to pro- 
du« ^ulative action. ThisS m^ 

'^® ® tendency under some 
^Ations to start cumulative action. Mr 

^ P”™*®** evidenefof 

^ i^on has not been obtained although 

o?s,iraS.”°‘ 

Mr. Gtoeson has also pointed out that 
tte ronditioa for cumulative action is of very 
short duration if it arises from a ^tS 

S fr^m a* “T ^ duration^! 
anses from an mtermittent arc or incipient 
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Influence of Resistance on Switchins 

Transients 

R. C. VAN SICKLE 

MEMBER AIEE 


padtive a-c circuits. Typical simple 
circuits are assumed and the transients 
corresponding to various values of re¬ 
sistance are shown as curves. They 
demonstrate clearly the effect of resist¬ 
ance on switching transients. 

The transients are described for single¬ 
phase circuits having a voltage source 
iminfluenced by the transients. 


T he voltage recovery transient ap¬ 
pearing across the terminals of a cir¬ 
cuit-interrupting device has been the 
subject of numerous studies during the 
past ten years. Their importance has 
justified these studies because they 
determine in part the severity of the 
duty impressed upon drcuit-interrupting 
devices. These studies have consisted 
of mathematical analyses of circuit con¬ 
ditions, calculating board investigations 
and studies of oscillographic records of 
the actual transients, as they are ob¬ 
tained on systems and in high-power 
laboratories.^ 

The damping of the voltage recovery 
transient, is a function of the resistance 
of the circuit. It depends not upon the 
absolute value of the resistance, but 
upon the value of the resistance relative 
to the inductances and capadtances. 
Important variations in the transients 
can be produced by changing the values 
of the resistances. 

For the consideration of complicated 
systems, use may be made of the a-c 
network calculator as discussed in another 
paper, “Power-System Transients Caused 

Paper number 39-51, recommended by the^ AIEE 
committees on power transmission and distribu¬ 
tion, and protective devices, and presented at the 
AIEE winter convention, New York, N. Y., 
January 23-27, 1939. Manuscript sttbimtted 

November 9, 1938; made available for preprinting 
January 3, 1939. 

R. C. Van Sickle is engineer in the switchgear en¬ 
gineering department of the Westinghouse Electric 
and Manufacturing Company, East Pittsburgh, 
Pa. 

1. See bibliography at end of paper. 


by Switdiing and Faults*’ by Messrs. 
Evans, Montdth, and Witzke (AIEE 
Transactions, volume 68, 1939, pages 
386-97). The calculating board can 
be set up to represent the capadtance 
and inductance relations and if these 
are chosen with proper respect to the 
resistances of the circuit, an approidma- 
tion of the damping will be obtained. 

In mathematical studies, the induct¬ 
ances and capadtances of the various 
parts of the drcuit are determined or 
estimated and from them the voltage re- 
coveiy transients are calculated. Ex¬ 
cept in cases more simple than are usually 
encountered in system studies, the re¬ 
sistances of the circuits cannot be in- 
duded because of the added complica¬ 
tion of the mathematical expressions. 
Consequently, the rate of damping of the 
transient is assumed on the basis of ex¬ 
perience and a general knowledge of the 
effect of resistance is essential in these 
studies. 

The damping of voltage recovery 
transients can be studied in relatively 
simple drcuits which contain resistance, 
inductance, and capadtance. These 
transients can be calculated and the rate 
of damping determined. The mathe¬ 
matical expressions for these circuits are 
relatively complicated but a graphical 
representation of the transients can be 
used to demonstrate the relations. 

This paper presents graphically the 
effects of resistance on the dosing and 
opening transients of inductive and ca- 


fault in a cable or other confined space. 

Concerning the discussion by Concordia, 
Hunter, and Peterson, it is to be pointed out 
that from the standpoint of overvoltages 
produced by switdiing on the Petersen- 
coil-equipped system as discussed in the pa¬ 
per, there would be no appredable difference 
caused by the substitution of an iron-core 
reactor for an air-core reactor. This is due 
to the fact that the magnitude of over¬ 
voltage produced by switching with inter¬ 
mittent arcing is not critical with respect 
to the tuned value of Petersen-coil reactance. 

This method of producing overvoltages 
with a Petersen-coil system is not to be 
confused with that involving resonance. 
The latter effect was encountered in the in¬ 
vestigations reported in the pap^ for cer- 
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tain fault and unbalanced circuit conditions 
such as produced by the opening of a breaker 
pole. In a symmetrical system high volt¬ 
ages should not be produced by series reso¬ 
nant action except as a result of some 
switching operation. Since switching op¬ 
erations may in themsdves produce high 
transient voltages as a result of intermiti^t 
arcing it is not necessary, as Concordia, 
Hunter, and Peterson have done, to postu¬ 
late both a switching operation and a series 
resonance for the unbdanced condition to 
account for high transient voltages. 

E. E. Knapp has cited a case in which 
transient voltages greater than those corre¬ 
sponding to a simple break have been ex¬ 
perienced. This supports the assumptions 
made in the study reported in our paper. 

Van SickU—Swikhing Transients 


Closing Transients 
of Inductive Circuits 

When an a-c circuit containing resist¬ 
ance and inductive reactance is dosed 
by a switch or when the resistance or 



Figure 1. Effect of time of closing on asym¬ 
metry of current in an inductive circuit 


reactance is altered, the steady-state 
condition of the system is changed and 
usually a current transient exists before 
the new steady-state is established. 
This is caused by the difference in magni¬ 
tude of the instantaneous values of the 
steady-state currents before and after 
the instant the switch is dosed. Since 
the current in the circuit cannot change 
instantly to the new value, a transient 
current component of amplitude equal 
to the difference is superimposed on the 
new steady-state current and decays 
as an exponential function of time. Such 
transient currents are shown in figure 1 
and figure 2 and can be expressed by 
equation 1 given in the appendix. 

If a circuit is dosed at a time corre¬ 
sponding to a normal current zero, 
current is established without any tran¬ 
sient as shown in figure 1 by the curve 
marked A, This current is symmetrical 
and contains no transient component. 
(Transients in the symmetrical compo¬ 
nent of current due to demagnetization 
of the generators are not considered in 
this paper.) 

"When the contacts dose at a time 
other than a normal current zero, a 
transient component of current fiows 
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Fisure 2. Effect of 
power factor on d-c 
component of clos¬ 
ing current transient 


and decays exponentially. These tran¬ 
sient components are shown by the curves 
marked B in figure I. The resulting 
current, which consists of the normal 
symmetrical current plus the transient 
component, is shown for different de¬ 
grees of asjTnmeto' by the curves C in 
figure 1. 

The decay of the transient component 
of the asymmetrical current depends 
upon the value of the inductance and 
the resistance of the circuit. These 
same two elements, the resistance and 
inductance, determine the power factor 
of the circmt. Consequently the decay 
of the d-c component varies with the 
power factor of the circuit The higher 
me ^istance relative to the inductance- 
the higher the power factor of the circuit 
and the more rapidly the transient com- 
^nent decreases. This is shown in 
figure The d-c components for fully 
a^^etrical waves are plotted for dr- 
^ h^g power factors from 0.02 to 

0.60. The total currents induding both 

tbe a-c components and the d-c compo- 
nmts are plotted for two powa fact(L. 
These curves show that in circuits having 
ow power factor, the as 3 niiinetry of the 
current will be rnaintained for a 3[ativd; 
ong ime. This becomes important in 
some cunent transformer and relay a^ 
pbratoons. became of possible satuition 
At the other 

extreme, the transients decay very ran- 
at 60 per cent power factor the 
^aents disappear at the end of one 

an^- ^ in the 

. A high-speed circuit breaker operat- 

g on a low-power-factor circuit will 
mterrupt the dreuit before tte Tc 

factor * Jti«J>er-poTrer- 

opening after several 

3^ TkANSACWOMfS 


cydes due to a relay timing or slower 
medmmcal action will open only S 3 nn- 
metrical currents. 

The international rules for high-volt¬ 
age circuit-breaker testing are based 
largely on the performance of circuit 
breakers that do not open until the d-c 
component has disappeared. Conse¬ 
quently, fOT 80 per cent of the tests 
demonstrating rupturing capadty they 
specify that the current shall have a 
direct component not greater than 20 
per cent of the crest tmlue of the alter¬ 
nating component On test circuits 
havmg veiy low power factors, this value 
M not obtained until 10 to 14 cycles after 
the beginning of the short dreuit The 
cu^^ in figure 2 show that by inserting 
addihonal resistance in the test dreuit 
to rai« tte power factor to the maximum 
pe^tted by the rules (0.15) the time re¬ 
quired to reach 20 per cent a^etry 
^ be reduced to only 1.6 cydes. A 
bnrf duration of the short circuit during 
testing IS desirable because it minimize 
the demagnetizing effect and results in 
l^decay of the alternating component 
of current and m a higher restored volt- 

Testing under American rules is con- 
ucted with both symmetrical and asym- 
metacal currents up to the breSi 

able”^ C "•'‘ge of power avail- 

f°”®^‘^"“f^y“Americanlabora- 

ton^, low OTcmt resistance is desirable 
pve a slowly decreasing d-c compo- 


cables or lines, so that the inductance is 
negligible, can be assumed to be lumped. 
The circuit which energizes it will have 
inductance, resistance, and capacitance. 
In the circuit shown in figure 3a it is as¬ 
sumed that the capacitance, C, to be 
energized is lumped and the capacitance, 
Ci of the rest of the circuit is negligible. 

When the arc strikes, the voltage at 
the switch will become ground potential 
and a voltage drop will appear across the 
inductance because the capacitance C 
is assumed to be uncliarged and at ground 
potential. The inductance and capaci¬ 
tance of the circuit, connected by the 
striking of tlie arc, produce an oscilla¬ 
tion with a possible crest value equal to 
twice the normal crest voltage. The re¬ 
sistance damps this circuit but its effec¬ 
tiveness depends upon its magnitude rela¬ 
tive to L/C, The voltage recovery 
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(a) 



Energizing a capacitive circuit 
(o>—Opening a simple inductive circuit 


Closing Transients 
on Capacitive Circuits 

bv^f ^ « “ergized 

by the dosmg of a circuit break? a 

occurs which can caST’a^ 
overaoltage on the system. The ca 
pacitance, if composed of relatively short 

Van Sickle-Switching Transients 


transient for several values of resistance 
are plotted in figure 4. The smallest 
value of R is comparable with those ob- 
ned in high-power laboratories. For 
resistance values less than the critical 
resistor, ij „ ^VlTc, the voltage 
fransiMt is defined by equations of 
damped oscillations. For resistance values 

greater than the critical value, the volt¬ 
age transients are defined by exponential 
equations and curved The equations of 
th^ transients are numbers 2, 3, and 4 
Of the appendix. 

In the closing of a high-voltage circuit 
by a conventional circuit breaker, the 

SdTh contacts touch 

“d toe arc resistance will exert some 
dampmg effect on toe transient. How¬ 
ever, even with the maximum crest oc- 
with minimum damping, no 
angerous voltage would be impressed 

Ss^r ^ 

In toe curves of figure 4 it has been as¬ 
sumed that Cl was negligible with re- 
^>ect to C. This cautes the voltage 
ansient to start at zero because the ca- 
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pacitance C is uncharged at the be¬ 
ginning of the transient. If Ci is large 
enough to raise the potential of the ca¬ 
pacitance C when the two ^e connected 
together by the closing of the breaker, 
the transient will start not from zero 
but from the potential taken by the 
capacitances. The amplitude of the 
transient is no longer the system poten¬ 
tial at the time the arc strikes, but 
is the difference between Em and the 
potential of the capacitors. The ca¬ 
pacitance used in the formula for de¬ 
termining the transient is, of course, the 
sum of the capacitances C and Ci. 

During the closing of a high-voltage 
breaker, it is possible for the arc to be 
extinguished and to restrike before the 
breaker is completely closed. This phe¬ 
nomenon may produce higher voltages 
because the line may be charged to a 
high potential by the first transient and 



Figure 4. Voltage transients 


Closing of capdcltlve circuit 
Opening of inductive circuit 

the amplitude of the second transient be 
increased thereby. However, the condi¬ 
tions on closing are not favorable for the 
building up of high overvoltages since 
the gap betvfeen contacts is becoming 
smaller. The phenomena is the same 
during the interruption of charging cur¬ 
rents and more favorable conditions exist 
when the contacts are separating. There¬ 
fore this phenomenon will be described in 
connection with the interruption of 
diarging currents. 

When the capacitance is distributed 
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over a long line it cannot be repre¬ 
sented as a single lumped capacitance 
and more complicated circuits must be 
used. The principles are the same but 
the possible combinations are too numer¬ 
ous to consider here. 

Opening Transients 
of Inductive Circuits 

The opening of a short circuit or the 
opening of the circuit energizing an un¬ 
loaded transformer may be considered 
as the opening of an inductive circuit. 
These currents lag the applied voltage 
by relativdiy large angles and conse¬ 
quently the voltage appearing across 
the contacts after the interruption is 
approximately the crest value of the 
applied voltage. The small capacitances 
of the circuit, which play no part in de¬ 
termining the current, are important in 
determining the voltage recovery tran¬ 
sient. Likewise, the resistance of the 
circuit, which was negligible while the 
current was flowing, damps the voltage 
recovery transient. The resistance may 
be a stnflU parallel load which is not’ re¬ 
moved by the opening of the circuit 
breaker or may be due to the resistivity 
of the conductors forming the circuit 

Series Resistance 

Figure 3& represents a simple series 
circuit involving inductance, capacitance, 
and resistance. Frequently, this circuit 
is a part of a more complicated circuit 
and can be considered as a unit in itself 
independent of the rest of the circuit. 
The opening of this circuit is mathe¬ 
matically the same as the closing of a 
capacitive circuit, figure 3o and equa¬ 
tions 2,3, and 4. It has voltage recovery 
transients which are shown in figure 4. 
When the curves are applied to voltage 
recovery transients following the open¬ 
ing of a reactive circuit, the time scale 
will generally represent a shorter interval 
because the capacitanbe between the 
breaker and the inductance usually will 
be much smaller than the line or load ca¬ 
pacitance. 

For high-power laboratory circuits 
having relatively low resistance with 
respect to the inductance, the damping 
of the oscillation corresponds ro ughly 
with the curve for R « 0.126 Vx/C 
Similar system circuits could be expected 
to have sunilar transients. 

Combination of Series 

and Shunt Resistance 

The opening of a circuit by a switch 
may not completdy unload the source, 
or a circuit breaker may open in two 

Van Sickle—SwitMng Transients 


steps, the first one inserting a resistance 
for limiting the current. Circuits of 
these types are represented by the dia¬ 
gram in figture 5. 

This circuit too may be oscillatory or 
nonosdllatory depending upon the cir¬ 
cuit constants. The critical condition 
is 

R _ ^ 2 

I RiC “ Vro 

The transients are similar to those 
shown in figure 4 for the simple series 
circuit. 

The equations appl3ring to this circuit 
are numbers 6, 6, and 7 in the appendix. 
The curves indicate and the equations 
show that the voltage transients occur¬ 
ring during the opening of an inductive 
circuit cannot attain potentials above 
two times the normal crest value of volt¬ 
age. 

General 

The effects of an arc voltage prior to 
the last current zero and of the extinc¬ 
tion of an arc before the normal current 
zero have been neglected but are impor¬ 
tant in reactive circuits. Both of these 
phenomena increase the amplitude of the 
transient and tend to raise the potential 
at the crest. Therefore, the maximum 
voltage which can be reached depends 
upon the ch^acteristics of the circuit 
breaker and upon the circuit. A review 
of a large number of oscillograms of 
single-phase interrupting tests on high- 
voltage circuits showed no voltage in 
excess of 2.76 times the crest value of 
line-to-ground voltage and only a few 
reached 2.26 times. 

Opening Transients 
of Capacitive Circuits 

The interruption of a capacitive circuit 
would take place without a transient if 
the circuit had no inductance and no re- 



Figure 5. Opening a simple inductive cir¬ 
cuit having both series and shunt resistance 


sistance,. if the arc was extinguished at 
current zero, and if the dielectric sfrength 
of the point of interruption increased to 
a little more than twice the crest of the 
applied voltage in a half cyde of the 
system frequency. A negligibly small 
transient occurs if the didectric-strength 
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condition is fulfilled. On high-voltage 
circuits, such high dielectric strength is 
very difficult to obtain at the first current 
zero so the arc usually restrikes. The re¬ 
striking initiates a transient which may 
produce high overvoltages. The circuit 
and the transients following a restrike 
are shown in figure 6. 

Normally, the resistance is relatively 
low and the transients, both current and 
voltage, are oscillatory. On the first 
restrike, the current ^1 pass through 
zero at times other than the normal 
current zero and if extinguished, may 
leave the capacitance charged to a 
voltage cither above or below the ap¬ 
plied voltage. With no resistance in the 
circuit and the worst possible rate of 
increase of dielectric strength, the theo¬ 
retical rate of increase in voltage at suc¬ 
cessive restrikes would give 1, 3, 6, etc., 
times the normal crest of system voltage 
as shown in figure 7. However, this re¬ 
quired that the gap after the first interrup¬ 
tion (a) holds while the voltage across it 
increases from zero up to twice the normal 
crest {a to ^), that it breaks down at thig 
value and after a half-cycle of the tran¬ 
sient interrupts again (c). If the breaker 
opening leaves the line charged as at c, 
the potential on the source side of the 
breaker will tend to return to the value 
of the appHed voltage. It will do this 
through a transient similar to that which 
occum on the opening of an inductive 


circuit, namely a damped oscillation 
produced by the inductance of the supply 
circuit and the capacitance still con¬ 
nected to it. This transient is damped 
by the resistance of the circuit but 
^ reach a value approximately as 
shown at d and impress nearly four 
times normal crest voltage on the gap. 
As this transient dies {d to/) the voltage 
returns to approximately two times the 
crest value and increases due to change 
m the applied voltage from approximately 
two times to four times the crest value 
m is I^ed at pointy. To continue 
the building up of voltage, the arc must 


fe now restrike at g with little more voltage 
is on it than it had at the point d. 
it Obviously this dielectric performance is 

almost, if not quite, impossible. Os- 
y dllographic data of actual interruptions 
it by circuit breakers show a much more 
e gradual build-up <rf voltage. In some 
cases, the breakdowns occur before th. 
7 crest value of voltage is reached so that 
i the amplitudes of the intermediate tran- 
t sients {b to c) are reduced. In other 
1 cases, the transient current may not be 
I extinguished at its first current zero. If 
' the current flows’for two half-cycles of 
i the high-frequency transient, the volt¬ 
age on the line is reduced to a very low 
value. The damping of the transient by 
the resistance of the arc and of the 
metal conductors in the circuit also 
to reduce the rate of voltage build-up. 

The influence of these modif 3 dng fac¬ 
tors is shown by the oscillograms repro¬ 
duced in figure 8. These oscaiograms 
were taken during the interruption of 
capacitive currents in a high-power labo¬ 
ratory. In an oscillogram the line A 
represents the voltage across the terminals 
of the breaker, the line B the current 
flowing in the circuit, the line C the trip- 
coil current, and the line D the voltage on 
the source side of the breaker. Due to the 
circuit used, the oscillations in the voltage 
are a maximum. The large capaci¬ 
tance representing the line was dis¬ 
connected from the low capacitance of 
the source. Consequently, on a restrike, 
the amplitudes are not reduced by the 
equalization of potentials between them. ' 
Oscillogram a, shows the interruption ' 
of the charging current without any re- \ 
srii^g. The voltage appearing across . 
the breaker contacts was approximately 
two times the crest value of the appKed ‘ 

voltage but the arc space did not break ^ 
down. c 

Oscillogram b shows one restrike after 
a current pause during which the volt- ® 
ap rose to approximately 25 per cent of ^ 
Je CT^t value. • The restrike was ex- ” 
tmguished after a half-cycle of the high- J 
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Figured. Resfriking 
a! crest of voltage 
wave with capaci¬ 
tance charged to po- 
tentlal of the pre¬ 
vious crest 

Curves show the 
effect of resistance 
on the transient volt¬ 
age across the ca¬ 
pacitance 
^ 0.1 henry 

C “lO-* farads 
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ige frequency current. The arc did not re- 
strike subsequently although the value 
iis of voltage appearing across the breaker 
)s- contacts was approximately 1.7 times tire 
ins crest value of the applied voltage. 
vet Oscillogram c shows a restrike at a 
ne voltage approximating 50 per cent of the 
he crest value of the applied voltage and the 
at extinction after a half-cycle of the high- 
n- frequency current. This extinction oc- 
er cutred at approximately a normal volt- 
re age zero so that the subsequent voltage 
If applied across the terminals of the 
rf breaker did not exceed the normal 60- 
t- cycle voltage. The arc did not again 
w restrike. 

y Oscillogram d shows a restrike after 
® approximately one half-cycle of restored 
^ voltage during which the potential ap¬ 
plied across the breaker increaseS to 
approximately two times the crest value 
of the system voltage. The high-fre- 
5 quency current flowed for three half- 
f cycles before it was extinguished. This 
th® line with very little charge as 
■ indicated by the almost symmetrical 
* voltage wave appearing across the breaker 

contacts subsequent to the fingl inter¬ 
ruption. 

Oscillogram e shows the interruption 
of the charging current followed by a re¬ 
strike at very nearly two times the 
normal crest of voltage applied across 
the breaker. Several cycles of high- 
frequency current flowed before the 
breaker interrupted and left the line 
charged approximately at the crest value 
of voltage. After a half-cycle of current 
interruption, the voltage across the 
breaker had again increased to two times 
the crest value of the applied voltage, and 
another restrike occurred. After about 
seven half-cycles of the high-frequency 
^rent, the arc was extinguished, the 
line being left charged at a potential 
about half the crest value of the system 
voltage. The maximum voltage appear¬ 
ing across the breaker subsequent to the 
final interruption was approximately 
1 A times the crest value of the system 
voltage. 

Osemograrn / shows the best example 
of biding up of voltage across the 
terminals of the breaker. Three re- 
strikes occurred and on the last interrup¬ 
tion, the line was left charged to about 
1.85 times the normal line-to-ground 
voltage and during the subsequent half- 
of restored voltage, the potential 
umerence across th^ breaker increased 
to about 2.85 times the normal line-to- 
ground voltage. 

On a 220-kv system where it was sus¬ 
pected that the interruption of line 
barging current was producing excessive 
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ovenroltages, tests were made recently 
with a cathode-ray osdllograph recording 
the line voltage. Sections of lines up to 
246.4 miles were disconnected and the 
maximum voltage recorded was 2.43 times 
the crest value of the system line-to- 
ground voltage. These voltages are 
harmless and indicate that on a typical 
S 3 rstem the high overvoltages obtained 
theoretically by neglecting the dielectric 
characteristics of the breaker, are seldom 
encountered. 

Resistors in Circuit Breakers 

Because of the effects of resistance on 
switching transients, circuit breakers 
using resistors have been built for many 
years. In Europe, prior to 1930, oil 
circuit breakers either plain-break or 
explosion-pot types sometimes had auxil- 



Rgure 7. Theoretical transient voltases ap¬ 
pearing at the two terminals of a circuit 
breaker during the Interruption of a capacitive 
current 

€ =* Voltage at the terminal connected to the 
source 

as Voltage at the terminal connected to 
the capacitance being disconnected 

Note the transient c-c/-f following a restrike 
which impresses almost as much voltage 
across the circuit breaker as the normal cyclic 
voltage change f to g 


iary contacts which inserted a resistance 
between terminals. The auxiliary con¬ 
tacts closed before and opened after the 
mfliTi or arcing contacts. Due to the 
relatively short gap between the arcing 
contacts when the auxiliary contacts 
were just touching, the probability of the 
resistance functioning to facilitate open¬ 
ing of the circuit was remote and their 
main service was in reducing the severity 
of the transients which occur on dosing 
capacitive and transformer circuits. 
These resistances damped the inrush 
current to lines and limited the inrush 
current when a transformer was energized. 
The advantages gained hardly justified 


the additional complication and they dis¬ 
appeared from the market. 

Some modem interrapters are being 
built with resistors whi^ aid not only 
in dosing circuits but also in the extinc¬ 
tion of arcs. They facilitate the inter¬ 
ruption of both charging current and re¬ 
active current. The resistors damp the 
transients which occur during the inter¬ 
ruption of leading currents and reduce 
the overvoltages produced. They are 
generally inserted by being connected 
across either a part of the gap formed 
by the arcing contacts or a separate gap. 
The insertion of the resistor increases 
the power factor of the circuit, shifts the 
current zero to a point in the cyde where 
the applied voltage is less, and reduces the 
overvoltages which can occur on the sys¬ 
tem. 

In lower-voltage circuits where heavy 
currents are the problem, resistors are 
used to facilitate the interruption of 
short-circuit currents and thereby in¬ 
crease the interrupting ability of the 
circuit breakers. An arc inserts the re¬ 
sistance which reduces the current, in¬ 
creases its power factor, and thus brings 
the short circuit within the limits which 
can be interrupted directly by the arc 
extinguishing means provided for the 
complete opening of the circuit. 

The value of the resistance used de¬ 
pends upon the rated voltage and the 
rated mpturing capadty of the breaker. 
The magnitude of the voltage appearing 
across the gap which inserts the resist¬ 
ance depends upon the S 3 rstem voltage, 
the reactance of the circuit, and the 
resistance. The relations are given in 
the appendix as equation 8; These 
rdations are demonstrated by figure 9 
with voltage plotted for values of r/x 
of 0.1, 1, and 10. With r/x = 0.1 the 
voltage appears across the resistance 
and arc gaps at a very low rate and 
reaches only a low maximum value. 
The arc could be easily extinguished 
but the resistance makes only V 2 per 
cent difference in the total impedance of 
the circuit and consequently does not 
aid to any measurable extent in the ulti¬ 
mate interruption of the circuit. 

With r/x = 1 the voltage appears more 
rapidly and reaches a value of about 
50 per cent of the applied crest on the 
first peak. The second peak, a half¬ 
cycle later and consequently less im¬ 
portant, reaches 70 per cent. 

With r/x « 10 the transient compo¬ 
nent decreases very rapidly and dis¬ 
appears in about 20 degrees. The volt¬ 
age rises rapidly across the resistance 
and inserting gap but does not ^ceed 
the crest value of applied voltage. 




(a) No restriking (b) One restrike 



(c) One low-voltage 
festrlke with sym¬ 
metrical restored 

voltage across 
breaker 



age restrike with 
symmetrical restored 
voltage across 
breaker 



(e) Two high-volt- (0 An example of 
age restrikes building up voltage 

across breaker 


Figure 8. Typical oscillograms of the inter¬ 
ruption of charging current at about 22 kv In a 
high-power laboratory 

A—Voltage across breaker 
B —Current 
C—Trip-coil current 

D—Voltage line-to-ground on supply side 

Note that none of the oscillograms show the 
theoretical rate of voltage Increase given In 
figure 7 


The impedance of the circuit would be 
increased about ten times and conse¬ 
quently the current to be interrupted 
by the second gap is reduced to about 
ten per cent of the full short-circuit 
current. 

Still further reduction in the current 
can be obtained by higher values of r/x. 
However, the ^ect of capacitance 
across the gap becomes important when 
the current flowing through the resistor 
becomes comparable with the current 
required to charge the capacitance. 
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Figure 9. Voltage 
transients across a 
gap inserting resist¬ 
ance in an inductive 
circuit 


The sum of these two currents flows 
through the inductance and the condi¬ 
tions upon which equation 8 is based are 
no longer true. Consequently, equation 
5, 6, or 7 must be used to express the rela¬ 
tions. For values of r above the critical 
value of resistance, the circuit is oscillatory 
and the crests of the voltage recovery 
transient exceed the crest of the applied 
voltage. Except for values of resistance 
close to the critical resistance, the 
voltage recovery rate is substantially 
the same as if no resistance were used 
across the breaker. Consequently, re¬ 
sistances intended to faciHtate interrup- 
tioii must be chosen between definite 
limits;^ they must be low enough to be 
easily inserted by the first gap and high 
enough to limit the current to values 
which can be readily broken by the main 
interrupter. 

If the resistance is properly chosen 
for the maximum interrupting capacity. 
Its insertion during operations at cur- 
rente below the rated interrupting ca¬ 
pacity cause no more difficult conditions 
because r/x is smaUer and the voltages 
across the resistance are lower. For 
low currents at higher power factors the 
^lta.ge drop across the resistor is only a 
fraction of the drop across the total cir¬ 
cuit resistance. 

The resistor may be inserted by an arc 
rupturing device having a high arc volt¬ 
age, which effects the transfer during the 
course of the cycle rather than at the 

current zero. As soon as voltage appears 
^ss the connections to the resistor a 
^ of the current is transferred to the 
^Ktor. An arc voltage maintained 
igher tlm the voltage drop in the re- 
^ mU result in the transfer of all the 
t from the arc, without waiting 
for an arc-current zero. ® 

miS® ‘^ouit 

^ That high- 

shS^l Typical transients 

^ “ true are given in 
10 for various values of r/x from 
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0.125 to 2. All the curves are drawn 
for the same values of L and C which 
have been assumed very large. The 
transients have a natural frequency of 
only 900 cycles per second and are 
spread sufficiently to be easily studied. 
These curves show clearly that the in¬ 
sertion of a resistor in a reactive circuit 
reduces the crest value of the transient 
and also the voltage recovery rate and 
consequently facilitates the interrup- 
tion. 

The interrupting performance of a 
resistance-inserting breaker is practically 
independent of the severity of the circuit 
recovery-voltage characteristics because 
the voltage transients across its contacts 
are controlled largely by the resistor. 

With charging currents the resistor 
can reduce the magnitude of the over¬ 
voltages which occur during interruption. 
The resistor may be inserted by a high 
arc drop in a manner similar to that on 
an inductive circuit. If it is inserted 
at a current zero, the voltage which ap¬ 
pears across the parallel gap increases 
slowly and to a magnitude determined 
by the relation of the resistance to the 
inductance and the capacitance of the 
circuit. If inadequate gap is available 
a rest^e will occur. After the resist¬ 
ance is inserted, the capacitance is 
charged through the resistor and the 


voltage of the capacitance is lower than 
the applied voltage. Any restrike across 
the second gap occurring before adequate 
contact separation is obtained will be 
through the resistor and will be damped 
by it. Thus the resistor facilitates the 
extinction of charging currents by re¬ 
ducing the voltage of the capacitance and 
by damping transients if they occur. 
Consequently, the resistor reduces the 
overvoltages which can occur. 

Except when the resistor provides the 
cheapest means of increasing the upper 
limit of the interrupting ability of a cir¬ 
cuit breaking device, its complication is 
undesirable. Usually, tlie extension of 
existing designs will produce a simpler 
and cheaper means of obtaining the de¬ 
sired interrupting ability. 

Arc Resistances in Circuit Breakers 

^ The resistances of the arc spaces in 
circuit breakers play a part in the damp¬ 
ing of switching transients. For ex- 
^ple, during the interruption of charg¬ 
ing current, the arc strikes through an 
appreciable distance and introduces arc 
resistance into the circuit. The arc 
resistance depends upon current and the 
arc voltage varies with the arc length. 
Consequently, the resistance of the arc 
space exerts an appreciable damping 
effect upon the transient produced by the 
restriking. 

That the resistance of the arc space 
may be siifficiently low to influence the 
voltage recovery transient on inductive 
circuits was demonstrated in a paper pre¬ 
sented before the Institute in 1933. 

The demonstration that current flowed 
through these arc spaces during the re¬ 
covery transient was based upon cathode- 
my oscillograms. Four oscillograms were 
shown which gave approximately the 
same range and type of transients as 
those represented in figure 4 of this 
paper. The transients were not exactly 
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the same however, since the resistances 
producing the damping were variable in¬ 
stead of constant. 

Summary 

An inspection of switching transients 
shows that the resistances of the circuits 
play an important part in limiting the 
amplitudes and the durations. Although 
only a few t 3 rpical circuits have been 
analyzed, the general damping effect of 
resistance has been shown. The calcu¬ 
lation of more complicated circuits be¬ 
comes extremely difficult if the resist¬ 
ances, reactances, and capacitances are 
all considered. Consequently, calcula¬ 
tions of more complicated circuits gen¬ 
erally are limited to a consideration of 
the inductances and capacitances only. 
The damping of the transients is not in¬ 
cluded in the calculations and approxi¬ 
mations for them have to be made. It 
is believed that the charts presented in 
this paper will help in choosing suitable 
damping factors. 

In the design of circuit breakers re¬ 
sistors can be used to increase the in¬ 
terrupting ability of the circuit breaker 
at the expense of simplicity in construc¬ 
tion. 

The resistances of the arc spaces of cir¬ 
cuit breakers can appreciably influence 
switching transients by increasing the 
damping of the circuit. 


Appendix 

The equations given below are the basis 
for the curves in the illustrations. 


Closing Transients 
OP Inductive Circuits 

i = cos (^ — do — di) — 

j^cos (do 4- di) - ^ J ^ 

Mfn « crest value of applied voltage 
io « i for d = 0, the start of the transient 
r, Xf and z are the resistance, reactance, and 
impedance of the circuit 
do » phase angle of voltage at d *= 0 

di =» tan“^ — 


Closing Transients on Capacitive 
Circuits and Opening Transients 
ON Inductive Circuits 
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Opening Transients op Inductive 
C iRCxnxs Having Both Series 
and Shunt Resistances 


For -zr-z. < — 7 = 

L RiC ^/lC 

e «^ ^ ^ Ui sin bt -f 

Bi cos U) H- Cl COS (wi -h a) I* (5) 


The voltage across a gap inserting a re¬ 
sistor in an inductive circuit, figure 9, is 
given by equation 8. This equation as¬ 
sumes that the resistance-inserting gap is 
an arc-rupturing device which has a negli¬ 
gible arc voltage and which interrupts at a 
normal current zero. 



Enn, is the crest value of the 60-cycle voltag e 
wave 


— is the ratio of the resistance and reactance 

X 

of the circuit 

di is the phase of the applied voltage at the 
start of the transient 
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If the extinction voltage is not negligible 
an additional term is inserted after cos 

( 9 , - cot-‘j). 
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Discussion 

W. F, Skeats (General Electric Company. 
Philadelphia. Pa.): Mr. Van Sickle is to 
be congratulated upon the clarity of his 
exposition of the subject. Undoubtedly 
many will obtain a much clearer under¬ 
standing of the influence of resistance from 
reading this paper. 

A warning must be sounded, however, 
with reference to connecting too closely the 
rate of decay of the d-c component of short- 
circuit currents with the power factor. The 
resistance influencing the former is sub¬ 
stantially the d-c resistance of the circuit, 
whereas the resistance involved in the latter 
is the a-c resistance and may be consider¬ 
ably higher. Similarly the resistance in¬ 
volved in the damping of the higher-fre» 
quency oscillations which occur upon in¬ 
terruption of a circuit, is likely to be con- 
sid^bly greater than the normal-frequency 
resistance, and must be so in order to bring 
about the damping that is observed. 

It is also easy to make a mistake in the 
consideration of load resistance. A syn- 
^onous motor, for instance, even though 
it may be operating at unity power factor 
must be represented for consideration of 
transients not as a resistance, but as the 
combination of a reactance and a generat¬ 
ing source. Lighting and heating loads are 
pure resistance but may not be very effec¬ 
tive for damping because of the reactance 


of transformers and other apparatus which 
must in general be connected between these 
loads Md the circuit breaker. 

Mr. Van Sickle’s statement at the end of 
the section on "Opening Transients of 
Capacitive Circuits,” "These voltages are 
harmless and indicate that on a typical 
system the high overvoltages obtained 
theoretic^y by neglecting the dielectric 
characteristics of the breaker, are seldom 
encountered,” seems contradictory to con¬ 
clusion 5 of the paper by Messrs. Evans. 
Monteith, and Witzke (AIEE Transac¬ 
tions, volume 68, 1939, pages 386-97) 
which, after a discussion of overvoltages 
based on only a slight modification of the 
theory discussed by Mr. Van Sickle, reads, 
"The results presented in this study are 
believed to provide an explanation for some 
of the Ime and neutral point flashovers . .. 
that have been experienced on actual 
systems.” 


R. 1>. Evans, A, C. Monteith, and R. L. 
Wtzke (all of Westinghouse Elec¬ 
tric and Manufacturing Company, East 
Pittsburgh, Pa.): When considering the 
broad subject of switching transients, it is 
alTOys of interest to compare field tests 
with the analytical results. Mr. Van 
Sickle has included test data of the line-to- 
ground voltage for the condition of opening 
charging currents on a 230-kv solidly 
grounded system. The oscillogram to 
which Mr. Van Sickle refers shows seven 
restrikes and a maximum voltage of about 
260 per cent of normal crest. The voltage 
obtained falls in the range for simil flr condi¬ 
tions given in figure 13 of our present paper 
(AIEE Transactions, volume 68, 1939, 
pages 38^7) which shows 230 per cent for 
one restrike and 320 per cent for two re¬ 
strikes. In considering this comparison 
It is to be noted that the system under 
test was of considerable greater total mile¬ 
age but that only one-third of total was de¬ 
energized by the switching operation. 
These figur^ are in reasonable agreement 
and emphasize the statement in our paper 
that there may be a large number of re¬ 
strikes in the actual csise of interrupting the 


circuit but only a limited number arc sig¬ 
nificant in producing the overvoltage. 
(See also discussion, page 412.) 


R. C. Van Sickle: Mr. Skeats brought out 
a very valuable point in emphasizing the 
need for choosing the correct values of 
inductance and resistance in the analysis 
of circuit transients. The values used 
should be those which correspond to the 
frequencies of the transient. 

In the discussion of the closing transients 
of inductive circuits, the decay of the d-c 
component is given as a function of the 
power factor of the circuit. The fre¬ 
quencies of the transients were 60 cycles or 
less and the assumption was made that the 
values of the resistances and inductances 
were the same for both components of the 
transients. This is a good approximation 
not only for the simple single-phase circuit 
which was discussed but also for three- 
phase circuits. The International Electro¬ 
technical Commission Publication No. 56 
"I.E.C. Specification for Alternating Cur¬ 
rent Circuit Breakers,” uses the same as¬ 
sumptions in an appendix which gives a 
method of determining the short-circuit 
power factor of a test from the decay of the 
d-c component. 

When a more exact determination is de¬ 
sired, both the resistance and the induct¬ 
ance values should be taken more ac¬ 
curately. 

The difference in the 60-cyclc resistance 
and the d-c resistance will be determined 
largely by the skin effect in the larger con¬ 
ductors of the circuit. In parts of the cir¬ 
cuit such as the bus structure this may make 
a 16 or 20 per cent difference but for the 
entire circuit only a much smaller increase 
would be expected. 

The values of the inductances determining 
the a-c and d-c components are not the same. 
The d-c component depends upon the nega¬ 
tive-sequence reactance. The a-c compo¬ 
nent depends upon the direct-axis reactance, 
and in the simple circuit dismissed in the 
paper, it was assumed constant. 

Mr. Monteith and Mr. Evans have shown 
the agreement of this paper with theirs. 
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Power-System Voltage-Recovery 
Characteristics 

HAROLD A. PETERSON 

ASSOCIATE AIEE 


W ITH the increased use of protector 
tubes, a thorough knowledge of the 
recovery voltages to which they may be 
subjected has become highly desirable. 
The current range over which a tube can 
be expected to function successfully is 
necessarily dependent on the voltage re¬ 
covery characteristics of the system in 
which the tube is applied. Since many 
systems have a large range of fault cur¬ 
rents for the different fault and system 
conditions, it is essential that the corre¬ 
sponding voltage recovery characteristics 
be carefully considered. This paper pre¬ 
sents the results of an investigation to 
determine and evaluate the importance of 
the factors which influence Ihe voltage 
recovery characteristics of power systems. 
A very large number of tests were made 
on a specially designed miniature equiva¬ 
lent circuit representing a transmission 
line, connected apparatus, and the fault- 
dearing device. In that a miniature sys¬ 
tem was used, this investigation is simffar 
to that made by Messrs. Evans and Mon- 
teith and presented in tworecent papers.^»^ 
The results presented in this paper rep¬ 
resent refinements and extensions to the 
understanding of the phenomena which 
win be of interest to both designers and 
users of protector tubes or other fault- 
dearing devices. Factors which have 
not been evaluated previously are shown 
to influence the phenomena considerably. 

Spedal dectronic devices were de¬ 
veloped for the purpose of applying and 
removing the fault in synchronism with 
the source voltage. These devices have 
inherent characteristics which dosdy 
simulate the arc voltage characteristics 
of protector tubes. 

The point on the voltage wave corre- 
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sponding to the instant of application of 
the fault, is shown to be very significant 
under certain conditions, \^en this is 
varied, results obtained indicate the in¬ 
definiteness of a first crest in the transient 
voltage recovery characteristics and point 
to the maximum crest, time to maximum 
crest, and the initial recovery rate as 
being more descriptive. 

In the case of double-line-to-ground 
faults, the conditions under which they 
would be most likely to occur on an actual 
system are considered.® The effect of this 
consideration, and the effect of restriking 
of the first tube attempting to dear are 
illustrated. Misleading results are shown 
to be obtainable if these considerations 
are neglected. 

Generalized results are presented in a 
form such that they can be applied to any 
solidly grounded system operating be¬ 
tween 13.8 and 138 kv. 

Conclusions 

1. Different angles of fault application 
materially affect system voltage recovery 
characteristics. When this factor is con¬ 
sidered, the significance of a first crest is 
lost in many cases, and the results indicate 
that time to maximum crest and maximum 
crest voltage are the main system voltage 
recovery characteristics whi(^ lend them¬ 
selves to summarization. Initial rate of 
rise of recovery voltage is important, but 
since it varies greatly with fault location in a 
given system, no attempt is made to sum¬ 
marize the results obtained for the initial 
period. Instead, a method of calculating 
the maximum initial rate of voltage rise 
is indicated which is adequate for many 
cases. It should not be inferred from this 
that the evente taking place during the 
interval of time up to voltage crest are un¬ 
important in the functioning of the tube. 
Actually, the entire voltage recovery diar- 
acteristic is important up to the time of 
maximum voltage reached. 

2. In studying double-line-to-ground-fault 
recovery voltages, the probable an^e of 
fault occurrence in an actual system must be 
considered. Under certain conditions, much 
more severe recovery voltages can be ob¬ 
tained in a controlled setup than are likely 
to be obtained in an actual system. It 
seems evident that if a tube can interrupt a 
single-line-to-ground fault in a solidly 
grounded system where tower-footing re¬ 
sistance is encountered, it generally will be 
able to interrupt a double-line-to-ground 
fault. 


3. ^ Crest recovery voltages obtained in the 
solidly grounded systems investigated varied 
from 1.6 to 1.76 when tower-footing resist¬ 
ance was neglected. The effect of losses 
in the system (induding tower-footing re¬ 
sistance) is to decrease the overshoot for 
single-line-to-ground faults. It appears 
that 1.76 is near an upper limit whici may 
be readied in higher-voltage systems while 
1.6 would be more likdy to be reached in a 
lower-voltage system^ This is in general 
agreement with fidd tests and theoretical 
considerations. It should be recognized, 
however, that system loads and intercon¬ 
nections generally would tend to reduce 
slightly the maximum overvoltage reached 
in an actual case. 

4. Neutral grounding resistance produces 
a decrease in maximum overshoot in a 
manner very similar to that produced by 
tower-footing resistance. 

6. Neutral grounding reactance increases 
the time to crest, since the zero-sequence 
frequency is reduced as more reactance is 
added in the neutral. The effect upon the 
crest voltage reached appears to depend 
greatly upon the length of line involved. 

6. The magnitude of the arc voltage corre¬ 
sponding to the arc voltage across the pro¬ 
tector tube (over a practical range) ap¬ 
pears to have little effect upon the voltage 
recovery characteristics. 

7. Length of line, system voltage, and 
fault current all play an important part 
as shown in figure 8 of this paper. It is ex¬ 
pected that this information will be helpful 
as an aid to the proper selection of tubes for 
solidly grounded systems. 

8. The results of this investigation appear 
to be in general agreement with those pub¬ 
lished by Messrs. Evans and Monteith,^»* al¬ 
though, since the systems studied were dif¬ 
ferent in the two investigations, direct com¬ 
parisons are difficult to make. 

9. While this investigation has been chiefly 
concerned with recovery voltages obtained 
when faults are interrupted by protector 
tubes, it is frit that some of these results 
may be of value to designers and users of 
other fault clearing devices as wril. The 
flexibility of a miniature setup of this type 
with the advantages of riectronic switching 
devices has been, and promises to continue 
to be, helpful in arriving at a better under¬ 
standing of numerous dosriy related phe¬ 
nomena. 

Equipment Used 

The equiv^ent system used to represent 
the transmission line w^ specially de¬ 
signed for this investigation.® This made 
possible the use of units having character¬ 
istics simulating those of an actual trans¬ 
mission line over the desired range of fre¬ 
quencies. One factor which influences 
the phenomena quite appreciably is the 
resistance-frequency characteristic of the 
units representing the transmission line.^ 
A three-phase equivalent w section as 
used in this study representing ten miles 
of typical line is shown in figure 1. This 
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Figure 1. Artificial-line-section connections 


is similar to the circuit used in obtaining 
the results of references 1 and 2. 

Source reactances were simulated by 
means of reactors having the desired 
characteristics. Transformers were used 
as shown in figure 2 to make it possible 
to have a low ratio of Xq/Xi at the source 


accomplished by means of utihzing a 
synchronous switch to carry the first loop 
of current and transferring to the tube 
on the last loop. A circuit used to ac¬ 
complish this is shown in figure 5. 

A three-phase 110-volt 60-cycle, sine- 
wave generator was used to energize the 
miniature system. This was of sufficient 
capacity so that voltage at its terminals 
remained essentially constant regardless 
of transient disturbances imposed in the 
circuits. Thus auxiliary equipment could 
be energized from the same source, 
thereby providing the necessary means 
for synchronization of fault application. 

To observe the transient recovery volt¬ 
ages, an oscilloscope was used. This 
afforded a convenient means for observ¬ 
ing the repeated transient since the 


breaker operation which severs one part of 
a system from another. 

As a second point of difference, it 
should be noted that circuit-breaker inter¬ 
ruptions more often occur from a steady- 
state condition of fault current while a 
protector tube interrupts generally from 
a transient condition. Ordinarily a cir¬ 
cuit breaker is called upon to operate 
after fault current has been flowing for 
several cycles which is of sufficient dura¬ 
tion for the natural frequencies to dis¬ 
appear from the fault current and for the 
d-c offset to be greatly reduced. Pro¬ 
tector tubes usually operate in a single 
half cycle, and therefore, in many cases 
the natural frequency oscillations in the 
fault current may not be damped out 
when interruption takes place. The 
amount of this transient disturbance 
present (and also the amount of d-c off- 


when desired. 

Electronic switching circuits were de¬ 
veloped for applying the fault at any 
desired point on the voltage wave and for 
interrupting the current or currents at or 
near the normal current zero. The opera¬ 
tion of these circuits is described in the 
appendix. The circuit used to apply and 
remove single-line-to-groimd faults is 
shown in figure 3. Use of the th3T:atron 
tube to carry the fault current made it 
possible to represent quite accurately the 
arc voltage inherent in the protector 
tube.^ By variation of the constants, the 
circuit can be adjusted to apply the fault 
at intervals of from one to about six 
cycles, the allowable frequency of repeti¬ 
tion depending upon the amount of damp¬ 
ing in the circuit under investigation. 
Once the frequency of fault application 
has been selected, the phase-shifter can 
be rotated to v^xy the point of applica¬ 
tion of the fault on the voltage wave 
throughout tte range of probable occur¬ 
rence in an actual system. Thus the 
effect of point of application of the fault 
could be investigated easily with this 
circuit since the thyratron inteirupts the 
fault current automatically at the first 
subsequent current zero regardless of 
when the fault occurred. This factor was 
found to be of particular significance 
under certain system and fault conditions. 
The magnitude of the arc voltage could 
be varied at will by inserting a storage 
batter^’ in series with the thyratron. 

The circuit for studying double-line- 
to-ground faults is shown in figure 4. 

A third unit can be incorporated to in¬ 
vestigate three-phase faults. 

Under some conditions in studying the 
double-Iine-to-ground fault, it was de¬ 
sirable to simulate the restriking of the 

first phase attempting to clear. This was 
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Figure 2. Equivalent circuit for source 
reactances 


TO PHASE SHIFTER TO FAULT POINT 



Figure 3. Recurring-fault circuit used in 
studying transient recovery voltages following 
single-line-to-ground faults 


image could be made to appear stationary 
on the screen. Time exposure photo¬ 
graphs could be taken of this image if 
desired. However, it was found more 
practical to take actual measurements 
directly off the calibrated semen of the 
oscilloscope. 

Discussion of Results 

In discussing transient recovery volt¬ 
ages which occur when fault currents are 
interrupted by protector tubes, it should 
be emphasized that generally there are 
two basic differences between these volt¬ 
ages and those obtained in circuit- 
breaker operation. In the first place, as 
has been pointed out elsewhere,i»2»^ pro¬ 
tector-tube recovery voltages are gener¬ 
ally of a slower nature than those very 
fast ones sometimes obtained in a circuit- 
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set) for a given case is a function of the 
point on the voltage wave at which the 
fault occurs. 

The inherent flexibility which the fault- 
simulating circuit possesses made it 
possible to investigate the effect of fault 
angle. Figure 6a shows several single- 
line-to-ground-fault recovery voltage 
transients, each one for a particular value 
of the angle of fault application as indi¬ 
cated. The fault angle is designated as 
6J^ which is so defined that a value of 



POLARITY OF THYRATROM 
DEPENDS UPON ANGLE OF 
FAULT APPLICATION 


Figure 4. Recurring-fault circuit uied in 
studying transient recovery voltages following 
double-iine-to-ground faults 


TO D-C VOLTA6B 



Figure 5. Recurring-fault circuit used in 
studying transient recovery voltages following 
double-line-to-ground faults 

Sif and 5$, are synchronous mechanical 
switches. Phase A carries two loops of 
fault current and phase B carries one 
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0A *= 90 degrees corresponds to the time 
at which the steady-state voltage on 
phase is a maximum, the single-line- 
to-ground fault always being applied on 
phase A . Values of from 0-90 degrees 
indicate application of the fault before 
voltage crest is reached, while values of 

from 90 degrees—180 degrees indicate 
application of the fault after the voltage 
crest. Figure 6c shows the crest values 
of the curves in 6a plotted as a function of 
The maximum crest recovery volt¬ 
age was obtained for 6^ = 78 degrees. 
In this case, line losses were high enough 
so that the natural-frequency oscilla¬ 
tions in the fault current were damped out 
before interruption took place. 

Figure 6b shows several recovery volt¬ 
age transients as obtained on the minia¬ 
ture system representing 100 miles of low- 
loss line and sourcereactances as indicated. 
In figure 6d the crest values reached 
in figure 6b are plotted as a function of 
For this case, the maximum recovery 
voltage of 1.7 was reached for either of two 
values of namely 88 degrees and 
120 degrees, while in between these two 
peaks lies a low value of 1.2 at 108 degrees. 
This characteristic of alternate peaks 
and valleys in the crest recovery voltage 
versus 6^ curve is particularly marked in 
the case of low-loss lines and for low 
values of fault current. 

From observations of the transient 
fault current, it was possible to associate 
these peaks and valleys with the oscilla¬ 
tions in the fault current which were of a 
frequency essentially inversely propor¬ 
tional to the length of line represented in 
the miniature system. Corresponding 



field tests indicate that this frequency 
corresponds to the frequency with which 
a voltage (or current) surge travels four 
times over the line length involved.* 
The number of such traversals which can 
take place during the time that the fault 
is on is a function of the angle at which 


Figure 6. Effect of fault ansle on recovery 
voltage. Xo/Xi » 0.4 at source supplying 
650 amperes root-mean-square symmetrical 
line-to-ground fault current in 115-kv system 

(а) and (c)—60 miles of high-loss line 

(б) and (cf)—^100 miles of low-loss line 
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Figure 7. Effect of line length and fault 
current on recovery voltage. Xo/Xi «« 0.4 
at source. Currents are root-mean-square 
symmetrical values for line-to-ground fault In 
115-kv system 


the fault is applied. Further analysis 
indicated that each peak of recovery 
voltage in figure 6d could be associated 
with fault-current interruption at an 
instant of minimum rate of change of 
fault current, and each valley with inter¬ 
ruption at a maximum rate of change of 
fault current. Also, since initial rate of 
rise of recovery voltage is proportional to 
the rate of change of fault current just 
prior to interruption, it was possible to 
associate a maximum initial rate of rise 
with fault interruption at a maximum rate 
of change of current and a m i nimum 
initial rate of rise with fault interruption 
at a miniTniiTn rate of change of current. 
If a system has losses low enough so that 
these fault-current natural-frequency os¬ 
cillations exist when the first normal cur¬ 
rent zero is reached, these alternate peaks 
and valleys in the crest recovery voltage 
versus dji curve will occur. 

The significance of the curves of figure 
6 is that in general it is necessary to deter¬ 
mine a recovery voltage envelope ob¬ 
tained, by appl 3 dng the fault over a range 
of values of Sj,, It is conceivable that a 
single-line-to-ground fault could occur 
for any value of between 0 and 180 
degrees. However, it has been found that 
the recovery-voltage envelope is generally 
determined by values of 6^ between 70 
degrees and 110 degrees approximately. 
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When all possible angles are considered, 
in many cases the identity of a first crest is 
lost in a more or less smooth envelope 
rising to a maxiTTnim crest value of re¬ 
covery voltage at a definite time for a 
given case. 

The entire recovery-voltage envelope 
is of importance, and for successful opera¬ 
tion it is essential that the recovery di¬ 
electric strength within the tube should 
be greater at all times than the voltage 
recovery characteristics. Since it is 
difficidt to summarize recovery charac¬ 
teristics during the initial period, only 
the maximum crest value in the recovery- 
voltage envelope and the time required to 
reach this value are indicated in the 
summary of results. 

There is another reason for using only 
tte maximum crest value reached as an 
indication of the severity of recovery 
voltage. It was found that the initial 
P^od of recovery voltage is quite defi- 
mtdy a function of fault location along 
the hne while the maximum crest voltage 
reached and the time to maximum crest 
voltage were not greatly affected by fault 
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lo^tion. The reason for this is that the 
imtial transient period following interrup¬ 
tion is governed by the rate of change of 
fault current just prior to interruption. 
Fault current changes with fault location 
along the line, being greater if near a 
source and becoming less the more remote 
the fault location is with respect to the 
source of voltage. Therefore, the initial 
voltage recovery rate is greater if the 
fault is near the voltage source, and de¬ 
creases as the fault location becomes more 
remote from the voltage source. Since 
the time to maximum crest recovery 
voltage is a measure of the natural fre- 
quen^^ of oscillation of the entire sys¬ 
tem, it is not subject to much change with 
change in fault location. Therefore, it 
appears to be more descriptive as a 
system characteristic than the first crest 
or time to first crest. 

The initial rate of rise of recovery volt¬ 
age can be approximately evaluated for 
in^y cases by a relatively simple cal¬ 
culation, based on injecting the sym¬ 
metrical fault current back into the net¬ 
work at the point of fault.® If the short- 
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Figure 9. Effect of arc voltage. Xo/Xt « 
0.4 at source. One hundred miles of line. 
Six hundred fifty amperes ‘ root-mean-square 
symmetrical line-to-ground fault current in 
115-kv system at source 

circuit current at any point along a line 
is known, then the initial rate of rise is 

IZta X 10”« volts per microsecond 

where 

I = crest value of the symmetrical fault 
current 

CO as (/is system frequency) 

Z = surge impedance viewed from the fault 
point 

The initial rate of rise calculated from 
this expression is the maximum that can 
be obtained (neglecting natural-frequency 
components in the fault current) since a 
S 3 mimetrical current wave is assumed. 
For any instant of fault occurrence which 
would give a d-c offset component in tlie 
fault current, the initial rate would be 
less. For any system having low losses 
such that the natural-frequency oscilla¬ 
tions would not be damped out when in¬ 
terruption occurred, the maximum initial 
rate would be higher. In such cases, the 
maximum initial rate would be difficult to 
calculate. 

Since single-line-to-ground faults are 
more likely to occur than any other type, 
and alsd, since the double-line-to-ground 
faults which are most likely to occur are 
generally less severe from the standpoint 
of tube operation, most of the results pre¬ 
sented are for single-line-to-ground-fault 
conditions. After the effects of several 
factors had been investigated, the system 
sdected for the first part of the investiga¬ 
tion included the source reactances and 
the Kne open at the far end with no load. 
Most of the work was done at the sending 
end of the transmission line. 

Figure 7 shows the effect of line length 
for several values of fault current in 
amperes referred to a 115-kv system. 
The curves are approximately valid for 
a system of any voltage provided that the 
fault currents are changed in proportion 
to the change in system voltage. In other 

words, it is possible to define a simple 
system such as these studied here more 
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generally in terras of Xi and Xa at the 
source, but it is bdieved that the results 
are of more significance when plotted with 
amperes as a parameter. The results 
indicate that lower currents and shorter 
line lengths at a given system voltage 
tend to give higher crest values of re¬ 
covery voltage in solidly grounded sys¬ 
tems. Time to crest increases with line 
length. This can be explained by the 
fact that voltage reflections from the far 
end of the line return less frequently than 
for shorter lengths and therefore a longer 
time is required for this building up 
process. Higher currents reduce the time 
to crest since the short-circuit current in 
the miniature systems studied is a meas¬ 
ure of source reactance. An increase in 
















crf 

ST > 

;OLT 









u 









V 









\ 




nME 

TO 































0 2 4 6 OO 

NUMBER OF EOUAL LINE LENGTHS ON 
COMMON BUS-TOTAL 100 MILES 


Figure 10. Effect of line grouping. Xo/Xi 
0.4 at source. Four thousand three hundred 
amperes root-mean-square symmetrical line-to- 
ground fault current in 115-kv system at source 


current is associated with a decrease in 
source reactance, which in turn increases 
the natural frequency of the system and 
consequently results in a shorter time to 
crest voltage when interruption takes 
place. 

Figure 8 is a more comprehensive 
summary of results obtained for various 
lengths of line, for various system volt¬ 
ages, and for three values of fault current. 
These curves are of importance in that 
they show clearly the effect of var 3 dng 
any one of the three factors. The curves 
are valid for the relatively simple solidly 
grounded systems studied, but the quali¬ 
tative effects of the factors involved can 
be shown to be valid in general for the 
more complicated systems on which tubes 
may be desired. Therefore, this summary 
may be considered a guide to proper selec¬ 
tion of protector tubes. Crest recovery 
voltages are not summarized since tests 
indicated that in solidly grounded sys¬ 
tems, line-to-ground-fault recovery volt¬ 
ages do not vary greatly unless influenced 


by losses, either in the connected appara¬ 
tus or in the ground (tower-footing re¬ 
sistance) . Since this summary in figure 8 
excludes the effects of these factors, the 
crest recovery voltages for any of these 
cases is probably between 1.5 and 1.76 
with 1.65 to 1.7 being typical for higher- 
voltage systems and 1.55 to 1.6 being 
typical for lower-voltage systems. . 

It was of interest to check some of the 
results shown in figure 8 against cal¬ 
culated results based on injecting the 
fault current into the network at the 
fault point and considering the distributed 
constants of the line. When this was 
done for several cases, it was found that 
calculations based on single-circuit travel¬ 
ing-wave theory® were in essential agree¬ 
ment. 

Figure 9 shows the effect of varying the 
magnitude of arc voltage in the fault. 
Over a reasonable range, this factor has 
little effect on the crest value of recovery 
voltage for a given case. However, it 
can be shown that varying this factor does 
change the fault angle which gives the 
maximum overshoot. 

Figure 10 shows the effect of line 
grouping on a common bus. This curve 
shows that for a given aggregate number 
of nfiles of line, the time to maximum 
crest recovery voltage is materially re¬ 
duced as the line is broken up into more 
short sections. A minimum value is 
reached, however, which corresponds to 
lumping the capacitance of all lines at the 
point of fault. This fact suggests the 
possibility of calculating recovery voltages 
approximately using lumped constants 
when no long lines are involved. 

Figure 11 shows the effect of neutral 
grounding through resistance. The quali¬ 
tative effect is very similar to that ob¬ 
served when tower-footing resistance is 
inserted (see figure 15). This probably 
is to be expected since the circuit connec¬ 
tions differ only slightly for the two condi¬ 
tions. 

The effect of reactance grounding is 
shown in figure 12. Both maximum over¬ 
shoot and time to crest are significantly 


altered by this factor. As more reactance 
is added, time to crest becomes greater 
because of the lower zero-sequence fre¬ 
quency. This soon becomes the predomi¬ 
nant factor in determining both time 
to crest and maximum overshoot, particu¬ 
larly for the short lines where ^e effect 
of the distributed constants of the line 
become rdatively small. 

Figure 13 shows the effect of line 
length and short-circuit amperes when a 
line is fed from both ends. Qualitatively, 
the effect is very similar to that shown in 
figure 8 for lines fed from one end. 

The effect of fault location along a line 
receiving power from both ends is of 
interest. Figure 14 shows that there is 
Kttle change in crest recovery voltage, 
but that there is a significant change in 
time to maximum crest as the fault point 
is moved along the line. This effect was 
much less pronounced for lines fed from 
only one end. However, a fault at the 
midpoint of a line fed from both ends in 
this case is in effect the same as a fault 
at the far end of two 50-mile lines in 
parallel and bussed at both ends. There¬ 
fore, it appears that the effect shown in 
figure 10 is playing an important part. 

The effect of tower-footing resistance 
for a Hne fed at both ends is shown in 
figure 15 for a single-line-to-ground fault, 



Rgure 11. Effect of neutral grounding 
resistance. One hundred miles of line. 
Xo/Xi « 0.4 at source 

/—650; 8—2;2!00; C—4,300 root-mean- 
square symmetrical line-to-ground fault am¬ 
peres In 115-lcv system for zero neutral 
resistance 


RgureISp Effect of 
neutral grounding re¬ 
actance. Single- 
line-to-ground fault, 
of 4,300 amperes 
root-mean-square 
symmetrical at source 
in 11 S-kv system for 
Xo/Xi « 0.4 



Peterson — Voltage-Recovery Characteristics 


August 1939, Vol. 68 


Transactions 409 






The crest voltage reached is seen to be 
reduced as the tower footing resistance is 
increased, and the extent of this effect is 
greater for the larger available short- 
circuit currents. 

The effect of tower-footing resistance 
for a line fed at both ends is shown in 
figure 16 for a double-line-to-ground fault. 
Three pairs of curves are shown, each set 
corresponding to certain conditions of 
fault clearing as indicated. 

In the miniature system it was possible 
t(y apply the fault simultaneously on 
phases A and B at any instant in region 
1 of figure 17. In an actual case, double- 
line-to-ground faults would be quite 
unlikely to occur in a portion of this 
region. Present understanding of the 
behavior of lightning discharges in ini¬ 
tiating power-system faults indicates 
that region 2 of figure 17 would probably 
be much more susceptible to double-line- 
to-ground faults since the polarities of 
the two phases involved are alike while 
the polarity of the third phase is of op¬ 
posite sign.® Under these conditions, 
phase A will carry only a small minor loop 
of current prior to the first current zero 
in that phase. This means that quite 
likely it wiD not clear when it tries to 
intenupt first. Therefore tests made for 
faults applied in region 2 permitted 
phase A to cany current until the second 
current zero was reached. The curves 
marked A~2 and B-2 were obtained when 
this procedure was followed. Under these 
conditions phase B cleared first, although 
with appreciable tower-footing resistance, 
the difference in time of clearing of the 
two phases became very small. If the 
preceding assumptions are correct, the 
curves ri-2 and .B-2 of figure 16 in com¬ 
parison with the curves of figure 15 indi- 
<»te that in an actual case, the single- 
line-to-ground-fault recovery voltage is 
gener^y more severe than the corre¬ 
sponding double-line-to-ground recovery 
voltages where tower-footing resistance 
plays an important part in determining 
the minimum values of current to be ob¬ 
tained. 


The two curves labelled A and B are 
the maximiun recovery voltages on phases 
A and B respectively obtainable for 
appl 3 dng the fault simultaneously at any 
instant on phases A and B, and each phase 
clearing in proper sequence at its first 
subsequent current zero. Ciurve A shows 
the highest recovery voltage reached on 
phase.for a fault applied simultane¬ 
ously on phases A and B at such an 
instant that voltage on phase A was in 
the vicinity of maximum. Curve B shows 
the highest recovery voltage reached 
on phase B for a fault applied simultane¬ 
ously on phases A and B at such an in¬ 
stant that voltage on phase B was in the 
vicinity of maximum. Phase B as de¬ 
fined will be canying much less current 
than phase A for a practical range of 
tower-footing resistance, and in fact, 
may even be carrying less current than 
would flow for a single-line-to-ground 
fault. Analysis of figures 16 and 16 in¬ 
dicates that the double-line-to-ground 
fault under these conditions may be much 
more difficult to interrupt than the single¬ 
line-to-ground fault for certain values of 
tower-footing resistance. 

The preceding analysis indicates that 
phase B (which would tend to dear first) 
may be difficult to interrupt. Therefore 
phase B was permitted to restrike in the 
miniature system so that phase A would 
be forced to interrupt first. When this 
was done, the pair of curves indicated as 
^-1 and .B-1 were obtained. This made 
the recovery voltage on phase A very high 
while on phase B it had been reduced. 
The situation had not been entirely re¬ 
lieved since the recovery voltage on phase 
A was so high as to cause possible diffi¬ 
culties of interruption even though it was 
carrying the greater current. 

Therefore it appears that if double-line- 
to-ground faults could occur at any time, 
without regard to the relative polarities 
of the phases involved, the recovery 
voltages associated with this type of 
fault would be a very important factor 
in the selection of protector tubes in 
many cases. It is quite likely, however, 


that relative polarities determine the 
conditions under which a double-line- 
to-ground fault can occur in an actual 
system, and for that reason the relatively 
high recovery voltages which can be ob¬ 
tained in a controlled miniature system 
are seldom, if ever, obtained in an actual 
system for this type of fault. 


Appendix. Operation of 
Recurring-Fault Electronic 
Switching Circuits 

In figure 3, the fault point designates any 
place in a network at which the recovery 
voltage following clearing of a fault at 
that point is desired. This fault is shown 
occurring to ground, but in the general 
case, this need not be true. It may be 
thought of as occurring between any two 
points in a network, for example, line-to- 
line in a three-phase system. 

The thyratron in figure 3 can be made 
conducting at any instant by making the 
grid sufficiently positive, provided the 
anode of the tube is sufficiently positive to 
cause striking of an arc. Essentially, 
this results in a short circuit between tlie 
fault point and ground, and in the minia¬ 
ture equivalent system would represent a 
fault on the actual system By synchroniz¬ 
ing an applied positive impulse to the grid 
of this tube with the system voltage, the 




Figure 14. Effect of fault location. One 
hundred miles of line with equal generating 
capacity at both ends. Solidly grounded 
system 


A 1,240 root-mean-square symmetrical line- 
to-ground fault amperes at either end In 115- 
l<v system 



Figure 13. Effect 
of fault current. 
Equal generating 
capacity at both ends 
of line. Solidly 
grounded system. 
Currents are root- 
mean-square sym¬ 
metrical amperes for 
line-to-ground fault 
at one end in 115-kv 
system 
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3—2,740 root-mean-square symmetrical llne- 
to-ground fault amperes at either end In 
115-lcv system 


faiflt may be repeatedly applied at any 
pomt on the voltage wave. Fault current 
wiU flow from the time the fault is applied 
until the first subsequent current zero 
^®,^3n:atron will automaticaUy cut 
off the fault current. The voltage appearing 
across this tube will correspond to the 
actual recovery voltage of the system rep¬ 
resented. 

The thyratron serves to simulate the 
arc voltage drop of certain devices, such as 
expulsion tubes, for instance. The amount 
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of arc drop is fairly constant for the tube 
during the time of current flow. The 
magnitude of arc voltage for specific cases 
can be varied by inserting a fixed direct 
voltage (for example, a storage battery) 
in series with the tube and the over-all drop 
can be made greater or smaller than the 
arc voltage of the'tube alone. 

The purpose of the portion of the circuit 
on the left-hand side in figure 3 is to time the 
application and removal of the fault so 
that the transient condition is repeated in 
synchronism with the system voltage. The 
time constant of the series circuit jRiCi 
can be varied to correspond roughly to the 
time for two, three, or any desired number 
of cycles of base frequency (preferably not 
more than about six). If the neon tube is 
not conducting, the voltage across Q rises 
exponentially with time when the direct 
voltage is applied. With the transformer 
unexcited, this same voltage appears across 
the neon tube. When this voltage reaches a 
certain value, the neon tube will suddenly 
become conducting and discharge the ca¬ 
pacitor Cl rapidly through L and R 2 t the 
time constant of this path being small as 
compared with JRiCi. The purpose of L 
is to prolong the duration of this discharge 



Figure 15. Effect of tower-footing resist¬ 
ance. Equal generating capacity at both 
ends of line. Solidly grounded system 


A —100 miles of line; 414 root-mean-square 

symmetrical line-to-ground fault amperes at 

either end in 115-kv system 

B —100 miles of line; 1/240 root-mean-square 
symmetrical line-to-ground fault amperes at 

either end in 115-lcv system 

C—20 miles'of line; 1,460 root-mean-square 
symmetrical line-to-ground fault amperes at 

either end in 115-kv system 

so that the thyratron will have ample time to 
ionize. Immediately after the discharge, 
the neon tube becomes nonconducting and 
the cycle repeats itself automatically. 

The purpose of the transformer is to add a 
small alternating component of system or 
reference voltage. The resultant voltage 
appearing across the neon tube while it is 
not conducting is the sum of an exponen¬ 
tially rising voltage and an alternating volt¬ 
age of reference frequency. Therefore if 
the time constant RiCi is made such that 
breakdown voltage of the neon tube is not 
reached on the second cyde, for instance, 
but is reached on the third, the frequency of 
firing the neon tube is made to interlock 
with the system frequency, and this will be 
repeated automatically every three cycles. 


The frequency of repetition depends essen¬ 
tially on the time constant RiCi. If the 
impulse of voltage appearing across L 
and R 2 when Ci iq suddenly discharged 
through the neon tube, is applied to the 
grid of the thyratron, then the fault condi¬ 
tion desired will be repeated in synchro¬ 
nism with system frequency. 

The primary of the synchronizing trans¬ 
former is excited from a phase shifter which 
is excited from the same source used to 
energize the miniature system. By ro- 



Figure 16. Effect of tower-footing resistance 
and angle of fault application. Equal gener¬ 
ating capacity at both ends of 100-mile line. 
Double-line-to-ground fault on phases A 
and B at one end. Solidly grounded system. 
1^ as Ig b: 1,640 root-mean-square sym¬ 
metrical amperes in 115-kv system for zero 
tower-footing resistance. See figure 17 for 
definitions of regions indicated 

A and 3—-Maximum for Interruption at first 
current zero 

AA and 3-1—Maximum for phase A carrying 
one loop and phase B two loops 

/4-2 and 3-2—Maximum for phase B carrying 
one loop and phase / two loops 

tating the phase shifter, the complete cir¬ 
cuit can be made to apply the fault re¬ 
peatedly at any desired point on the volt¬ 
age wave. When an oscilloscope is used to 
view the repeated transient, it can be made 
to appear stationary bn the screen. 

The tendency of a protector tube to 
interrupt before normal current zero can be 
simulated by means of inserting a small 
resistor in series with the faulting device and 
synchronizing as above a current surge of 
controlled magnitude and shape through 
this resistor.. Thus a voltage is built up 
in opposition to the flow of fault current 
just prior to interruption so that the fault 
current is forced to zero sooner than it 
would be if normal conditions continued 
to exist. This introduces the characteris¬ 
tic rise in arc drop just prior to interruption 
of current flow and is of significance in' 
some cases, particularly where the natural 
frequencies are high. Thus the effect of 
arc voltage characteristics can be simulated 
in great detail, not only for protector tubes, 
but for other interrupting device as well. 

The circuit shown in figure 4 is very simi¬ 
lar to that of figure 3 in principle. In this 
case, two thyratrons are fired simultane¬ 
ously in synchronism with the system fre¬ 
quency, thus making it possible to simulate 
double-line-to-ground-fault conditions in the 
miniature system. 



Rgure 17. Regions of fault application 


The circuit of figure 6 was used in apply¬ 
ing double-line-to-ground faults when it was 
desired to investigate region 2 of figure 17 
and permit current to flow in phase A until 
interruption occurred at the second current 
zero. The first loop of fault current in 
phase A was carried by ^2 and the second 
loop by the thyratron in parallel with it. 
Since phase B carried only one loop, it was 
carried entirely by the thyratron. Si, S 2 , 
and S 3 , were all operated by synchronous 
contactors opening and closing at the proper 
times to produce the desired switching 
sequence. The contactors were mounted 
on an adjustable rack so that the angle of 
fault application could be varied as desired. 
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Discussion 

D. C. Prince (General Electric Company, 
Philaddphia, Pa.): This paper represents 
a valuable addition to the literature on 
voltage recovery transients. It is und^- 
stood to refer primarily to the behavior 
of expulsion tubes. It has not yet been 
shown whether rate of rise of recov^ 
voltage, or time to recovery crest and its 
value or some other characteristic of the 
recovery transient limits the capacity of 
certain interrupting devices. In fact, dif¬ 
ferent interrupting devices may well be 
sensitive to different elements in the re¬ 
covery characteristic. 

In due course it is hoped that an actual 
recovery strength curve will be available for 
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each intemipting device. When that time 
arrives the true significance of papers such 
as Mr. Peterson’s can be measured. 


E. J. Wade (General Electric Company, 
Pittsfield, Mass,): This paper is an ex¬ 
cellent contribution to the literature on 
recovery voltage and Mr. Peterson is to be 
commended for his exhaustive study of the 


as nearly as possible, the conditions found 
on a field test on the lines of the Boston 
Edison Company. 

The oscillograms for this test are shown in 
figure 1 of this discussion. In general, the 
wave shapes, and time to crest, check very 
closely with Mr. Peterson’s results, al¬ 
though there are minor differences in de¬ 
tails, which may be attributed to the fact 
that the 60 miles of line was obtained by 


We do not clearly understand Mr. 
Peterson’s statement as to the difficulty 
of summarizing the first crests and includ¬ 
ing the effects of initiating transients. A 
summary of measurements of first crests 
was presented in our paper.* In that work 
we made adjustments to include the effect 
of the initiating transients, the fault being 
applied so as to make the first crest a maxi¬ 
mum. We feel that this is essential as in a 


subject. 

Because of the similarity in the results of 
this paper and that by Evans and Monteith, 
they mutually support each other although 
differing in details. This statement has 
even more significance when it is remem¬ 
bered that the circuit for the line representa¬ 
tions and the switching methods were both 
different. 

In almost every respect the agreement, 
where the results can be compared, is very 
close but it may be worth while to examine 
one point of difference which can perhaps be 
explained. Comparing figure 4 of the 
Evans-Monteith paper with figure 6 of Mr. 
Peterson’s paper, it will be noted that the 
first crest of the recovery voltage is much 
more prominent in the Evans-Monteith 
pap^, and the voltage thereafter drops 
considerably before increasing again to the 
second crest. In Mr. Peterson’s paper 
(figure 6) the first crest is less marked and 



(a) Magnetic oscillogram (voltages measured 
at generator bus) 



(b) Cathode-ray oscillogram. Voltage on 
line 3 


Figure 1, Single-phase test on 115-kv circuit. 
Fault at near end of 60-inile line 


thereafter the voltage does not drop before 
being increased by the reflection from the 
far end of the line. Wave shapes which 
have been me^ured during field tests more 
nearly approximate the curves given in Mr. 
Peteiwn’s paper and the question arises as 
to whether this difference in wave ahape is 
due to a difference in the assumed con- 
method of representation 

of the Ime. 


It is of interest that the data represen 
by figure Qa of Mr. Peterson’s paper was 
tamed with the circuit set up to simuh 


looping a 30-mile section of double-circuit 
line on opposite sides of the same towers. 
This introduces a small effect due to cou¬ 
pling which was not simulated by the minia¬ 
ture setup. 

The current oscillogram also shows 
oscillations due to the starting transient 
which in this particular case were entirely 
damped out before the current reached 
zero. The measured initial rate of rise of 
voltage was 190 volts per microsecond which 
is a satisfactory check of the calculated value 
of 176 volts per microsecond. 

It would be of interest if Mr. Peterson 
could give some data regarding the rela¬ 
tive losses in the high- and low-loss lines as 
used in figure 6. 

I agree with Mr. Peterson that the first 
crest is not of as much importance as the 
entire shape of the recoveiy voltage wave, 
and because the first crest tends to be ob¬ 
scured in some cfases, further agree that it 
would be preferable to use 90 per cent of 
the crest of. leg voltage as this gives a defi¬ 
nite value of voltage at which the corre¬ 
sponding times may be compared. 


R. D. Evans, A. C. Monteith, and R. L. 
Witzke (all of Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The subject of switching transients 
has been under discussion for some years. 
Due to the complexity of the problem, 
analytical work has been rather limited, 
the best conclusions being taken from actual 
system perfonnance. Recognizing the needs 
for a method of calculation and for further 
refinement in theories, the a-c network- 
calculator method . or miniature-system 
method was developed and presented^ two 
years ago at the summer convention in 
Milwaukee. At that time it was intro¬ 
duced as a method that could be used for 
analyzing recovery-voltage problems, but 
it was also recognized that it ’’opened the 
way to a systematic general investigation 
pf recovery voltage transients and related 
problems” and presented ”a practical 
method of determming the electrical tran¬ 
sients of systems.” A review of the dis¬ 
cussions presented indicates that at that 
time the method was considered radical 
and skepticism was expressed as to its 
broad usefulness. 

It is encouraging to us to note that several 
papers presented on this subject today 
make use of this method. It is our firm 
belief that this method will receive even 
broader usage. 

The pa-per by Mr, Peterson is of interest 
in that it so closely parallels our work, 
the results of which were presented* at the 
last winter convention. Where compari- 
^n can be made the checks are surpris- 
mgly close. Any differences appear to be 
due largely to differences in assumptions 
rather than to differences resulting from the 
actu^ appHcation of the method or from 
the mtroduction of refinements. 
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large number of cases the design of the pro¬ 
tector tube is determined by the first crest. 

Quite often, depending upon the system 
characteristics, the recovery voltage curve 
may have several crests before maximum is 
reached. In our paper presented last year,* 
we not only summarized the first crest but 
also the succeeding significant crest, having 
in mind the protector-tube application. 
Mr, Peterson apparently has summarized 
the maximum crest with its corresponding 
time. The fact that our paper summarized 
the ’’significant crest” and Mr. Peterson's 
paper the ’’maximum crest” will account 
for differences in the data. This is a pas¬ 
sible explanation of why Mr, Peterson’s 
summary showed relatively higher volt¬ 
ages for the high-voltage systems. It was 
our opinion, that the times associated with 
these higher voltages were so long as to 
make the slightly lower voltage with a con¬ 
siderably shorter time more important in 
the application of the protector tubes. 

In the representation of systems we 
have given considerable thought to the 
networks to be used. We found it neces¬ 
sary to weight the constants used when em¬ 
ploying a x-type network. In most cases, 
however, we used a more complicated net¬ 
work with a weighting of the constants pro¬ 
portioned for the particular system being 
studied. It would be interesting to know 
whether Mr. Peterson used a simple x 
network or one with weighted constants 
for the short line sections. 

Electronic devices for controlling the 
application and removal of the fault are 
convement and advantageous where the 
electronic tube characteristic closely fol¬ 
lows that of the arc path desired for the 
study. This arc characteristic does not, 
however, lend itself to broad transient 
an^ysis. It is for this reason that, after 
giving consideration to the use of the elec¬ 
tronic device and the synchronously driven 
switch, we chose the latter, preferring to 
have one device for general investigation. 

In eliminating the consideration of the 
double line-to-ground condition for the 
application of protector tubes, Mr. Peterson 
has considered the zone where the instan¬ 
taneous voltages on two phases are of the 
same polarity and of practically equal 
magnitude. It is our opinion that the 
power-system voltage is low in compari¬ 
son with that of lightning and therefore 
that the effects of polarity and magnitude of 
the normal system voltage are negligible. 
Lightning can strike any phase, and cause 
the breakdown of one tube which in the 
more severe cases will cause a rise in the 
potential of the ground point and result in a 
flashback through one or two of the re- 
maimng tubes. If this is correct the 
double-line-to-ground fault can occur at 
any point and cannot be eliminated from 
consideration. 

There is an intermediate range of tower 
resistance that makes it possible for the 
first tube attempting to clear for the double- 
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line*to-ground fault to liang on and for the 
second tube to dear* The condition would 
then be that of a single-line-to-ground fault 
and the first tube would then dear. Such 
operation would subject the first tube to 
considerable erosion. However, for both 
the lower and the higher values of resist¬ 
ance, the severity on the two tubes is so 
dosely the same that if one fails to dear, 
the other will probably not dear. We 
therefore feel that the recovery voltage 
conditions for double-line-to-ground should 
be considered in the selection of the tube. 

In condusion it is of interest to point out 
that no factor has been uncovered in these 
investigations to question the grounded- 
neutral system which is in general use in 
this country. 
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Harold A, Peterson: The interest aroused 
in the general subject of overvoltages as 
indicated by discussions both written and 
oral reflects the importance of bdng able 
to obtain readily quantitative results such 
as those presented in my paper. The 
miniature-system method of actual system 
representation appears destined to continue 
to play an important part in arriving at a 
better understanding of numerous dosdy 
related transient and steady-state phe¬ 
nomena. Since this practical tool for evalu¬ 
ating voltage recovery characteristics for a 
variety of interrupting devices under vari¬ 
ous operating conditions has been developed 
to a stage of usefulness, it is hoped that 
similar progress can be made in determining 
the recovery dielectric strength curves for 
each interrupting device as well, so that 
the problem of co-ordination between such 
curves and voltage recovery characteristics 
can be placed on a sound engineering basis 
as Mt. Prince suggests. 

In comparing figure 6 of my paper with 
figure 4 of the Evans-Monteith paper (refer¬ 
ence 2), Mr. Wade has brought out a sig¬ 
nificant point. The following discussion 
will explain the cause of this point of differ¬ 
ence in results and will answer several of 
the questions raised by Messrs. Ev^, 
Monteith, and Witzke in their discussion. 
The reason for this point of difference can 
best be understood by considering various 
methods of representing the transmission 
line in miniature. Figure 2 of this discus¬ 
sion shows a family of voltage-recovery 
curves obtained for an assumed actual 
system. Each curve corresponds to a dif¬ 
ferent method of representing the actual 
system as indicated. The fault was left on 
sufficiently long in each case so that inter¬ 
ruption took place from a steady-state 
condition (that is, there were no initiating 
transients and' only symmetrical power 
current was flowing). It will be observed 
that the curve A obtained using nine r 
sections for the 90 miles of line closely 


approximates the briiavior of a uniformly 
distributed constant line (cufve 2?). This 
approximation is very ^ood, even to the 
timing of the return of the reflected wave 
from the far end of the line. Since no 
losses were assumed in calculating curve D, 
it is to be expected that the crest voltage 
after reflection would be higher than that 
actually obtained in any of the miniature 
system setups. • 

Curve C obtained for a weighted-constant 
double-ir representation shows a tendency 



to give a higher first crest voltage than that 
obtained either with the nine ir sections or 
by distributed-constant calculations. There 
is a pronounced voltage drop after this first 
crest is reached before the voltage con¬ 
tinues on upward to the maximum crest 
value. It will be observed also that the 
axis of oscillation of this first period is the 
true exponentially rising recovery char¬ 
acteristic. 

Curve B shows the recovery characteris¬ 
tic for an equivalent double-*- representa¬ 
tion (not weighted). This gives a still 
higher first crest voltage, but the axis of 
oscillation appears to be approximatriy the 
exponentially rising true recovery character¬ 
istic. 

Several points of interest may be noted 
in this figure. All three methods of minia¬ 
ture representation considered 3 nlrid essen¬ 
tially the same time to maximum crest 
voltage, and only slight discrepancies 
appear to exist for the magnitude of the 
maximum crest voltage. The greatest 
discrepancies occur during the initial 
period before the reflection returns from 
the far end of the line. The first crest volt¬ 
age obtained for a double-r representation, 
weighted or not, characterized by magni¬ 
tude and a time to that magnitude, doss 
not lie on the true system recovery characteris¬ 
tic, With the nine *• section representation 
there are several oscillations, small in 
magnitude, which deviate only slightly 
from the true recovery characteristic. It 
is for this reason the statement was made 
that it is difficult to summarize the initial 
part of the recovery characteristics in terms 
of a first crest and a time to first crest. 
This analysis may account for the fact that 
some of the first crest voltages obtained by 
Messrs. Evans and Montdth* appear to be 
high. First crests, at least in part (depend¬ 


ing on initiating transients)* are diaracter- 
istic of the miniature S 3 ^em representa¬ 
tion, and in general, may not be characteris¬ 
tic of the actual system it was intended to 
represent. As indicated by the curves of 
figure 2, time to 90 per cent normal voltage 
would have more significance iu inter¬ 
preting results obtained in our miniature 
system where each artificial v line section 
represents ten miles of actual line. Ex¬ 
perience, as illustrated by these curves, 
indicates that for lengths of line as short as 
20 miles, such *- representation does not 
give very accurate initial recovery condi¬ 
tions. However, maximum crest and time 
to maximum crest voltage are not in ap¬ 
preciable error. 

It is important to point out that the 
entire recovery voltage characteristic is 
important, and therefore any attempt to 
summarize the severity of the initial period 
by means of a single magnitude and the 
corresponding time cannot be entirely ade¬ 
quate. 

The low-loss line as used in obtaining re¬ 
sults in figure 6 of my paper had an Ri/X\ 
and 2?o/^i ratio of 0.10. The high-loss line 
had an R\/Xi ratio of 0.40 and in addition 
had a high neutral-return resistance of two 
ohms per mile to damp out quickly the fault- 
initiating transients. 

Electronic devices for controlling and re¬ 
moving the fault in a miniature system are 
distinctly advantageous. Fault interrup¬ 
tion always takes place precisriy at a cur¬ 
rent zero without adjustment. This is true 
even for very high natural frequencies of the 
circuit under investigation. High fre¬ 
quencies present an almost insurmountable 
difficulty to mechanical devices if flexibility 
of control for recurring transient conditions 
is desired. In addition, when electronic 
devices are used, various arc-parii char¬ 
acteristics can be simulated as indicated in 
my paper. This is of importance where it is 
desired to know the effect of ass^ed or 
known arc characteristics of certain inter¬ 
rupting devices. If the miniature-system 
voltage base is sufficiently high, the nori^ 
arc drop in the thyratron tube becomes in¬ 
significant. In cases where such conditions 
do not prevail the arc drop can be reduced 
to zero as indicated in the appendix. 

It was not my intention to elimin ate the 
double-line-to-ground fault from considera¬ 
tion in the application of protector tubes as 
Messrs. Evans, Monteith, and Witzke infer. 
The curves shown in figure 16 were simply 
intended to illustrate the effects of re¬ 
striking in the case of a double-line-to- 
ground fault. A double-line-to-ground fault 
can occur at any instant regardless of polar¬ 
ity, although the region indicated in figure 
17 is probably most susceptible. In case 
restriking does occur for a double-line-to- 
ground fault, clearing becomes a sdective 
process. The phase to dear fiirst will then 
be the one which can be most easily deared. 
If the tube is not able to dear the easier 
phase to interrupt of the two, the fault may 
continue until cfeared by braker action. 
However, in general, it is necessary to con¬ 
sider every possible instant of fault applica¬ 
tion and interruption at the first current 
zero in each phase to insure proper protec¬ 
tion over a period of time since any re- 
striking results in excessive erosion of the 
tube walls. 
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A New High-Capacity Air Breaker 


L. R. LUDWIG 

ASSOCIATE AIEE 


Synopsis: Air circuit breakers for lower 
voltages of simple design are being replaced 
by improved types, which incorporate 
specially designed circuit-intemipting de¬ 
vices for the purpose of improving the in- 
terruptmg efficiency and minimizing the 
formation of arc flame and gases. A new 
form of deionizing arc interrupter is de¬ 
scribed which is equally effective for both d-c 
and a-c circuits. A new air circuit breaker 
has b^n designed to utilize this interrupter 
in which carbon arcing contacts are replaced 
by refractory metal, and laminated-brush- 
t 3 T)e main contacts are replaced by silver¬ 
faced solid copper. These improvements 
have led to greatly increased current-carry¬ 
ing capacity in breakers of a given size and 
also large increases in interrupting capacity 
with a minimum of noise and flame, which 
permits the breakers to be readily mounted 
m enclosures and cubicles of small physical 
size. 


I. Introduction 

INTERRUPTION of low-voltage cir¬ 
cuits in air is so easily accomplished bv 
the mere separation of suitable contacts 
that it has been unnecessaiy to develop 
efficient arc-interrupting devices in order 
to make air breakers workable. The 
usual breaker construction permits the 
formation of an unrestricted arc which 
len^ens due to a self-generated mag¬ 
netic field until interruption is accom¬ 
plished, and meanwhile discharges ionized 
gases in undesirable quantity to the sur¬ 
rounding space. Such simpHdly is per¬ 
missible if adequate mounting space is 
available for the breaker, and if there is 
no objection to the thunderous detonation 
which accompanies the arcing. 

Compact metal-dad switchgear, how¬ 
ever, has grown up around the conception 
of adequate circuit breakers which will 
take care of the gases and other by¬ 
products of interruption in the devices 
themselves without imposing complica- 
hons on the bus and mounting structure 
Standard practice involves air-insulated 
busses and connections for the most part 
with conductor ins ulation only as protec- 
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tion against inadvertent ’ contingendes. 
The increasing use of air breakers in 
metal endosures is, therefore, creating a 
demand for carefully controlled arc inter¬ 
ruption which will confine the arc to de¬ 
ionizing chambers and prevent electrical 
breakdown between phases or to ground 
as the result of ionized flame widespread 
about the breaker. 

Deionizing interrupting devices, origi¬ 
nally devdoped by Slepian and assod- 
ates,^ have provided a solution to the 
problem of air interruption in confined 
space for several dasses of breakers,* and 
recently Dickinson,® and Sandin,^ have 
described compact endosed breakers 
utihzing the deionizing prindples for 
opening drcmts of moderate short-drcuit 
current. The devdopment of endosed 
air breakers which will interrupt cur¬ 
rents up to 120,000 amperes root-mean- 
square and which will have universal ap¬ 
plication to both d-c and a-c circuits of 
750 volts and bdow, has however necessi¬ 
tated a new form of interrupting device. 
In addition, the unusual stresses of such 
high short-drcuit currents have made 
necessary the devdopment of a new 
breaker itself for the purpose of minimiz¬ 
ing contact burning, increasing interrupt¬ 
ing speed, decreasing size, and improving 
mec^nical adequacy. Both the inter- 
rupting chamber and the breaker are 
described in this paper. 
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II. Deionizing Interrupter 

Interruption of high short-circuit cur- 
r^ts with scant outward display and 
wtual freedom from external ionized 
flame requires a confined arc which dissi¬ 
pates the least possible energy. Al- 
tto^h the a-c circuit may be opened with 
a theoreticany very small energy dissipa¬ 
tion by rapidly deionizing the arc path 
n^ a normal current zero.i the d-c circuit 
discharges an amount of energy in the 
^c somewlmt greater than that stored 
m the drcuit electromagnetically when it 
^inteiTOpt ^.1 The d-c energy dissipa- 

uon and arcmg time can be mmimized by 
developing the highest permissible arc 
drop whidi will not endanger the drcuit 
*^tion immediately upon separating 
ae TOntacts, and sustaining this value un- 
W mterraption is complete. The arc 

op which is the product of volts per 
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inch and inches length can be achieved 
either by considerable lengthening of the 
arc or by the development of a high volt¬ 
age gradient along its axis. The latter 
means is preferable first because the 
necessary arc drop can be developed most 
quickly by the introduction of deionizing 
means to increase the voltage gradient, 
and second because a smaller structure is 
required if the arc is kept short. The 
product of arc length and gradient should 
be kept substantially constant to avoid 
overvoltages. It is also necessary that 
the breaker contacts mechanically sepa¬ 
rate at high speed in order to provide im¬ 
mediately the necessary arc length. 

For best interruption of the a-c circuit, 
the arcing time should also be kept small. 
On high-voltage circuits it is preferable to 
permit the arc to continue to a normal 
current zero, at which point the interrup¬ 
tion is completed. On low-voltage car¬ 
ets, however, it is also practical to 
interrupt the circuit in a d-c manner by 
bringing the current to zero with a limited 
arc voltage. The power loss in the arc 
may be increased if this is done, but since 
the arcing time is shortened the energy 
dissipation with high current and low 
circuit voltage will not necessarily be in¬ 
creased. 

The usual methods of interrupting an 
arc do not possess all of the character¬ 
istics enum^ted. Simple lengthening 
of the arc with a magnetic field does not 
sufficiently confine it nor limit its length. 
Furthermore, the volt-time character¬ 
istics of magnetically driven arcs do not 
have the desired shape for d-c interrup¬ 
tion. Finally, magnetic-blowout break¬ 
ers are notoriously noisy. 

Interruption by means of gas blast has 
been very successful ’in the operation of 
fuses. Such means are peculiarly difficult 
to apply to air breakers however, because 
of the necessity of almost complete re¬ 
striction about the contacts. Further¬ 
more, gas-blast devices are generally 
noisy ^d have a limited life since ma¬ 
terial IS eroded away in forming the 
necessary gas. 

The deionizing arc chamber* meets the 
requirements of a-c inteiruption very 
successfully, and is more efficient than 
other methods in common use. It is not 
applicable for currents as high as 100,000 
amperes, and because of its principle it is 
not adaptable for the interruption of the 
higher-voltage d-c circuits. 

An arc ^y be driven into a narrow 
slot fo^ed by walls of non-gas-forming 
insulating material, and if sufficient vent- 
mg is provided for the gases together with 
s^aent constriction of the arc, consider¬ 
able arc drop can be developed. Slepian® 
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has published data showing that in a 
one-eighth-inch slot, 800 root-mean- 
square volts per inch can be interrupted. 
Deionization chambers made with this 
principle do, however, fail to limit the arc 
length and voltage drop, and present 
problems in venting with very high cur¬ 
rents. 



(a) Bottom view showing arrangement of 
insulating plates In arc chamber 



(jb) Top view showing location of iron plates 

Figure 1. Arc chamber 
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During experiments with arcs in nar¬ 
rowly slotted plates, spaced apart to al¬ 
low venting, it was found that if the upper 
part of the slot were closed the magnetic 
field would drive the arc to the top of the 
slot, after which the arc core would 
remain stationary but the field would 
drive gases tuxbulently through the arc 
and deionize it. The construction is 
similar to one described by Slepian in 
1933.'^ In principle the magnetic field 
acts on the electrons which in turn furnish 
the gas particles with a resultant velocity 
by bombardment. Hereby a strong blast 
of gas is passed through the slots and the 
arc must, therefore, ionize fresh gas in 
considerable quantities to maintain a con¬ 
ducting path. 

The arrangement finally developed con¬ 
sists of a large number of non-gas-f orming 
insulating plates with V-shaped slots as 
shown in figure 1. They are spaced with 
intervals at right angles to the arc path 
mainly to provide free venting space 
to the top of the arc chamber for escape 
of arc gases, thus reducing back pressure 
which would tend to direct ionized gases 
downward. It will be noted that the slots 
are quite narrow at the upper end, while 
at the lower end they are widened out 
considerably. This provides room for 
movement of the arc tips and contact arm. 
The constriction of the arc in the slots is 
also important in causing the arc to as¬ 
sume a section which makes the magnetic 
and gas action most effective. 

For convenience, the term *‘magnetic 
blast* ‘ has been adopted to describe the 
action, and the device is called a mag¬ 
netic-blast interrupter. 

The magnetic field may be provided by 
a series coil, but it has been found that an 
adequate field may be self-induced by 
building the chamber to contain iron 
plates as shown in figure 1. With the 
exception of the actual arc tips it is neces¬ 
sary to keep the arc from striking any 
rriAffll parts in the arc chamber. Unless 
this is done the volatile metal resulting 
from contact with the arc interferes with 
the deionizing action; and the display of 
molten metal is objectionable. To ob¬ 
tain this result the iron plates used for 
intensifying the magnetic fidd to create 
the blast are located directly above and 
in the same plane with the insulating 
plates so as to be definitely out of the arc 
path. 

The interrupting chamber built in this 
way Kmits the arc length to a defimte 
value. During d-c interruption, the field 
is strongest when the current is high at 
the beginning of the interruption. Con¬ 
sequently, both the deionizing action 
produced by the magnetic-blast effect 
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(a) Closed position 



(fa) Open position 

Figure 2. Circuit-breaker contact construction 


of the fidd and the ionizing action pro¬ 
duced by the heavy current in the arc 
are initially high. As the current de¬ 
creases, both ionizing and ddonizing 
forces subside and the voltage gradient of 
the arc remains substantially constant. 
Since the lengtli is limited and constant 
when the full value is reached, the arc 
drop as a function of time approximates 
the desired curve shape. There is no lugh 
overvoltage at the instant of interruption. 

During a-c interruption, an early cur¬ 
rent zero is forced, but the arc drop is not 
high until the end of the ardng half cycle 
because of the normally sinusoidal current 
and its effect on the fidd. There is only 
one half-cyde of arcing except when the 
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LINE CURRENT 


Figure 3. Oscillogram showing interruption 
of 62,400 amperes at 750 volts direct current 



Figure 4. Oscillogram showing single-phase 
interruption at 111,000 amperes, 300 volU, 
60 cycles 


contacts part just prior to current zero, 
in wliich case the time will be slightly 
longer. 

The arc is well enclosed by the cham¬ 
ber, and the gases which pass between the 
plates and out the top of the chamber are 
deionized by the plates so that very little 
flame passes out of the top. BreaJcers 
equipped with these interrupters have 
been tested in enclosures with the top 
surface only one inch above the arc 
chamber, and interruption was satisfac¬ 
tory. The chamber is effective as a 
muffler, and noise is greatly reduced by 
its use. 

The voltage drop of the arc in the cham¬ 
ber can be as much as 350 volts per inch 
direct current, and 550 volts per inch 
root-mean-square, alternating current 
Currents as high as 120,000 amperes root- 
mean-square have been interrupted satis¬ 
factorily. 

ni. Air Breaker Construction 

An air breaker designed to handle 
considerable current must incorporate a 
pluraKty of contact pairs in order to iso¬ 
late properly the fimctions of carrying 
load current and interrupting short-cir- 
cmt current If high short-circuit cur¬ 
rents are to be interrupted, it is necessary 
to use three sets of contacts. The first 
set, or main contacts, serves only to carry 

load current In order to make the over¬ 
all dimensions of an air breaker as small 
as possible for a given current rating, it 


416 Transactions 


is necessary to use materials and con¬ 
structions for the main contacts which will 
carry the load currents with as little 
ohmic loss as possible. 

The most satisfactory structure for 
this purpose has been found to consist of 
an upper and lower main-contact stud 
constructed of copper with a solid copper 
bridging member, which breaks contact 
when the breaker is opened. The effec¬ 
tiveness of the contacts is greatly in¬ 
creased by the use of silver plates brazed 
on to the contact faces of both moving 
and stationary members. The silver 
should be in the form of a thick plate 
rather than thin electroplating, in order 
to provide long life and freedom of main¬ 
tenance. Sufficient spring pressure must 
be used to insure a low contact drop with 
normal load current. It is impractical 
and unnecessary to utilize spring pres¬ 
sures so high that the main contacts will 
not be blown apart by heavy short-circuit 
cmrents, because in the event of short 
circuit these contacts must part as the 
breaker opens; and other parallel contacts 
must, therefore, be so designed that the 
main contacts will be well protected. 

High-pressure silver line contacts are 
superior to low-pressure silver surface 
contacts. As shown in figure 2, the line 
contact is obtained by machining the 
face of one silver plate to have the profile 
of a segment of a circle. Proper align¬ 
ment of the contacts is necessary to en¬ 
sure good line contact. This has been 
achieved by placing the silver at a 45- 
degree angle on the main contact studs 
and machining the bridging member so 
that the contact lines lie on a cylindrical 
surface. The cylmder will properly align 
itself with the two planes formed by the 
stationary stud contact members as the 
bridge member is somewhat free to slide 
into proper position. 

This main contact construction has 
proved so effective that the over-all di¬ 
mensions of the new breaker which will 
handle 1,600 amperes are no larg^ 
breakers of earlier form, using laminated 
brush construction, which could carry 
only 800 amperes with the same tempera¬ 
ture rise. 

In order to protect the main contacts 
from being burned as the breaker passes 
and interrupts heavy short-circuit cur¬ 
rents, it is necessary to use a set of pro¬ 
tective contacts and a separate set of 
arcing contacts, as shown in figure 2. 

The contacts must obviously separate in 
proper sequence, that is the main con¬ 
tacts part first, then the secondary or 
protective contacts, and finaUy the arcing 
contacts. In order to provide for the 
proper mechanical sequence of operation 


it has been usual practice in air-drcuit- 
breaker designs eitier to make the con- 
tact-cart 3 dng arm a flexible member or to 
provide in it a pivoted joint and springs 
mounted to hold the contacts closed. 
The flexible-arm construction is not satis¬ 
factory since it is too readily bent by 
magnetic forces associated with extreme 
short-circuit currents, with the result that 
the arcing and protective contacts may 
open before the main contacts, A rigid 
contact arm, when provided with a 
separately moving member which carries 
the arcing contacts and the necessary 
springs, is difficult to design in a neat 
manner and also has the disadvantage 
that its weight and inertia are consider¬ 
able, which results in a decreased me¬ 
chanical speed of breaker opening. As 
shown in figure 2, the necessary rdative 
motion of the secondary and arcing con¬ 
tacts has been provided by a movable 
platform member on a stationary-contact 
side of the breaker. As tlie breaker opens, 
this platform member moves directly 
with the contact-supporting arm in such 
a way that the secondary and arcing con¬ 
tacts do not slide on each other or sepa¬ 
rate. The necessary freedom for the 
moving platform member is provided by 
a slot in the side plates which support it. 
After a sufficient degree of motion has 
taken place to separate completely the 
main contacts, the pin which is a part of 
the platform member reaches the end of 
the slot in the side plates and tlie second¬ 
ary contacts part. With further breaker 



Ludwig, Grissinger—Air Breaker 


motion ^e platform member pivots 
about this pin, the secondary contacts 
on the stationary side move backward, 
and the arcing contacts remain closed 
until the stop at the upper portion of the 
platform mtmhtr reaches its final posi¬ 
tion. At this point the arcing contacts 
separate. 
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By means of this construction it has 
been possible completely to enclose the 
springs and shunts and to provide a simple 
design unusually neat in appearance. 

The secondary-contact material must 
be chosen to resist some arcing, but at 
the same time the contact drop must be 
kept low in order to provide necessary 
protection for the main contacts. A 
tungsten alloy has been used. The arcing 
contacts must be very resistant to damage 
from the arc, and a similar tungsten con¬ 
taining a higher percentage of tungsten 
has been used. This material is much 
superior to carbon since the contacts may 
be made smaller, more free from breakage, 
and have better thermal capacity and 
conductivity. 

It is important to use adequate shtmts 
for connection between the secondary 
and main contacts in order to transfer 
the current from the main contacts to 
the secondaries without burning the 
mains. The shunt, contained within the 
moving platform member, is inverse in 
form, so that the heavy short-circuit 
current will tend to close the secondary 
contacts tightly together. The current 
path to the arcing contacts cannot be 
constructed in this way since the mag¬ 
netic field must be such as to blow the arc 
upward from the arcing contacts when it 



Figure 6. A complete electrically operated 
circuit breaker 
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is formed. Consequently, the spring pres¬ 
sure has been made adequate to keep the 
arcing contacts together imder sufficient 
pressure, even against the effect of very 
high short-circuit currents. 

To protect completely the main con¬ 
tacts from the effect of the arc between 
the upper contacts, a pair of horizontal 
overlapping baffles were inserted directly 
below the secondary contacts. Any gases 
moving downward are consequently de¬ 
flected and there is no danger of the arc 
striking between the mains when inter¬ 
rupting heavy currents. 

It is pointed out in section II that high 
mechanical speed of opening is necessary 
to minimize the energy which must be 
dissipated in the interrupter. This has 
been achieved in the breaker by making 
the moving contact arm and its associated 
members as Hght as possible and by using 
heavy springs to accelerate the breaker 
initially. With short-circuit currents in 
the higher brackets complete operation, 
which includes tripping of. the breaker, 
mechanical opening, and arc extinction, 
takes place in a single half cyde. Even 
in the case of lower short-circuit currents, 
the operating speed is unusually fast and 
complete operation does not ordinarily ex¬ 
ceed two cycles. 

To withstand the forces imposed upon 
the structure as the result of extreme 
short-circuit current and the high open¬ 
ing speed, an air dashpot shock absorber 
was designed to absorb the kinetic energy 
of the moving-contact arm. Without a 
device of this kind rebound was noted. 
The dashpot, however, is so effective that 
rebound is eliminated. At the same 
time the stresses are greatly reduced, so 
that no part is in danger of mechanical 
breakage. 

IV. Interrupting Tests 

To obtain the necessary range in cur¬ 
rent at 600 to 750 volts direct current, 
test apparatus consisting of four 1,500-kw 
generators was used. D-c tests were made 
on single-pole breakers with currents rang¬ 
ing from only a few amperes up to and 
including 62,000 amperes (table II). 

Both single-phase and three-phase short- 
-drcuit tests were made at 440 and 600 
volts, 60 cycles, using a test set consisting 
of a three-phase 3,000-kva bank of low re¬ 
actance transformers. These tests ranged 
in current values from a few amperes up 
to 120,000 amperes root-mean-square with 
crest values over 200,000 amperes. How¬ 
ever, in order to obtain currents above 
45,000 amperes the low-voltage windings 
of the transformers ware coimected in 
parallel, causing a reduction in voltage 
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Table!. A-CTests 


Actual Current 
Measured 
by OBcillograpb. 


Test 

Num¬ 

ber 

Volts, 

60 

Cycles 

Rind 

of 

Teat 

Root 

Mean 

Square 

Crest 

Single phase 




1... 

..575... 

...O.. 

.... 4,750. 

. 7,900 

2... 

..575... 


.... 7,900. 

. 11,200 

3... 

..575... 

...O.. 

.... 22,300. 

. 34.000 

4... 

..676... 

...O.. 

.... 32,600. 

. 52,000 

«... 

..288... 

...O.. 

.... 46,000. 

. 72.000 

6... 

..288... 

...O.. 

_ 65,000. 

. 92,000 

7... 

..288... 

...O.. 

.... 76,000. 

.112,600 

8... 

.,288... 

...O.. 

....111,000. 

.161,000 

9... 

..288... 

...o.. 

_124,000. 

.204,000 

Three phase 







Phase Phase 

Phase 




1 2 

3 

10... 

..600... 

...o.. 

. .34,400. .42,200. 

. .36,600 

11... 

..600... 

...0.. 

. .38,200. .38,200. 

. .33,500 

12... 

..600... 

...CO. 

..13,800.. 14,800. 

..17,700 

13... 

..600... 

...CO. 

..28,800.. 30,200. 

. .24,000 



Table II. 

D-C Tests 

Test 

Volts, 

Kind 

Actual Current 

Kum< 

60 

of 

Measured by 

her 

Cycles 

Test 

OsciUograph 

14... 

.750... 

.O... 

.20,000 

15... 

.760... 

.o... 

.36,900 

16... 

.760... 

.O... 

.....62,400 


to approximately 300 volts. Since all 
tests above 45,000 amperes were made 
single phase with 300 volts across the 
pole, they were equivalent in effect to 
similar three-phase tests at 520 volts 
(table I). 

The oscillograms, figures 3, 4, and 5, 
show how rapidly and smoothly the arc 
voltage increases and the effective arc¬ 
extinguishing action obtained by this 
means. The arcing time is definitely 
limited to one-half cyde or less and this 
coupled with fast breaker action provides 
an over-all operating time varying from 
three cydes at low short circuits to one- 
half cyde at very heavy currents. 

The use of the new deionizing interrupt¬ 
ing chamber greatly reduces the amount of 
noise and disturbance which ordinarily 
takes place when heavy short circuits are 
opened by air breakers. The iom:^d 
flame which ordinarily accompanies in¬ 
terruption was also greatly reduced, and 
interrupting tests with these breakers in 
metal cubides of dimensions very little 
larger than that of the breaker itself in¬ 
dicated no danger of flashover between 
phases or to ground. 

V. Conclusions 

Utilizing the new form of arc-interrupt¬ 
ing device in conjunction with an air 
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circuit breaker improved both electrically 
and mechanically in fundamental re¬ 
spects, has made it possible to build an 
air circuit breaker of comparatively small 
size which will interrupt short-circuit 
cinrents up to 120,000 root-mean-square 
on alternating current, or 62,000 amperes 
on direct current. The complete breaker 
electrically operated is shown in figure 6. 
The noise and demonstration which are 
usual in air-circuit-breaker practice have 
been greatly reduced. The ionized flame 
has also been reduced to an extent that 
these breakers can be compactly mounted 
in steel cubicles without the necessity of 
providing unusual barrier arrangements 
or dead space above the breaker for tak¬ 
ing care of the ionized gases. 
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air breakers are finding wider application in 
fields such as central-station auxiliary serv¬ 
ice, Here the utmost in reliability is de¬ 
manded. Low-voltage metal-clad switch- 
gear, as illustrated, provides the safety, 
interchangeability, reliability, compactness, 
appearance, and trouble-free operation 
which are essential to the perfection in 
design for which central-station engineers 
are striving. 

These various points are discussed to 
emphasize that, as breaker design pro¬ 
gresses, the associated gear keeps pace with 
it so tlmt the full benefits are made available 
to industry. 


E. A. Childerhose (Jackson and Moreland, 
Boston, Mass.): The manufacturer is to 
be congratulated on having taken another 
successful, even if tardy, step m the develop¬ 
ment of air circuit bi'cakers. The advan¬ 
tages of air circuit breakers over oil circuit 
breakers are so numerous that the latter 
(all voltages) should be obsolete within the 
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Ulscussion 

Charles P. West (Westinghouse Elect 
and Manufacturing Company, East Pit 
burgh, Pa.): Messrs. Lud^g and Gi 
smger have described the latest advance 
the circuit-interrupting art. It is anotl 
step m the series of breaker improvemei 
founded on Doctor Slepian^s fundamen; 
concepts of arc control. The commerc 
developments arising from these eai 
theories are affecting not only arc-interrut 
mg devices, but the supporting switc 
boards, structures, housings, and oth 
associated gear as well. 

This new breaker design makes it possib 

to meet the ever increasing demands fi 
ruction m the size of structures. T1 
ability to carry and interrupt current in 
pven space has been greatly increase( 
For instance, it is now possible to hou< 
three manual three-pole 600-voit 160( 
ampere 40.000-amperJinter^S 

ing-<»paaty metal-enclosed drawout cii 
26 inches wid 

nf ^ figure 

ofttodis^ion. It requires a width d3i 

inches and height of 46 inches. Figure ! 
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shows the rear of this truck. Note the 
liberal design of the primary contacts. 
The safety interlocking features common in 
metal-clad gear are provided. Three-thou¬ 
sand ampere units are the same width and 
60 inches high. Such compactness is now 
possible because so little clearance over the 
arc box is necessary and the new breaker 
frame is much smaller. 

Figure 3 shows a structure for 2 600- 
ampere, 12 1,600-ampere manual, and 4 
2,000-ampere electrically operated units. 
Semiflush instruments and relays for two 
generators, two transformer banks, a bus tie 
breaker, and 16 feeders are provided. Two 
three-phase reactors are mounted in the 
superstructure. Housing these high-cur- 
r^t-capacity drawout breakers in limited 
spaces requires liberal ventilation. This 
feature must be carefully watched in the 
design of the structure and bus compart¬ 
ments. Another factor demanding atten¬ 
tion IS the locating of the copper for the bus 
and connecting circuits. As the breaker 
umts get smaller, the width per circuit de¬ 
creases and it is more difficult to provide 
accessibility and the required electrical 
clearances. 


‘ u • V,-—1 xac lu apparati: 

IS basicaUy determined by the top operatin 
temperatures which the materials used ca 
stand continuously without damage. Dil 
ferent classifications are recognized am 
ma^um temperatures determined by th 
aesi^ features of each. As materials am 
fii^es are improved, apparatus can b 
^ely worked at higher temperatures. Fo 
i^ance, bus temperatures are limited s< 
1 i will occur in joints. Silvei 

Platmg ehminates harmful oxides and 

temperatu^ might weU be permitted. An 

br^ws of the type described by Messrs 
Ludwig and Grissinger employ sflver-faced 

for « Operating temperatures 

for Mch a design are less than 30 degrees 
CMbgrade and need never be limited to the 
^egr^..centigrade rise often thought 
desirable for laminated brush breakers. In 
^t, no serious or permanent damage would 
re^t from mergency operation consider¬ 
ably above their rating. 

As the performance improves, the size 
^^u^ases and safety factors are increased, 
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next ten years, with the possible exception of 
special applications in mines and similar 
locations where the explosion hazard exists 
and the use of any open arc is prohibitive. 

The designers of this new t 3 q)e of breaker 
have done a commendable job in reducing 
the space requirements, and have thereby 
earned the blessings of many a designer, 
harassed by limited space in which to locate 
his switchgear. They have incorporated 
features found in some older breakers, dis¬ 
carded some of the old features, and de¬ 
veloped new ones. They have succeeded in 
developmg a snappy, high-speed mechanism 
that is in many ways superior to the old- 
style breaker which it supplants. In doing 
so they have undoubtedly had to compro¬ 
mise between the best and something that 
is good enough to do the work in order to 
accomplish the major features desired in 
the new breaker. These, and the absence 
of features familiar to the operating man in 
the old style breakers, naturally raise ques¬ 
tions in his mind as to why they were done 
or omitted. He knew the limitations of the 
old equipment, and now wants to know 
what the Kmiting features of the new will be. 

Gone is the familiar brush contact and in 
Its place a silver line contact. Instead of a 
multitude of small surface contacts is a 
single line contact. A little bit of arcing 
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might render a couple leaves of the old brush 
ineffective, but it reduces the new contact 
from a line to two points, or possibly even 
only one I What effect has this on the 
current-carrying capacity? Will it not be 
materially reduced, and will there not be an 
increase in the probability of overheating 
when the breaker is carrying rated, or even 
normal operating loads? Silver has a 
lower melting point than copper and is an 
excellent solder. There appears to be con¬ 
siderably more danger of a slightly pitted 
line type of silver contact freezing under 
moderate overloads, or when opening small- 
magnitude short circuits, than there is with 
the brush type of contact. 

The spring pressure on the main contacts 
is not sufficient to prevent them opening 
under heavy short circuits. The current 
then travels through the shunt around the 
bottom contact, and the secondary and 
arcing contacts. Is the reactance of these 
shunt circuits sufficiently low to prevent 
arcing across the main contacts? It is again 
asked, “What will be the effect of arcing on 
these silver line contacts?** This is an im¬ 
portant consideration when the breaker is 
adjusted for delayed opening, though be¬ 
cause of high operating speeds it may not 
matter when the breaker is set for instan¬ 
taneous opening. 

The contact pressure of the single line 
contact has been increased over that used 
in the brush in order to make it carry rated 
load. How will it compare when carrying 
overloads? It is questionable that it has as 
great an overload capacity. 

The authors show oscillograms of the 
breaker opening 124,000 amperes on an “0** 
test. How does this compare with the 
standard “two CO** test for oil circuit 
breakers? What' would the comparative 
interrupting capacity be? The “two CO’’ 
test is such a common reference that many 
are apt to assume that the currents reported 
are on that basis, though the authors have 
made no attempt to intimate such a rating. 
In what conditions were the contacts after 
breaking these high currents? Was ^e 
breaker operable and capable of carr 3 dng 


rated load after the tests? What was the 
rating of the breaker tested? Is it to be 
assumed that all sizes of this new breaker 
are capable of interrupting this amount of 
current? 

When you buy a car you can test it on the 
open road and determine the utmost it can 
produce in speed. When you buy a breaker 
the manufacturer tells you what the inter¬ 
rupting capacity is, but you are unable to 
test it for yourself. When you are told that 
these new breakers can interrupt 124,000 
amperes, is that all that they can interrupt, 
or is there considerable margin of safety in 
that figure? When you use steel, or wood, or 
concrete in a structure you know their 
strength fairly accurately, and can apply 
safety factors, depending upon the use being 
made of the material. Why cannot similar 
information regarding circuit breakers be 
obtained from the manufacturers, and the 
purchasing engineer determine the safety 
factor which should be used for any par¬ 
ticular installation? 

The paper states that these breakers may 
be used in cubicles of dimensions very little 
larger than that of the breaker itself. This 
brings up the question of temperature rise 
in such a small confined space. Little is 
known of this feature to the operating man 
or to the station designer, and less has been 
published regarding it. A frank discussion 
by the manufacturers, and dissemination of 
their test data on temperature rises in en¬ 
closed metal-clad switchboards would be of 
interest to many. More knowledge of the 
data used in the recently increased tempera¬ 
ture rises permitted by the National Elec¬ 
trical Manufacturers Association would be 
welcome. 

It is acknowledged that silver contacts 
may be safely operated in excess of 70 
degrees centigrade, the limit for copper, but 
that will increase the ambient tempera¬ 
tures within switch cubicles. Will the 
higher ambient endanger insulation, will it 
injure instrument transformers and other 
equipment which present standards permit 
being operated at their safe maximum 
operating temperature in a 40-degree centi¬ 
grade ambient? It may be that we are not 
taking full advantage of the possibilities 
afforded by silver contacts. 


This discussion has resolved itself into a 
series of questions. But they are all ques¬ 
tions that a prospective user of new equip¬ 
ment wants answered before he decides to 
purchase. It is hoped that Messrs. Ludwig 
and Grissinger will see their way clear to 
answer them. 

The paper brings out another point that is 
of poignant interest to engineers and the 
country as a whole, namely, the increasing 
use of silver in industry. Is it not time that 
the artificial price of silver were abolished 
and the metal allowed to assume its true 
position in industry and the life of the 
country? 


J. W. Seaman (General Electric Company, 
Philadelphia, Pa.): It is with considerable 
pleasure that I take this opportunity to 
commend Messrs. Ludwig and Grissinger on 
an able presentation of a subject which is 
of considerable interest, particularly so, to 
those of us who have been engaged in the 
pursuit of similar interests for the past 
several years. 

The trend toward metal switchgear has 
long been recognized by those of us engaged 
in the art, and I believe I can justifiably say, 
has been considerably furthered by the 
work my associates have done during the 
past several years, although we have not 
especially publicized the results obtained. 

Requirements 

To design and build air circuit breakers 
suitable for metal-clad gear several require¬ 
ments must be met as borne out by Messrs. 
Ludwig and Grissinger’s presentation. 

The first of these is a reduction of size. 
The use of solid-silver line contacts has 
been an important factor in accomplishing 
this, as the authors have pointed out, I 
should be the last to belittle the undoubted 
advantages of this construction inasmuch as 
it has been standard in our designs for some 
eight years. The use of silver alloys for 
arcing tips is another step in this direction 
and is now, I bdieve, quite well recognized. 

We engineers would be remiss in our du¬ 
ties if we allowed the reduction in physical 
size, gained largely by the adoption of a 
solid-silver contact construction, to be 
penalized by using (for interrupting me^) 
the conventional plain-break construction. 
Such means, as we know, demand a pro¬ 
hibitive air space over the contacts when en¬ 
closed, in order not to impair the current- 
rupturing ability. 

The necessity for some suitable arc-con¬ 
trolling means has, therefore, long been 
recognized. If such means is properly 
engineered, it will (as we have demonstrated 
through several years of practical applica¬ 
tion) provide other advantages far gjreater 
than the mere saving of space. 

Interrupters 

Messrs. Ludwig and Grissinger have 
described a particular arc-controlling means. 
Happily, as borne out by their presentation, 
the field in this direction is not particularly 
limited. There are other equally advan¬ 
tageous means. The one with which I am 
most familiar is known as the pin-type arc 
quencher. 

The type of interrupter described by 
Messrs. Ludwig and Grissinger functions it 
due to what we may caU a resdstance 
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characteristic, that is, the arc resistance is 
increased as a result of decreasing the 
diameter of the arc core as it travels into the 
V-shaped slots. To obtain successful opera¬ 
tion, Messrs. Ludwig and Grissinger have 
recognized the necessity of obtaining vent¬ 
ing in order to reduce the possibility of de¬ 
veloping back pressure sufScient to keep the 
arc from entering the slots. If the arc is not 
allowed to enter the restricted slots, this 
device would apparently become totally in¬ 
effective. Apparently the size of the en¬ 
closing housing may, therefore, have an 
important effect upon the performance of 
this^ device. The magnetic-blast theory 
attributed to this interrupter we will leave 
in the capable hands of Messrs. Ludwig and 
Grissinger. I believe it sufficient to say 
that the evidence presented indicates suc¬ 
cessful operation within the apparent limits 
of the testing facilities. 

The arc-controlling means with which I 
am particularly familiar is an arc-chute 
structure comprising a multiplicity of pins 
through which the arc is driven by magnetic 
means. This device functions due to the 
efficient presentation of the arc to large 
cooling surfaces in combination with a 
multiplicity of cathode drops. That it has 
no particular voltage or current limitations 
has been demonstrated by numerous tests. 
The arcing time averages less than one-half 
cycle over current ranges up to and includ¬ 
ing 126,000 root-mean-square amperes at 
600 volts, both single phase and three 
phase. Due to its freedom from restriction 
troubles it has been successfully applied 
over the entire range of air-circuit-breaker 
sizes during the past three years. 

With these test data and operating ex¬ 
perience available, we are naturally grati¬ 
fied to find that Messrs. Ludwig and Gris¬ 
singer concur with us in recognizing the 
necessity for suitable arc-controlling means, 
to p-eatly reduce the usual disturbance as¬ 
sociated with the opening of arcs in air, and 
permit retaining the space advantages al¬ 
ready gained by the improvements in con¬ 
tact structure construction. 

There is another phase involved in satis¬ 
factorily meeting this trend toward metal- 
clad gear with modem air circuit breakers. 
This is perhaps not as well appreciated as 
^e ph^es we have just been discussing but 
is rapidly assuming greater importance. 
The increasing demand for electricaUy oper¬ 
ated devices reveals that most present-day 
air circuit breakers require considerable 
additional space in order to obtain electrical 
operation. In the line of air circuit breakers 
wth which I am most familiar, this problem 
is ^ing met by designs which inherently re¬ 
quire only the same small space for electrical 


as for hand operation. The reception ac¬ 
corded these new breakers clearly indicates 
that this last trend is not to be lightly ig¬ 
nored. 

In concluding, let me again congratulate 
Messrs. Ludwig and Grissinger on the intro¬ 
duction of their new breaker. With the 
awakening of new interest even greater 
improvements in the art, I am sure can be 
made in the future. 


G, G. Grissinger: Mr. Seaman, in his dis¬ 
cussion, indicates that the size of the en¬ 
closure may have an important effect on the 
interrupting performance of this device. 
Recognizing that a limitation of this sort 
might exist, very thorough tests were made 
using an experimental enclosure having an 
adjustable top which could be raised or 
lowered so as to vary the distance between 
the top of the breaker and the top of the 
enclosure. These tests proved conclusively 
that breakers of this t 3 rpe may be very 
closely confined without impairing their 
interrupting ability, since with the top of the 
enclosure only one inch above the top of the 
breaker, three-phase short circuits both **0” 
and *^CO’* as high as 97,000 amperes root- 
mean-squ^e were interrupted satisfactorily. 

Mr. Childerhose submits a number of very 
interesting comments. Most of the ques¬ 
tions raised can be answered best by refer¬ 
ence to test results. 

Theoretically, it would appear that a 
laminated copper brush with its multitude 
of point contacts would offer much less 
resistance to the flow of current and, there¬ 
fore, be more efficient than a solid butt con¬ 
tact. The solid contact, however, can be 
made much shorter than a brush and with 
adequate spring pressure behind them the 
solid silver faces provide a very effective 
contact-making means. Although the milli¬ 
volt drop across the contacts may be slightly 
higher than that of a corresponding brush 
at the same current, the gain in reducing the 
length of the current path more than 
up for the difference. Furthermore, a much 
more durable silver surface can be applied 
to the faces of solid contacts. 

Mr. Childerhose raises a question concern¬ 
ing the effectiveness of the solid contacts 
after a heavy or a moderate current inter¬ 
ruption. Practically no pitting of the silver 
contacts occurs except when interrupting 
very heavy short-circuit currents. Tem¬ 
perature tests on these breakers after a 
series of interrupting tests ranging from 
smaU currents to over 100,000 amperes had 
been made, showed only a few degrees in¬ 
creased temperature rise, even though the 
breaker had received no maintenance what¬ 


ever. Consequently, it is apparent that the 
slight pitting which takes place when inter¬ 
rupting heavy short-circuit currents has 
very little effect on the current carrying ca¬ 
pacity of the breaker. In no case did ‘ ‘freez¬ 
ing** of the silver contacts occur. 

As Mr. Childerhose points out, a number 
of factors influence the protection received 
by the main contacts. Among them are 
spring pressure, resistance and reactance of 
the shunt circuits, and the conductivity and 
design of the protective contacts. Conse¬ 
quently, all of these factors were given care¬ 
ful consideration in this development. As a 
check on the final arrangement chosen, addi¬ 
tional short-circuit tests were made in 
which the circuit breaker was blocked so as 
to prevent tripping. These are ordinarily 
referred to as short time or five-second tests. 
The current after reaching a steady-state 
condition, measured approximately 42,000 
root-mean-square amperes and the breaker 
on which the test was made was rated at 
1,600 amperes. This breaker also carried 
rated current after these tests, with no 
maintenance, at a temperature rise only 
three degrees higher than that previous to 
the tests. 

Due to the relatively low thermal capacity 
as compared with large rotating machines or 
transformers, circuit breakers are maximum¬ 
rated devices, that is, it is not intended they 
carry more current than their rating for an 
appreciable length of time. However, the 
greater durability of the solid contact at 
higher temperatures makes it eminently 
better suited to carrying continued over¬ 
loads than the laminated copper brush 
which would be severely damaged by exces¬ 
sive temperatures. 

The standard interrupting duty cycle for 
air breakers, as defined by AIEE Standards 
No. 20, comprises an “O** followed at a two- 
minute interval by a “CO** test. The 
124,000-ampere test referred to by Mr. 
Childerhose was made on a 3,000-ampere 
a-c breaker and was an “O** test only. 
However, many tests have been made both 
^‘0** and “CO,** particularly on the smaller 
frame sizes and while the short-circuit cur¬ 
rents on these did not exceed 97,000 am¬ 
peres, three phase, this value nevertheless 
represents a considerable factor of safety 
over NEMA standards, which specify 
40,000 amperes for a 1,600-anipere breaker 
and 60,000 amperes for a 2,000-ampere 
breaker. 

In all cases, after completion of the tests, 
the breakers were in condition to carry 
rated current without maintenance, al¬ 
though of course the temperature rises were 
two or three degrees higher than that of a 
new breaker. 
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High-Power ’*De-ion** Air Circuit 
Breaker for Central-Station Service 


R. C. DICKINSON 
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Synopsis: The **De-ion” principle of arc 
interruption in air has been appHed over a 
wide range of a-c services. D^cult switch¬ 
ing problems have been met by them. A 
new breaker has been developed and tested 
in excess of 37,000 amperes for the 16-kv 
powerhouse class. It may be supplied for 
masonry or steel-cell mounting or as part 
of complete metal-clad switching equip¬ 
ment 


D E-ION air circuit breakers have 
met some outstanding problems in 
moderate-voltage switchgear in the past 
eight years. Since this type gives highly 
satisfactory operation under severe duty 
conditions without oil, water, compressed 
air, or other arc-extinguishing fluid, it is 
only natural that pressure has been 
brought by leading users for the extension 
of this line in the powerhouse field. The 
purpose of this paper is to describe an 
important addition to the line tested in 
excess of 37,000 amperes for the 15-kv 
class and providing continuous carrying 
capacities up to 4,000 amperes. 

To recapitulate some important serv¬ 
ices now being performed by De-ion air 
circuit breakers: 

They are giving consistently rdiable protec¬ 
tion against short circuits up to ^0,000 
kva at voltages from 12,000 to 16,600, 
in well-distributed locations throughout the 
country. 

They are handling with a minimum of mdn- 
tenance, reversing motor service in steel 
mills in which annual individual breaker 
operations in excess of 60,000 have been 
recorded. 

Equipped with a special high-speed tripping 
arrangement, they are opening difficult 
short circuits on rectifier installations at 
12 kv with an over-all breaker time of ap¬ 
proximately three cycles (60-cycle wave) 
and have eliminated potential breakdown 
such as occurred previously under less 
effective protection. 

In one application they are installed against 
short-circuit capacities of 1,600,000 kva 
at 24,000 volts, and giving satisfactory 
service. 

Paper number 39-35, recommended by the AIBB 
committee on protective devices, and presented 
at the AIBB winter convention. New York, N. Y., 
January 23-27, 1939. Manuscript submitted 

November 25, 1938; made available for preprint¬ 
ing December 29, 1938. 

R. C. DtcwiKSON is circuit-breaker engineer with 
the Westinghouse Electric and Manufacturing Com¬ 
pany, Bast Pittsburgh, Pa. 


In another installation they are handling 
satisfactorily contact line circuits in 11,000 
volt, 26-cycle, single-phase railway service 
in which short circuits up to 60,000 amperes 
are posable and these faults are cleared 
from the system in less than one cycle. 

In view of the gratif 3 ring performance 
of breakers of this type in 16-kv power¬ 
house service up to 600,000 kva, as ex¬ 
emplified in the hundreds of units in use, 
alarge number of which have been in serv¬ 
ice for several years, development di¬ 
rected toward extension of the funda¬ 
mental principles to higher interrupting 
ratings for powerhouse duty followed as 
a logical sequence. Such extension in¬ 
volved a new conception of contact ar¬ 
rangement not only to provide the higher 



Figure 1. Pole unit of new De-ion air circuit 
breaker for generation-station service 


continuous-current capacity, but to in¬ 
corporate as well the ability to close in 
air upon fault currents up to 100,000 
amperes crest, to carry these currents 
imtil called upon by r^y action to in¬ 
terrupt and, finally, to transfer the heavy 
currents involved to the deionizing 
chamber without damage to the* main or 
auxiliary contact members. Develop¬ 
ment into new ground to obtain higher in¬ 


terrupting capacity was necessary, involv¬ 
ing means for moving the arc promptly 
from the contacts to the deionizing 
chamber, introducing voltage into the arc 
in steadily increasing steps and assuring 
speedy, positive interruption. The re¬ 
sults of this development are incorporated 
in a design, set forldi in this paper, capable 
of greater interrupting duty than any 
circuit breaker available today not requir¬ 
ing liquid dielectric or other form of stored 
interrupting medium. 

Description 

Figure 1 shows a completely assembled 
pole unit with a continuous current rating 
of 2,000 amperes, placed in service last 



Figure S. Finger contacts are a radical de¬ 
parture from conventional air-circuit-breaker 
design. Peak currents in excess of 100,000 
amperes were closed with this type of contact 
during tests 

year. Three thousand-ampere breakers 
are now being installed and a 4,000- 
ampere design is available for applica¬ 
tions that may require it. All of these cur¬ 
rent ratings have the same general form 
except for the current-canying members. 
General features of the breaker follow 
closely the vertical arrangement of ele¬ 
ments proved successful by several years* 
experience with smaller breakers. 
Mounted on insulated posts of high me¬ 
chanical strength, the contact linkage is 
operated from below through an insulat¬ 
ing rod pushing upward to dose the 
contacts, with the ddonizing chamber 
mounted at the top of the structure im¬ 
mediately above the parting contact sur¬ 
faces. The particular structure shown 
permits a wide range of line connections. 
Inherently, the breaker is adapted to rear 
connection, entering either horizontally 
or vertically, but an additional terminal 
is supplied to permit one vertical front 
connection in place of either of the other 
two. AU terminals are arranged for stand¬ 
ard bus-bar connections. 
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Table I. Single-Pole Interrupting Tests With 
Separate Closing Breaker^ 15-Kv De-ion Air 
Circuit Breaker 


Root-Meaa- Root-Mean- 

Test Square Amperes Breaker Square Volts 
Kumber Interrupted Time Restored 


1 . 4.600.4.2.12,700 

2 .20.500.4.0.11,800 

3.‘.25,000.3.8.11,700 

4 .30,000.3.9.11,800 

5 .30,400.3.9.12,000 

6 .32,200.4.1.11,800 

7 .32,200.3.8.11,600 

8 .34,000.4.1.12,000 

9 .34,600.3.9.11,600 

10.41.500.3.8.12,200 


As indicated by figure 2, the contact 
elements of this breaker depart from pre¬ 
vious air-drcuit-breaker design to permit 
extending their function as outlined pre¬ 
viously. The finger type of contact here 
shown carries all the advantage accruing 
from their use in conventional breakers 
togetherwith the incorporation of features 
particularly adapted to air-breaker con¬ 
struction. These contact fingers are ar¬ 
ranged in two individual pairs, each with 
its own entering member. The lower set 
comprises the main current path while 
the upper set is designed for arc-drawing 
purposes. Both pairs of fingers consist 
essentially of parallel bars so arranged as 
to permit of ample flexible shunts being 
extended to the line terminal in a straight 
line thus avoiding local loops with their 



Figure 3. The shape of the arcing contact 
finger assists in movement of the arc upward 
to toe are horn witooui detracting from the 
ebility to close high currents. The are 
horns arc spaced laminations for free venting 
•nd the contour gives rapid motion of the arc 
terminals 


accompanying current forces in the cur¬ 
rent path. The fingers are biased toward 
each other by heavy compression springs 
with a definite stop maintaining them at 
proper separation for entry of the moving 
member. In addition to the self-adjust¬ 
ment permitted by the flexible shunts, 
the fingers are in effect pivoted in the con- 
tact-supporting casting so as to be further 
self-aligning within the limits necessary 
to prevent stubbing of contacts upon clos¬ 
ing. The main fingers are wide and rug¬ 
ged with sufficient overlap of the entering 
member to provide the liberal contact 
surface necessary for high continuous and 
momentary current duty. The mechani¬ 
cal and thermal sufficiency of this design 
was well proved by numerous tests in 
which the fault currents were as high as 
104,000 amperes. 

New features are incorporated in the 
arc-drawing pair of fingers. The parallel 
conducting bars forming the fingers are of 
high-strength high-conductivity alloy 
specially heat-treated and only recently 
made available in this form. An impor¬ 
tant feature of this pair of fingers is the 
shape of their contact surfaces. In the 
fully closed position these surfaces are 
such that the cunrent path through them 
(in an elevational view) is substantially in 



Figure 4. Copper and steel plate combination 
used in the new breaker 


a straight fine with the parallel bars and 
shunts. The lower portion of this surface 
is cut away so that as the contacts open, 
ike point of contact moves upward mak¬ 
ing the last point of contact well above 
the body of the fingers and introducing a 
sharp local loop in the. current path at the 
instant of initiating the arc. 

The magnetic force produced by this 
loop, not present in the fully closed posi¬ 
tion, assists materially in moving the arc 
rapidly from its point of origin on the con¬ 
tacts to arcing horns provided for the pur¬ 
pose and reduces to a minimum the burn¬ 
ing on the contact surfaces. Both sta¬ 
tionary and moving arcing contacts are 


422 Transactions 


Dickinson High’^Power Air Circuit Breaker 


faced with silver-tungsten, arc-resisting 
alloy. The moving element, essentially 
a plate, is formed with a horn to assist 
the arc in moving upward toward the 
deionizing chamber, even while the 
amount of contact separation is still very 
small. This horn also carries arc-resisting 
alloy on its upper surface. 

This type of contact has several ad¬ 
vantages for operation on high currents. 
Speed of contact separation is an im¬ 
portant factor in air-breaker performance. 
The amount of contact movement af¬ 
forded by finger-type contacts before 
actual parting occurs, decreases the ac¬ 
celerating force necessary for a given 
speed of separation and this decrease in 
accelerating force also decreases the clos¬ 
ing effort, a vital factor in heavy-duty 
breakers. The finger type of contact also 



Figure 5. Oscillograms were made of all 
interrupting tests. The above film shows 
typical performance at high current values. . 
The short circuit was closed by a separate 
breaker 


has the property of resisting the tendency 
to be biased toward the open position un¬ 
der short-circuit conditions which again 
is reflected in decreased closing effort. 

The contact-supporting casting is di¬ 
vided into two parts one of which sup¬ 
ports both pairs of stationary fingers with 
their shunts. This contact supporting 
section may be removed from the main 
shell of the casting thus permitting main¬ 
tenance work on the fingers without dis¬ 
assembling other parts of the breaker. As 
shown by figure 3, a side of the arc box 
may be removed for a more detailed in¬ 
spection of this portion of the breaker 
while the contacts remain in their operat¬ 
ing position. It will be noted that the 
space between the contacts and the lower 
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end of the deionizing chamber is relatively 
deep and that the horns provided for arc 
travel through this space are proportioned 
to provide a gradual lengthening of the 
arc, and with it a steadily increasing arc 
voltage, until it is at the point of entering 
the slotted plates of the deionizing cham¬ 
ber. These arcing horns are of spaced, 
laminated construction to provide vent¬ 
ing as the arc moves along them. 

The copper deionizing plates shown in 
figure 4 are designed from the point of 



Rgure 6. This BIm shows the performance 
of the breaker when closed against a peak 
current of 96,000 amperes and opened on 
34,800 amperes 


view of continuing the work done as the 
arc passed upward along the horns. Ex¬ 
tended to the full length of the chamber 
before entering the plates, the arc first 
encounters the long, gradually tapered 
entering slot. Passage along this slot 
tends to contract the core of the arc 
(“Extinction of an A-C Arc,’* J. Slepian, 
AIEE Transactions, volume 48, April 
1939), further increasing the arc voltage 
until at the end of the slot it is ready to 
transfer to the copper plate surfaces and 
change from a single long arc to a multi¬ 
plicity of short arcs in series, each with 
its own cathode and anode drop. The 
steel plate surrounding each copper plate, 
also shown in figure 4, is more liberal in 
design than in previous structures to pro¬ 
vide a stronger magnetic field for moving 
the arc core along this tapered slot onto 
the copper plates. 

Thermal capacity of the deionizing 
chamber is a vital factor in interrupting 
heavy currents with the De-ion air <^cuit 
breaker since arc energy is transformed 
into heat in the process of interruption; 
Compared with earlier construction, two 
modifications appear in this design pro¬ 


Ffgure 7. Designed 
to meet particular 
spacing require¬ 
ments, this unit illus¬ 
trates the adaptabil¬ 
ity of this breaker to 
meet special condi¬ 
tions 



viding increased thermal capacity of the 
chamber: the thickness of the individual 
copper plate is increased, and the number 
of turns in the radial field coils is increased 
to give a higher speed of arc rotation 
around the annular path. That is, an 
increased cubic content of copper per gap 
provided while the time of exposure of 
the arc to any particular point on the 
plate is decreased. Improvement in elec¬ 
trostatic shielding produces more uni¬ 
form distribution of voltage across the 
series of gaps to obtain a more efficient 
interrupter. 

While these breakers are rated at 15 kv 
they are designed with 23-kv insulation 
in line with other powerhouse breaker 
practice. The 64-kv one-minute 60-cycle 
hold tests, and the 100-kv, iVaJ^^O im¬ 
pulse wave tests were met without tm- 
duly increasing the size of the breaker 
as determined by its interrupting re¬ 
quirements. This applies to all the con¬ 
ventional tests, that is, across the open 
breaker as well as from the breaker termi¬ 
nals to ground, without the use of any 
supplementary disconnecting devices. 

Three-pole breakers made up of single¬ 


pole units here described resemble, in 
general, earlier constructions of smaller 
breakers with the three units mounted on 
a single frame and operated by a conven¬ 
tional solenoid mechanism mounted at 
one side or underneath the breaker. 
Figure 7 shows a shaft-operated three- 
pole breaker with the closing solenoid at 
one end of a common frame and is repre¬ 
sentative of general construction in all 
except pole spacing which was here de¬ 
termined by special installation require¬ 
ments. This breaker with its 52 V 2 -inch 
pole spacing was a complete factory- 
assembled unit greatly simplifying instal¬ 
lation. Figure 8 is a dimensioned draw¬ 
ing illustrating a more compact design 
with the same pole units spaced 27V 2 
inches apart and with the solenoid 
mechanism located underneath the 
breaker, operating through a common 
shaft. This arrangement is wdl adapted 
to metal-eudosed construction permitting 
the mechanism compartment to be com¬ 
pletely isolated and accessible while high- 
voltage parts of the breaker are energized. 
Figures 9 and 10 illustrate respectively a 
steel cubicle lay and a horizontal drawout 


T«bl« II. Sinsle-Pole Interrupflns T«sb, 15J<v De-Ion Air Circuit Breaker—"O" and "CO" 

Operations 


Peak 

Current 

Test Closed 

Number Against 


Root- 

Mean-Square 

Current Breaker 

Interrupted Time 


Root- 

Mean-Square 

Voltage 

Operation Restored 


. 4,400.4.4.O . 

5,600. 4,250.4.4.CO. 

.30.300.4.0.O . 


4 ..... 

5 . 

. 92,500. 

. 30,000 . 

. 4.0 . 

. 0 , 

6.,.... 

7 . ... 


. 32,100 . 

.35,000. 

.4.0. 

.3.9. 

. 0 . 



9g ^‘nn 

.4.0. 


8. 

n 


.. 4,600. . 


. 0 . 

10 . 

. 10,600 . 

. 6,000 . 

. 4.6 . 

. CO. 

n 

11 ...... 

19 


. 4,800 . 

. .. .34.500 . 

. 4.4 . 

. 4.0 . 

. 0 . 

...... 

18 . 

. 96,000 . 

. 35,260 . 


. CO. 


,12,600 
. 12,600 
.11,800 
. 11,600 

. 11,800 
.11,600 
.11,800 
.11,600 
.12,600 

.12,600 

.12,600 

.11,800 

.11,600 
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metal-clad unit embodying modem fea¬ 
tures for this class of equipment. 

Tests 

In the development of this breaker, 
the usual insulation tests, operating tests, 
and current-canying tests were made. 
Voltage distribution along the De-ion 
stack was studied to determine the best 
type of static shield. And finally, to 
prove the interrupting ability, several 
series of tests involving several hundred 
interruptions, were made, with full gen¬ 
erator voltage across a single-pole unit, 
up to practically the full capacity of the 
high-power laboratory. 

These tests were made on a single-pole 
unit operated by a conventional four-inch 
trip-free solenoid having a standard shunt 
trip magnet. For the sake of simplicity, 
the first interrupting tests were made 
without main contacts, the short circuit 
being initiated by a separate closing 
breaker. These tests were made with the 
test generator excited to 13.2 kv, 60 
cycles. Figure 5 shows an oscillogram 
made while this breaker was interrupting 
34,000 amperes. Table I shows data 
taken from typical tests made during this 
series. Outstanding facts presented by 
these figures are: 

1. The time from energizing of the shunt 
trip coil to interruption of the circuit is 
from 3.3 cycles to 4.9 cycles, on a 60-cycle 
basis for currents from 4,000 amperes up¬ 
ward. 

2. The interrupted currents range as high 
as 41,600 amperes. 

3. The restored voltage averages more 
than 12,000 volts. This is significant in 
view of the fact that this is impressed on 
a single-pole single-break unit. Since al¬ 
most all faults in this type of service in¬ 
volve ground, resulting in considerably 
less than line voltage being impressed on 
any one pole, this performance indicates 
a considerable factor of safety. 

Table II shows data taken from a series 
of 13 single-phase tests made alternatively 


1 11 


1 II 

lj 

3 

\ii 


1 
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Figure 8. This 
breaker may be com¬ 
pletely enclosed in 
steel If desired. The 
result is a compara¬ 
tively compact as¬ 
sembly 


on the “0** and **CO** basis for customer 
representatives. These tests were made 
with the test generator excited to 13.2 kv. 
Of these tests, seven were at 30,000 am¬ 
peres or more and the highest current 
interrupted was 36,250 amperes. 

In these tests, the ability to close 
against high currents was demonstrated. 
The highest current closed against was 
95,000 amperes crest. In other simil ar 
tests currents as high as 104,000 amperes 
crest were successfully closed. 

Figure 6 shows a "typical oscillogram 
made on a “CO’’ unit operation of the 
breakers. 

Tests were then made on the breaker 
equipped with main contacts, rated at 
2,000 amperes, 60 cycles. In these tests 
the operation was alternatively “0” to 
“CO.” Table III shows results from 
these tests. The entire series of tests 
shown were made consecutively and with¬ 
out delay except for precautions to pre¬ 
vent overheating of the deionizing cham¬ 
ber due to the rapid operation at such high 


currents. By comparison with tables I 
and II it will be seen that the performance 
of the breaker under the three conditions 
is very uniform. 

After these tests the breaker was in 
good operating condition and adequate 
for further service. The deionizing 
chamber, though dismantled for inspec¬ 
tion, was reassembled and used for addi¬ 
tional interrupting tests. 

In making the interrupting tests on 
this breaker, its endurance under severe 
duty was forcibly demonstrated. In 
De-ion air-circuit-breaker testing it is 
quite common to make 20 or more tests 
without any maintenance on the breaker 
other than artificial cooling of the deion¬ 
izing plates, which is required by the 
rapidity of the tests. For instance in re¬ 
ferring to table III, the 21 tests were made 
in one continuous series. In eight of 
these tests the interrupted current ranged 
from 28,400 amperes to 34,800 amperes, 
six of them being above 30,000 amperes. 
Of the remaining 13 tests, 7 ranged from 
11,800 amperes to 24,800 amperes. The 
remainder were at currents of from 1,300 
amperes to 5,700 amperes. All tests were 
made with 13.2 kv on the generator. Nine 
tests were on the “CO” operating cycle 
and the highest current closed was 96,000 
amperes crest. This series of tests was 
made without my maintenance or parts 
replacement, except the aforementioned 
occasional cooling of the deionizing plates. 
From the users’ point of view this per¬ 
formance is impressive, as this one series 


Figure 9. Cubicle layout for the new air 
circuit breaker 
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Table HI. Sinsle-Pole Interrupting Tests, 15-Kv De-ion Air Circuit Breaker—'*0'* and 

Operations 


Test 

Number 

Peak 

Current 

Closed 

Against 

Root- 

Mean-Square 

Current 

Interrupted 

Breaker 

Time 

Operation 

Root- 

Mean-Square 

Voltage 

Restored 

1. 


. 1,300. 

..5.8..... 

.0 . 

.12,700 

2. 


. 1,400. 

.4.3. 

.CO. 

.12,700 

3. 


. 3,700. 

.4.6. 


.12,700 

4. 

. 7,000.... 


.4.2. 

.CO. 

.12,700 

5. 


. 5,700. 



.12,500 

6. 

. 8.200.... 

. 4,600. 

.3.6. 

.CO. 

.12,700 

7. 



.4.3. 


.12,500 

8. 

.27,700_ 


.4.0. 

.CO. 

.12,500 

9. 



.4.3. 

.0 . 

.12,700 

10. 


.10,200. 


.0 . 


11. 


.17,500.. 

.4.6. 



12. 


.24,800. 

.4.0. 

.O . 


13. 

.42,500_ 


.4.5. 

.CO. 

.11,900 

14. 


.29,000. 

.4.0. 

.0 . 

.11,900 

15. 

.72,700- 

.31,900. 

.4.1. 

.CO. 

.12,400 

ifi 


.32,000. 

.4.3. 

.O . 

.11,600 

17. 

.49,700- 

.28,400. 

.5.1. 

.CO. 

.11,500 

18. 


.32,000. 

.4.3. 

.0 . 


10 

00 non 

34,800. 

.4.6. 

.CO. 

..11,600 

20. 


.31,300. 

.4.4. 

.0 . 

.11,500 

21. 

.74,000_ 

.31,200. 

.4.3. 

.CO. 

.11,600 


of tests is equivalent to many years of 
service. 

Conclusions 

Air circuit breakers incorporating fun¬ 
damental De-ion principles of arc rupture 
have now been made available to a widen¬ 
ing circle of application where, for in¬ 
dividual reasons, the air breaker is pre¬ 
ferred. Breakers of this type are avail¬ 
able for general a-c switching applica¬ 
tions at voltages from 2,600 to 15,000, 
the largest unit in the 16-kv class having 


been tested beyond 37,000 amperes, with 
some applications at 24 kv. 

The basic De-ion characteristic of a dry 
breaker has been extended beyond the 
capacity of any other breaker except those 
operating in oil or other liquid dielectric. 
As with earlier forms of De-ion air circuit 
breakers, this larger breaker lends itself 
equally wdl to all forms of modem 
switchgear constmction such as cell, metal 
enclosed, or truck. It also forms an im¬ 
portant element in modernization pro¬ 
grams. 


Discussion 


Figure 10. Horizontal drawoui metal-clad 
unit for the De-ion air circuit breaker includ¬ 
ing well-known features In use with conven¬ 
tional equipment 


I>. C. Prince (General Electric Company, 
Philadelphia, Pa.): I am sure that the 
electrical-engineering profession has watched 
the development of the De-ion breaker with 


MAIN BUS 



considerable interest since it was first an¬ 
nounced at\he winter convention of the 
AIEE in 1929. Since that time added im¬ 
portance has been attached to oilless- 
circuit-breaker development by a succession 
of station fires which have not however been 
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Figure 1. Circuit-breaker ratings 


attributed to faulty circuit-breaker opera¬ 
tion. 

During the same period European manu¬ 
facturers have been carrying along parallel 
development of oilless types. There is 
little doubt that the oil circuit breaker will 
be superceded by an oilless type if and when 
such a breaker is developed which offers 
the service, simplicity, performance, size, 
and cost of an oil breaker and has in addi- 



0 5 10 IS 
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Figure 2. Comparison of interrupting rating in 
amperes 


tion no oh. Such a circuit breaker to have 
an important bearing on switchgear de¬ 
velopment should satisfy the foregoing 
criteria over as much of the field as possible. 

Figure 1 of this discussion shows the 
iTiflYi-rnmn listed rating of standard oil cir¬ 
cuit breakers in the United States compared 
with corresponding ratings in Europe. 
One is at once struck by the fact that the 
maximum ratings of European breakers 
at all voltages are far below those listed 

and widely used in the United States. 

Figure 2 shows the variation in inter¬ 
rupting current at reduced voltage as listed 
for a standard type of oil circuit breaker 
compared with corresponding data for 
European designs. It is again noted that 
the ability of the foreign designs to handle 
high currents is far below that of the 
standard domestic oil circuit breaker. 
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In the ten years since Mr. Dickinson first 
described this circuit breaker before this 
body, maximum interrupting capacity in 
current seems to have risen from 28,000 
amperes to 41,500 amperes and in voltage 
from 15,000 to 24,000. The oil circuit 
breaker therefore still occupies the field 
as the best available means of interrupting 
all currents and all voltages. 


M. S Hobbs (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): It seems to me that one of the out¬ 
standing features of the breaker described 
by Mr. Dickinson is its uniform performance 
on all currents. This makes the breaker 
very flexible and permits its application to 
a wide variety of circuits. One additional 
application not mentioned in Mr. Dickin¬ 
son s list is that to circuits supplying m'c 
furnaces, where oil breakers had not 
proved satisfactory and the operations 
numbered 75 or more per day. As usual 
the De-ion breaker is giving a very good 
account of itself. 

Briefly mentioned in the paper were metal- 
enclosed assemblies incorporating De-ion 
breakers. The unit is particularly well 
adapted to cubicles or metal-clad switch- 
gear of the horizontal drawout type. As a 
matter of fact, if it were not, its value 
would be much reduced, for modem Ameri¬ 
can practice almost universally requires 
metal enclosures. 


powerhouse work involving the heavier 
breakers and with service which is not so 
severe as far as repetitive duty is concerned. 
Isolation of the individual parts of the 
circuit is no less important, however, 
and here again the breaker is well adapted 
to the requirements. To facilitate removal 
of the arcing chambers, a removable rail is 
provided, thus giving convenient access to 
the contacts. 

It seems clear that the near future will 
see the application of this new development 
to a number of heavier industrial and 
power-station switchgear installations. 


P. H. Adams (Public Service Electric and 
Gas Company, Newark, N. J.): Mr. 
Dickinson has presented in his paper a 
description of the latest development in the 
air De-ion circuit breaker designed for 15- 
kv service where interrapting duty does 


For steel-mill service, requiring more or 
less frequent disconnecting for safety rea¬ 
sons, and to facilitate the relatively little 
maintenance required during the regular 
but short shutdown periods, horizontal 
drawout metal-clad mounting for the 
tweaker is p^icularly well suited. Com¬ 
plete separation of the bus and connections 
from the breaker unit may be provided and 
phase eolation which this important service 
demands may also be accomplished. Rou- 
toe inspection of the contacts after the 
breaker has been rolled out of the housing 
^comes a convenient and safe procedure 
The same adequate clearances and dielectric 
^ength of insulation which characterize the 
bi^er, are also included in the metal- 
clad assembly. 

Cubicle mounting is more common for 


Figure 3 

not exceed 800,000 kva. It is to be ex¬ 
pected that with further experience and 
development, the range of this type of cir¬ 
cuit breaker will be considerably extended 
In planning the rebuilding of the high- 
voltage bus at City Dock, one of our im¬ 
portant substations, which supplies a low- 

radially fed power, and rectifiers for street- 



transport service, a great deal of considera¬ 
tion was given to service protection and 
fire prevention. 

Although the circuit breakers already 
in use in this substation for the high-voltage 
bus were of a type that contained only 12 or 
13 gallons of oil each, they were obsolete 
and of insufficient rupturing capacity. 
The interrupting duty required of the cir¬ 
cuit breakers in this substation had increased 
along with the increase in system generating 
capacity to a point beyond that for which 
the existing breakers could be rebuilt. 

Since new breakers must be provided, it 
was decided to use oilless circuit breakers. 
Accordingly, in 1938, eight 1,200-ampere 
15-kv De-ion air circuit breakers insulated 
for 23 kv and to have an interrupting capac¬ 
ity of not less than 750,000 kva, were ordered 
for use on the 13.2-kv bus. 

A heavy steel ba.se of reinforced channel 
iron construction was provided for each of 
these circuit breakers so that the operating 
mechanism and contact elements could be 
assembled on it and shipped from the fac¬ 
tory ready to place on foundations and 
have the brick cell work built around it. 
Removable cover plates on the base give 
access to the operating shaft. A portable 
rail and trolley hoist can be attached to the 
top of any compartment to remove the 
grid element for inspection. The grid ele¬ 
ment weighs about 1,000 pounds. 

Figure 3 of this discussion shows the cir¬ 
cuit breaker in the cells with electrical con¬ 
nections ready for service. The cell and 
base are arranged for a change of the pole 
elements to 34.5-kv units in the future. 

The series of tests given in table II in 
Mr. Dickinson's paper were witnessed by us 
in connection with the development of the 
pole units for the breakers on this order. 
From the showing made on these tests, it 
would appear that progre.ss is being made 
m the development of the oilless type of 
arcuit breaker. It is to be hoped that 
further developments will bring about the 
uimmation of oil in circuit-opening devices 
for indoor use in the not-too-distant future. 

There is also need for elimination of iti- 
nammable fluid in outdoor equipment. 
The air-blast circuit breaker gives promise 
m this field and its development for high- 
voltage service should be continued. 
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Tabic III. Single-Pole Interrupting Tests, 15-Kv De-ion Air Circuit Breaker—"O’* and *‘CO’‘ 

Operations 



Peak 

Root- 



Root- 


Current 

Mean-Square 



Mean-Square 

Test 

Closed 

Current 

Breaker 


Voltage 

Number 

Against -* 

Interrupted 

Time 

Operation 

Restored 


1 . 

2 . 

3. 

4. 

5. 

6 . 

7. 

8 . 
9. 

10 . 

11 . 

12 . 

13. 

14. 

15. 

10 . 

17. 

18. 

19. 

20 . 
21 . 


2,500. 


.42,500. 


... 1,300. 

.5.8. 

.O . 

.12,700 

... 1,400. 

.4.3. 

.CO. 

.12,700 

. .. 3,700. 

.4.6. 

.O . 

.12,700 

... 3,600. 

.4.2. 

.CO. 

.12,700 

... 5,700. 

.4.5. 

.O . 

.12,500 

... 4,600. 

.3.6. 

.CO. 

.12,700 

. ..11,800. 

.4.3. 

.O . 

.12,500 

. ..13,300. 

.4.0. 

.CO. 

.12,500 

. ..13,400. 

.4.3. 

.O . 

..12,700 

. ,.10,200. 

.4.0. 

.O . 

.12,700 

. ..17,500. 

.4.6. 

.O . 

.11,900 

. ..24,800. 

.4.0. 

.O . 

.11,900 

.. .22,000. 

.4.5. 

.CO. 

.11,900 

. ..29,000. 

.4.0. 

.O . 

.11,900 

. . .31,900. 

......4.1. 

.CO. 

.12,400 

. ..32,000. 

.4.3. 

.O . 

.11,500 

, . .28,400. 

.5.1. 

.CO. 

.11,500 

. ..32,000. 

.4.3. 

.O . 

.11,500 

. . .34,800. 

.4.6. 

.CO. 

.11,600 

. ..31,300. 

.4,4. 

.O . 

.11,500 

, . .31,200. 

.4.3. 

.CO. 

.11,600 


been tested beyond 37,000 amperes, witb 
some applications at 24 kv. 

The basic De-ion characteristic of a dry 
breaker has been extended beyond the 
capacity of any other breaker except those 
operating in oil or other liquid dielectric. 
As with earlier forms of De-ion air circuit 
breakers, this larger breaker lends itself 
equally well to all forms of modern 
switchgear construction such as cell, metal 
enclosed, or truck. It also forms an im¬ 
portant element in modernization pro¬ 
grams. 


Discussion 

D. C. Prince (General Electric Company, 
Philadelphia, Pa.): I am sime that the 
electrical-engineering profession has watched 
the development of the De-ion breaker with 


MAIN BUS 



of tests is equivalent to many years of 
service. 

Conclusions 

Air circuit breakers incorporating fun¬ 
damental De-ion principles of arc rupture 
have now been made available to a widen¬ 
ing circle of application where, for in¬ 
dividual reasons, the air breaker is pre¬ 
ferred. Breakers of this type are avail¬ 
able for general a-c switching applica¬ 
tions at voltages from 2,500 to 15,000, 
the largest unit in the 15-kv class having 


Figure 10. Horizontal drawout metal-clad 
unit for the De-ion air circuit breaker includ¬ 
ing well-known features in use with conven¬ 
tional equipment 


considerable interest since it was first an¬ 
nounced at the winter convention of the 
AIEE in 1929. Since that time added im¬ 
portance has been attached to oilless- 
circuit-breaker development by a succession 
of station fires which have not however been 
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KILOVOLTS 

Figure 1. Circuit-breaker ratings 


attributed to faulty circuit-breaker opera¬ 
tion. 

During the same period European manu¬ 
facturers have been carrying along parallel 
development of oilless types. There is 
little doubt that the oil circuit breaker will 
be superceded by an oilless type if and when 
such a breaker is developed which offers 
the service, simplicity, performance, size, 
and cost of an oil breaker and has in addi- 



0 5 10 15 

KILOVOLTS 

Figure 2. Comparison of interrupting rating in 
amperes 


tion no oil. Such a circuit breaker to have 
an important bearing on switchgear de¬ 
velopment should satisfy the foregoing 
criteria over as much of the field as possible. 

Figure 1 of this discussion shows the 
maximum listed rating of standard oil cir¬ 
cuit breakers in the United States compared 
with corresponding ratings in Europe. 
One is at once struck by the fact that the 
maximum ratings of European breakers 
at all voltages are far below those listed 
and widely used in the United States. 

Figure 2 shows the variation in inter¬ 
rupting current at reduced voltage as listed 
for a standard type of oil circuit breaker 
compared with corresponding data for 
European designs. It is again noted that 
the ability of the foreign designs to handle 
high currents is far below that of the 
standard domestic oil circuit breaker. 
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<b) 

1—^Vents 

grid 

3—Moving contact 
A —^Adjusting jacks 
5 ^Stationary contact spring 

Figure 2. Stationary contact assembly for 
six-grid 230.|cv breaker 


sufficient speed of motion wiU be main- 
tained until the arc is extinguished. An 
oil-dashpot effect is incorporated into the 


soldered in place. For convenience in 
inspection and maintenance, this con¬ 
tact can easily be removed and replaced 
together with its spring and flexible shunt, 
without removing other material, or dis¬ 
turbing adjustments. 

Preliminary testing in the high-power 
laboratory covered a wide range of short- 
circuit currents and voltages. One series 
of tests, closing and opening, made with 
132 kv impressed across a single pole of a 
220-kv breaker, showed uniform duration 
of arcing from 500 amperes up to 3,000 
amperes. Other runs at 88, 66, and 44 
kv up to 8,000 amperes gave similar per¬ 
formance, that is, uniform in time up to 
the highest current interrupted. These re¬ 
sults are shown in curves 1-2 of figure 7. 

The effect of high kilovolt-amperes per 
unit was also demonstrated by a series of 
tests in the laboratory using only two 
of the six grids. Here again, a very uni¬ 
form curve of interrupting time against 
current was obtained up to currents well 
over 7,000 amperes at 66 kv and 44 kv 
(see curve 3 of figure 7). 

In all these tests, tlie arc was extin- 
pished within half the stroke of the mov¬ 
ing contacts. The oil depreciation was so 
slight as to be not measurable. 

Another series of tests shown in figure 
8 was made at approximately 1,000 am¬ 
peres, at voltages varying from 110,000 
to 230,000 volts. All results, when plot¬ 
ted between applied voltage and inter- 
rupting time, fell within an envelope not 
more than 0.02 second wide. This shows 
tlie uniformity of operation over a wide 
voltage range. A similar series also shown 
in figure 8 with only four of the six grids 
operating was carried up to 176 kv before 


(a) 

1— ^Accelerating spring 

2— Dash pot 

3— Grid unit 

4— Cover plate over stationary contact 
5~-Operating rod 

6— Adjustment 

7— Eccentric pin 

8— Moving contact 


upper part of the assembly, bringing the 
contacts to rest without excessive slam 
pd without rebound. After leaving the 
interrupting elements of the stationary 
contact, the cross bar continues to move 
flirough a considerable body of dear oil, 
introdudng an oil disconnect into the 
circuit in addition to the active break of 
the interrupters. 


with least effort, through a reduction in 
^ss. Long life of contacts is assured 
throu£i tte use of tungsten alloy tips to 
accelerating force 
contact springs acts through 
the fct fraction of an inch of contact 
travel and serves to get the parts into 
motion as well as providing low-distance 
P^t of contact. Another spring at the 

operating rod acts 
through the entire stroke and Lons th^ 
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assembly is secured by adjustable 
tie rod connectors, providing for correct 
spacing of the units as pjfife ad¬ 
justment of each contact position is easily 
obtamed by turning the eccentric hinee 
pm (figure 2). ® 

A stationary contact is enclosed within 
the upper cast end plate associated with 
each stack. It is hinged at one end, 
backed up by a substantial contact spring 
Md protected against excessive burning 
by means of a face of tungsten alloy, silver 
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220-l<v, six-8rid, in open and doted potiUont 
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Table I. Southern California Edison Company 220-Kv 50-Cycle Tests 

Westinshouse Type G-22/^ 187-Kv Oil Circuit Breaker; October 16/1938 


Test 


Shot* 


Cuiireat 

Interrupted 

(Amperes) 


EqtsiTslent 

Three-Phase 

Kilovolt-Amperes 


Duration of Breaker 
Short Circuit Interrupting 
(Cycles) Time (Cycles) 


IW . 

1 AW 

. O . 

_co . 

. 620 . 

. 665 . 

. 225,000 . 

. 206,000 . 

. 3.7 . 

. 3.9 . 

. 3.4 

. 3.6 

^ w 

o . 

.1,600. 

. 590,000. 

.3.1. 

.2.7 

2 AW . 

. CO. 

. i;620 . 

. 553,000 . 


.2.6 

a w 

. o _ 

4^. ..2,780 . 

.1,011,000 . 

. 3.4 . 

. 3.0 


CO . 

.2,960 . 

.ljl35,000 . 


.1.1 

A, W 

o .... 

.8,220 . 

.1,900,000 . 

.8.1. 

.2.6 

A. /ipir 

CO . .. . 

.6^330 . 

.1,938,000 . 

.2.6. 

.2.2 

5W . 

. o . 

. ejooo . 

.2,250,000 . 

. 3.1 . 

.2.6 

K AW 

CO 

6,000 . 

.2,250,000. 

.2.6. 


O /Lrv A • • * * * • » 


Q fnllMi of H'rtft 1 

15 amperes..... 


.8.1 

KjrW A A A A A A A A A A 


77 amoeres.... 



BCW . 

.opening 246.4 miles of line—160 amperes.... 


.5.6 


* “O'" indicates “opening*"; “CO“ indicates “closing-opening.” 


the breaker failed to interrupt within the 
grids. The very satisfactory performance 
on these tests up to well over 132 kv, to¬ 
gether with the testing of individual grids 
to 40,000 amperes at lower voltage, justi¬ 
fies tlie application of a four-grid assembly 
to 132-kv high-speed work. 

As a result of this laboratory demon¬ 
stration, arrangements were made for 
further tests on a three-pole breaker at 
the Laguna Bell substation of the 
Southern California Edison Company. 
This station is centrally located in the 
system and can produce short circuits of 
approximately 2,250,000 kva, at an op¬ 
erating voltage of 220,000 volts. A set 
of contacts, together with the necessary 
mechanical parts, was sent out from the 
factory and installed in a type G-22-A 
187-kv three-pole breaker, which had 
been in service approximately ten years. 
Single-phase-to-ground faults were ap¬ 
plied, sometimes by the test breaker, and 
sometimes by a separate closing breaker, 
to the third pole of the breaker further 
away from the mechanism. A protective 
relay operating from overcurrent in the 
ground lead, tripped the breaker in 0.006 
to 0.010 second. A six-element magnetic 
oscillograph and a cathode-ray oscillo¬ 
graph were used simultaneously to record 
fault current, voltage across the breaker, 


Figure 4. Contacts after field test—ten shob 
565 to 6/000 amperes 


relay time, trip coil current, and position 
of lift rod in one pole of the breaker. 
Changes in magnitude of fault current 
were secured by switching lines and trans¬ 
formers at various parts of the system. 

Cathode-ray oscillograms recorded bus 
voltage to grotmd on the faulted phase, 
during* the period of arcing, and for a few 
cycles thereafter. Each record shows a 
central zero line indicating a closed con¬ 
tact; another trace a small distance away 
indicating arc voltage, so small as to be 
scarcely noticeable; and the open-circuit 
recovery voltage which is sine wave after 
a short transient generally not exceeding 
one-half cycle. The maximum peak of 
recovery voltage obtained on the whole 


series of tests occurred on the lightest 
short-circuit values of approximately 
200,000 to 225,000 kva. On one of these 
light diort circuits an overvoltage of 170 
per cent above normal crest voltage was 
obtained. For aU heavier short circuits, 
however, the recovery voltage did not ex¬ 
ceed 10 or 15 per cent above normal crest. 
On the lightest short drcuits also the rate 
of rise of recovery voltage was greatest, 
being approximately 2,300 volts per 
microsecond. On the heavier short cir¬ 
cuits this rate was reduced being approxi¬ 
mately 500 volts per microsecond. It is 
interesting to note that these actual field- 
test cathode-ray data substantiate calcu¬ 
lations made for similar conditions and 






















































already presented before the AIEE.^ Figure 6. Cathode- 
Cathode-ray oscillograins of field condi- wy oscillograms—* 
tions should be particularly useful in in- illustrated In 

terpreting magnetic oscillograms and ^ 

Hall recorder films—a more general use 
of cathode-ray records by operating com¬ 
panies is recommended. 


Figure 5. Representative oscillograms (220 
lev, 50 cycles) 

a—Timing wave d —Relay and trip coil 

h—Lift rod travel 

c—Not used €—Fault current 

f —Line-to-ground voltage 





Figure 6 shows three typical catliode- 
ray oscillograms, with the several parts of 
each record identified so as to point out 
the transition from zero voltage before 
the contacts open, to arc voltage, to the 
transient at the instant recovery voltage 
appears and finally, the sine-wave open- 
circuit voltage. Since the film was ro¬ 
tated on a drum, each trace as it leaves 
1 V/—A CO shot right-hand end of the oscillogram can 

interrupting 565 am- ^ picked up again at the opposite end to 
peres fonn a continuous record. 

The results of tliis series of field tests are 
shown in the tabulations (table I) and 
typical magnetic oscillograms are also 
shown (figure 5). Each oscillogram gives 
a time record of the position of the breaker 
contacts (trace b) before and after the 
fault current (trace e). The rise of cur¬ 
rent in the trip coil circuit is shown 
(trace d), lagging the start of fault cur¬ 
rent by approximately one-third cycle. 
Movement of the breaker, mechanism 
follows directly thereafter, and arc voltage 
and recovery voltage (trace f) appear as 
the fault current is extinguished. Voltage 
3 A W—A CO shot records on these magnetic-oscillograph 

interrupting 2,960 records are somewhat distorted, due to 

amperes inaccuracies in the measuring circuits, 
and a more accurate record is obtained 
from the cathode-ray oscillograph. Values 
of current and equivalent kilovolt¬ 
amperes are given in table I, showing 
interrupting time averaging 2.6 cycles 
(60-cycle frequency, or 3.1 on a 60-cycle 
basis) and ranging from 1.1 cycles at 
1,000,000 kva to 3.6 cycles at 200,000 
kva. 

Importance has been attached recently 
to the more prompt interruption of charg¬ 
ing currents on high-voltage lines than 
has been practical with old forms of inter¬ 
rupter. As part of the field tests de- 
5 V/—An O shot scribed hereinbefore, a group of charging¬ 
interrupting 6,000 current interruptions were made, the re- 
amperes suits of which are shown in table I, in- 
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Table I. Southern California Edison Company 220-Kv 50-Cycle Tests 


Westinshouse Type G-22/^ 187-Kv Oil Circuit Breaker/ October 16, 1938 


Test 

Shot* 

Current 

Interrupted 

(Amperes) 

Equivalent 

Three-Phase 

Kilovolt-Amperes 

Duration of 
Short Circuit 
(Cycles) 

Breaker 
Interrupting 
Time (Cycles) 

IW . 

. O . 

. 620 . 

_ 225,000 . 

. 3.7 . 

. 3.4 

1 AW . 

. CO . 

. 565 . 

_ 205,000 . 

. 3.9 . 

.3.6 

2W . 

. 0. 

.1,600. 

.... 590,000. 

.3.1. 

.2.7 

2 AW . 

.CO. 

.1,520. 

.... 553,000 . 

. 3.0 . 

. 2.6 

3W . 

. 0 . 

. 2,780 . 

_ 1,011,000 . 

. 3.4 . 

.S.J 

Z AW . 

. CO . 

. 2,960 . 

... .1,135,000 . 

. 1.5 . 

. 1.1 

4:W . 

. 0 . 

.. .. .5,220 . 

.. . .1,900,000 _ 

. 3.1 . 

. 2.6 

4 AW . 

. CO . 

. 5,330 . 

_ 1,938,000 . 

. 2.5 . 

. 2.2 

BW . 

. 0 .... 

.6,000. 

_2,250,000. 

.3.1. 

. 2.6 

5 AW . 

. CO . 

. 6,000 . 

_ 2,250,000 . 

. 2.6 . 

. 2.1 

GW . 

. Opening 

22.9 miles of line — 15 amperes - 


. 3.1 

MW . 

. Opening 118.1 miles of lim 

i — 77 amperes. .. . 


. 4.8 

BCW . 


i —150 amperes. ,. . 




* “O” indicates “opening”; “CO” indicates “closing-opening.” 


the breaker failed to interrupt within the 
grids. The very satisfactory performance 
on these tests up to well over 132 kv, to¬ 
gether with the testing of individual grids 
to 40,000 amperes at lower voltage, justi¬ 
fies the application of a' four-grid assembly 
to 132-kv high-speed work, 
n As a result of this laboratory demon¬ 
stration, arrangements were made for 
further tests on a three-pole breaker at 
the Laguna Bell substation of the 
Southern California Edison Company. 
This station is centrally located in the 
system and can produce short circuits of 
approximately 2,250,000 kva, at an op¬ 
erating voltage of 220,000 volts. A set 
of contacts, together with the necessary 
mechanical parts, was sent out from the 
factory and installed in a type G-22-A 
187-kv threeTpole breaker, which had 
been in service approximately ten years. 
Single-phase-to-ground faults were ap¬ 
plied, sometimes by the test breaker, and 
sometimes by a separate closing breaker, 
to the third pole of the breaker further 
away from the mechanism. A protective 
relay operating from overcuiTent in the 
ground lead, tripped the breaker in 0.005 
to 0.010 second. A six-element magnetic 
oscillograph and a cathode-ray oscillo¬ 
graph were used simultaneously to record 
fault current, voltage across the breaker, 


Fisurc 4. Contacts after field test—ten shots 
565 to 6,000 amperes 


relay time, trip coil current, and position 
of lift rod in one pole of the breaker. 
Changes in magnitude of fault current 
were secured by switching lines and trans¬ 
formers at various parts of'the system. 

Cathode-ray oscillograms recorded bus 
voltage to ground on the faulted phase, 
during the period of arcing, and for a few 
cycles thereafter. Each record shows a 
central zero line indicating a closed con¬ 
tact; another trace a small distance away 
indicating arc voltage, so small as to be 
scarcely noticeable; and the open-circuit 
recovery voltage which is sine wave after 
a short transient generally not exceeding 
one-half cycle. The maximum peak of 
recovery voltage obtained on the whole 


series of tests occurred on the lightest 
short-circuit values of approximately 
200,000 to 225,000 kva. On one of these 
light short circuits an overvoltage of 170 
per cent above normal crest voltage was 
obtained. For all heavier short circuits, 
however, the recovery voltage did not ex¬ 
ceed 10 or 15 per cent above normal crest. 
On the lightest short circuits also the rate 
of rise of recovery voltage was greatest, 
being approximately 2,300 volts per 
microsecond. On the heavier short cir¬ 
cuits this rate was reduced being approxi¬ 
mately 500 volts per microsecond. It is 
interesting to note that these actual field- 
test cathode-ray data substantiate calcu¬ 
lations made for similar conditions and 
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rupting speed to three cycles is more or less 
of a refinement for limited application. 

Another factor to be considered in ex¬ 
tremely high-speed fault interruption is the 
fact that as soon as you inteitupt a fault at 
less than approximately six cycles the 
fault current which must be interrupted is 
asymmetrical and may be considerably above 
the symmetrical value. This is illustrated 
in the test oscillograms, figures 56 and 5c. 
In other words, within certain limits the 
faster the fault is removed the greater rup¬ 
turing capacity it is necessary to provide in 
the breakers so that while it is advantageous 
to decrease the time of fault interruption 
in one respect it is disadvantageous in an¬ 
other. I do not wish to discourage the de¬ 
velopment of high-speed arc-interrupting 
devices but do wish to point out those fac¬ 
tors which must be considered in their de¬ 
velopment. The opinions which I have 
expressed here apply not only to the develop¬ 
ments which Messrs. MacNeill and Hill 
have described but to developments of other 
designers as well. I believe that if these 
developments give us a breaker of better 
interrupting ability it is of a great deal 
more advantage than the decreased time of 
arc interruptions obtained. Our sad ex¬ 
periences in the past of the manufacturers 
derating of breakers, many of which are too 
recent, emphasize the necessity of improve¬ 
ment along these lines rather than the neces¬ 
sity of further improvement in speed of 
fault interruption. Of course, if the im¬ 
proved speed in the breaker is inherent with 
its interrupting ability, that is another 
story and a welcome one because then we 
can control the time of arc interruption in 
relay settings. 


C. IPtince (General Electric Company, 
Philadelphia, Pa.): The authors are to be 
congratulated on the high degree of per¬ 
fection achieved in the development of the 
De-ion grid. Examination of the successive 
papers describing the De-ion grid, which 
have appeared since this device first made 
its appearance in 1930, shows a steady 
evolution from the open dots of the earliest 
designs toward more and more complete 
enclosure of the arc in an explosion chamber. 
In the present paper this enclosure seems to 
be complete and one wonders whether the 
iron plates in the assembly need be longer 
retained. If it could be shown that opera¬ 
tion is unimpaired by omitting the iron, 
which is very probable at these low cur¬ 
rents, the question might be asked whether 
there is any distinction between the device 
of the pap^ and an explosion chamber. 


A. Lott (Southern California Edison 
Company Ltd., Los Angeles): In October 
1936, the first of a series of field tests at 
220 kv wm'e made on an oil circuit breaker 
at the Saugus substation of the Southern 
California Edison Company Ltd. During 
the ensuing year, 39 single-conductor-to- 
ground short circuits, varying in value be¬ 
tween 0.3 and 1.7 million equivalent three- 
phase kilovolt-amperes were imposed on the 
220-1^ system at Saugus and cleared with¬ 
out inconvenience to consumers* service. 
The number of short circuits at each of the 
four duties which were used to test three 
different types of 220-kv breakers are shown 
in table I of this discussion. 
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An analysis of the Saugus tests led to the 
following conclusions; 

1. If the over-all time of clearance is in the order 
of five to eight cycles, similar tests can be carried 
to the maximum values of 2,260,000 kva mthout 
inconvenience to consumers’ ser^ce. 

2. The final proof of a drcuit breaker’s perform¬ 
ance occurs when the breaker is required to inter¬ 
rupt a short circuit at or near its rated capacity. 
The most practical way to apply such proof is 
through the medium of staged field tests on a high- 
capadty transmisdon system. While both the 
design and laboratory tests may be carried out 
with painstaking attention to every detail, such 
tests, because of limitations in the capadty of the 
laboratory equipment, fail to disclose occasional 
weaknesses which are only disclosed when a breaker 
is tested at or near its rated capadty. Usually 
such weaknesses are corrected by relatively minor 
changes in design. 

In our discussion on "A New Multibreak 
Interrupter for Fast-Clearing Oil Circuit 
Breakers,** AIEE Transactions, December 
1938, the procedure for conducting a short- 
circuit test at Saugus was outlined, together 
with some comments on the need for high¬ 
speed switching and the experience with 
high-speed switching on the ^uthem Cali¬ 
fornia Edison transmission system. 

The operating results of the Saugus tests 
were so satisfactory and the interest was so 
keen that there was no hesitation in staging 
the next series of tests at Laguna Bell sub¬ 
station. Laguna Bell is at the load center 
of the 220-kv S3rstem, and the 2,250,000-kva 
duty is the greatest concentration of power 
at 220-kv available at any location. 

The procedure used to conduct a short- 
circuit test at Laguna Bell was practically 
identical with the procedure used at Saugus. 
At Laguna Bell five different line and bus 
switching combinations were used to ob¬ 
tain five values of short-circuit current. 
However, since each test presents certain 
minor variations, a complete analysis was 
made, and a printed program outlining 


Table I. Short-ClKult Tests at Saugus Sub¬ 
station 


Equiyalent Threa-Pbase 


Number of SiioTolf-Amperes 

Short Circuits Interrupted (Millions) 


8.0.3 

6 . 0.6 

6.1.0 


89 


each step in the operating procedure tos 
distributed in advance of each test to all 
station operators and engineers concerned. 

During 1938 field tests were made on four 
different types of 220-kv breakers at Laguna 
Bell up to the maximum available duty of 
2,250,000 kva. The number of short cir¬ 
cuits cleared for each of the five values of 
fault current are given in table II of this 
discussion. 

In one test, three interrupters, each 
slighriy different from the others in design, 
were installed, one design in eadh of the three 
separate tanks of the breaker, and were tested 
the same day. All three tanks were 
tested at the same duty and the results were 
compared before imposing the next higher 
'v^ue of short-circuit current. One de¬ 
sign proved superior, and was the only one 
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tested at the maximum value of 2,500,000 
kva. 

The system performance while the maxi¬ 
mum duties were being cleared at Laguna 
Bdl confirmed in every detail the con¬ 
clusions derived from the Saugus tests. 
There were no dips in the system speed and 
no consumer complaints when the short 
circuits were cleared in eight cycles or less. 
In a few cases the over-all clearance time 
exceeded eight cycles. When the clearance 


Table II. Short Circuit Tesb at Laguna* Bell 
Substation 


Equivalent Three-Phase 


Number of Rilovolt-Amperes 

Short Circuits Interrupted (Millions) 


22. 1/4 

16. Vi 

18.1 

13.1V4 

8.2^4 


77 


time was more than eight cycles, the short 
circuits of both the 1,750,000- and 2,260,000- 
kva values caused sufficient voltage dip to 
drop some motors which were equipped with 
instantaneous undervoltage release coils. 
There were no indications of instability 
following any one of the 77 test short 
circuits. 

The test on the multiple-grid breaker for 
high-voltage service was made at Laguna 
Bell on October 16, 1938. The design fea¬ 
tures and results are presented in the paper 
under discussion. The tests progressed 
rapidly and as outlined in a program written 
in advance. 

The results from the standpoint of system 
operation were excellent. There was no dip 
in the system speed, and the maximum 
voltage dip of five per cent was recorded 
when the 2,260,000-kva fault was being 
cleared in an over-all tiipe of 3.1 cycles. 
There were no consumer complaints and no 
inconveniences to service since the short 
circuits were cleared too rapidly to permit 
the operation of instantaneous under¬ 
voltage release coils. Most consumers were 
not aware that tests were in progress as the 
flicker of lights which indicated when the 
short circuit was imposed and cleared was 
barely perceptible. 

The authors are to be congratulated for 
their presentation of an interesting paper, 
and we are pleased to note the progress that 
has been made by all switch manufacturers 
in the development of high-speed, high- 
capadty circuit breakers designed to add 
further improvements to the continuity 
and quality of electrical service.. 


F. W. Gay (Public Service Electric and Gas 
Company, Newark, N. J.): Where breakers 
of this type are needed, they are needed 
very badly and the breaker under discus¬ 
sion seems to be a happy solution to a 
difficult problem. 

It is suggested that one of the most neces- 
sa^ applications for this breaker is on cir¬ 
cuits having high capacity, as for instance 
132-iv cables. If a breaker of slow ruptur¬ 
ing time is used on cables, restriking will 
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dicating breaker time from energization 
of trip coil to arc extinction ranging from 
3.3 to 5.6 cycles on a 50-cycle basis. The 
246-mile stretch of 220-kv line used in 
these tests is, we understand, the longest 
220-kv line on which charging-current 
interruption has been made under test 
conditions, the charging current being 
150 amperes. Cathode-ray oscillograms 
of these charging tests show transient 
voltage phenomena during interruption 
up to 100 per cent above normal line-to- 
ground values. 

Inspection of contacts showed no ex¬ 
cessive burning of metallic parts or fiber 
plates, nor was there any noticeable oil 
depreciation. The dip in voltage on the 
system was so slight as to cause no trouble 
to connected synchronous apparatus. 
It is evident that the requirements of 
five-cycle operation for high-voltage 
equipment have been met with consider¬ 
able margin. 

Short-circuiting the heart of a 220-kv 
operating system under load conditions 


up to three-phase equivalents of 2,250,000 
kva involves careful planning and some 
risk-taking even on a system as robust 
and well operated as that of the Southern 
California Edison Company. The diffi¬ 
culties are probably better appreciated 
by those skilled in system operation under 
fault conditions than they are by the ap¬ 
paratus designers. However, both have 
a keen interest in such field tests as they 
afford the only way of verifying the re¬ 
sults obtained in high-power laboratories. 
We express only the general sentiment of 
the industry in acknowledging the con¬ 
tribution made to the switchgear art by 
the Southern California Edison Com¬ 
pany in subjecting their system to the 
tests referred to in this paper. 
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Discussion 

H. K, Sels (Public Service Electric and Cjas 
Company, Newark, N. J.): Messrs. Mac- 
Neill and Hill have presented a very in¬ 
genious arrangement of De-ion grid contacts 
which will speed up and improve the per¬ 
formance of high-voltage breakers. I shotild 
like to present some remarks from the point 
of view of system stability, relay settings, 
line damage, and breaker rupturing ability 
using such an arrangement. The^ arrange¬ 
ment shown decreases the duration of short 
circuit from around six to eight cycles for 
the present standard breaker to something 
less than three cycles. All of these speeds 
are a great improvement over older types 
of breakers which have interrupting speeds 
around 20 to 30 cycles. Naturally there is 
a great reduction in damage to line conduc¬ 
tors and insulators by decreasing the time 
of interruption to three or eight cycles. 
However, to obtain fully these benefits 
with high-speed breakers, it is desirable to 
use impedance step-type, carrier-current, 
or pilot-wire high-speed relays to keep the 
total interruption time as low as possible. 

From a system stability standpoint when 
a system is short-circuited the reactive kilo¬ 
volt-ampere demand on the system in¬ 
creases enormously and the kilowatt de¬ 
mand on the system may increase slightly 
or decrease. In any event the distribution 
of these loads among the generators on the 
system differs considerably from the load 
conditions which existed prior to the applica¬ 
tion of the short circuit to the system. As a 
consequence certain machines become un¬ 
loaded and speed up while others tend to 
slow down. If a short circuit is not removed 
rapidly enough from the system the phase 
angles between the advancing and retarded 
machines will become so great that they will 
pull out of step. Studies show that great 
improvement is obtained in removing 
faults wi thin one-fourth to one-half second 
but improvement below this point is ques¬ 
tionable economically. Unquestionably if 
we could remove a fault from the system 
instantaneously we would not have a sta¬ 
bility problem but it is doubtful if any such 
ideal could he approached from an economic 
standpoint. As a matter of fact we doubt 
whether there is any advantage of improving 
speeds below eight cycles. 

The rapid removal of a fault from the 
system and reclosure of the line has been 
proposed as a means of improving service on 
our transmission systems. Sufficient ex¬ 
perience has not been obtained with this 
arrangement to warrant such a policy. At 
this time I doubt very much whether it can 
be proved economical. In general it seems 
to me that this field is the only application 
open to a three-cycle breaker. There are so 
many improvements available which can 
be applied to transmission lines generally, 
such as ground wires, lowering tower-foot¬ 
ing resistances, arcing devices, and high¬ 
speed relay systems, decreasing the inter- 
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The sine waves show the normal system 
line-to-ground voltage and the zero line is 
located midway between crests. 

The trace starts at A and moves to the 
right edge J5, reappearing at the correspond¬ 
ing point C at the left edge. The first clear¬ 
ing occurs at D, probably with a very small 
contact separation since the arc restrikes 
after a very short interval. The trace goes 
off the film at JS and reappears at the left. 
After a brief interruption, the arc restrikes 
at F, Both of these early interruptions are 
of such short duration that they do not 
appear as current interruptions on the mag¬ 
netic oscillograph film and cause no appreci¬ 
able voltage transient. 

At the next crest of voltage the circuit is 
interrupted for about a tenth of a cycle. 
The transient following the restrike at G 
reaches at jH" a voltage which equals 130 
per cent of the normal crest of line-to- 
ground voltage. The trace reappears at 1 
and a restrike occurs at J. The following 
crest K reaches a value of 180 per cent. 
After the restrike L the maximum voltage 
obtained on the test, 250 per cent, is reached 
at M, The arc restrikw at iV* and the volt¬ 
age reaches 215 per cent at 0. The last 
restrike P produces a voltage of 210 per 
cent at Q and the transient dies out in an 
oscillation R leaving the line charged to 
about 60 per cent of the normal crest value. 

The interruption was accomplished with 
two interruptions of negligible duration and 
five which were followed by restrikes which 
caused overvoltages. The overvoltages 
reached 120, 180, 250, 216, and 210 per 
cent of the normal crest of line-to-ground 
value on successive restrikes and caused no 
trouble on the system. 


H. P* Si. Clair (American Gas and Electric 
Service Corporation, New York, N. Y.): 
I should like to bring out briefly three or 
four points in connection with the paper by 
Messrs. MacNeill and Hill describing a new 
multiple-grid oil circuit breaker for high- 
voltage service. 

While you are all aware that there has 
been an increasing interest displayed in 
this country in the development of oil-blast 
circuit breakers along lines whidbi are a 
modification of European practice, at the 
same time the paper you have heard today, 
coupled with papers describing somewhat 
parallel developments presented in the last 
summer convention of the AIEE, gives 
evidence of the ingenuity of our American 
engineers in making notable advances in oil 
circuit breakers along conventional lines. 
Fortunately, in this country we are free from 
most of the restrictions—econonaic, mili¬ 
tary, or otherwise—which have forced 
European practice to a Isurge extent away 
from oil, so that we are able to go ahead 
and develop the maximum inherent possi¬ 
bilities of oil circuit breakers. 

As a result of this, I believe that the 
situation in this country is a particularly 
healthy one in that both of these develop¬ 
ments, the air-blast and improvements in 
conventional oil circuit breakers, can go on 
in parallel without undue haste or pressure 
on either one. In this way, we are more 
likely to realize the maximum possibilities 
of each of these lines of developments. 

When the Boulder Dam breakers were 
designed and built, a drastic step was taken 
in going from the standard eight-cycle 


breaker to the three-cycle breaker which 
that job required. This step was also a very 
costly one. I believe it is therefore a very 
sound and desirable procedure to devriop a 
breaker which falls in between these two 
categories, namely, the five-cycle breaker, 
which apparently can be done with very 
little increase in cost over the present eight- 
cycle breaker. At the same time the gain in 
speed is a very substantial one and while its 
importance may not be fully apparent to 
all users at the present time, neverthdess we 
bdieve that it is certain to become more 
and more important as time goes on. On 
our own system, this increase in speed is 
already of considerable importance in con¬ 
nection with the application of ultrarapid 
reclosing of circuit breakers which has now 
passed beyond the pioneering stage and is 
taking its place as an important part of our 
system planning. 


J. B. MacNeill: The field of switchgear 
may be divided into three principal parts 
as follows: 

Low-yoltage tndtis trial 

Medium-voltage powerhouse and substation 
High-voltage transmission 

The three papers presented as a group re- 
spectivdy by Ludwig and Grissinger (pages 
414-20), Dickinson (pages 421-6), and 
MacNeill and Hill outline progress in each 
of these divisions. 

The last-mentioned paper is timely in view 
of the discussion in engineering cirdes of the 
speeds which are necessary in high-power 
circuit breakers for modem system opera¬ 
tion. The diversity of opinion on this sub¬ 
ject seems remarkable until the variety of 
system operating conditions is fully con¬ 
sidered. On some systems the present eight- 
cycle standard is more than adequate be¬ 
cause of the solidity with which the system 
is tied together. There will be an increasing 
number of cases, however, where severe short 
circuits involving more than one phase 
wire will demand faster breaker operation 
than eight cycles. For such service five 
cydes seems a reasonable standard, as it 
can be obtained without marked increase in 
cost and with reliable equipment permitting 
numerous operations and providing high¬ 
speed redosing. 

A feature of this paper is the data from 
cathode-ray oscillograph records taken 
simultaneously with the magnetic oscillo¬ 
graph records under various conditions of 
circuit opening from charging currents up to 
a dead short circuit of 2,260,000 kva direct 
on Laguna Bell bus of the Southern Cali¬ 
fornia Edison Company, These records are 
of particular interest in view of the dis¬ 
cussions now before the Institute on possible 
rates and magnitudes of transient voltages 
during switching operations. The values of 
switching transient voltages given in this 
paper are reassuring to American operating 
people using grounded neutrals. We are 
assured that these values are consistent with 
the results given by Evans, Monteith, ‘and 
Witzke and Van Sickle. An increased use 
of the cathode-ray oscillograph under fault 
conditions on operating systems is desir¬ 
able as it is apparent that some, data taken 
by magnetic oscillographs is not accurate 
for high-frequency transient phenomena. 

Mr. Skeats has asked if there is a co-rela¬ 


tion between the recovery voltage data in 
the MacNeill-Hill paper and the results in 
the Evans, Monteith, and Witzke paper. We 
are assured that the two sets of data are in 
harmony for similar system conditions, and 
from this we can conclude that the average 
American grounded-neutral high-voltage 
system is not subjected ordinarily to ex¬ 
tremely high switching voltages and that 
the more severe voltage transients referred 
to in the Evans, Monteith, and Witzke 
paper occur only infrequently and under 
unusual system conditions. Mr. Prince 
infers that the De-ion grid shown in this 
paper is approaching an oil-blast design. 
Fundamentally the De-ion grid theory is 
observed in this design; that is, the ar¬ 
rangement of oil pools and splitter plates is 
essentially the same as on all De-ion grids 
and the iron is still present to accelerate 
the arc, particularly on low currents, and to 
drive it into the restricted slots where 
deionization is carried out. Grids of this 
t3rpe have been made with and without iron 
and we feel that the presence of iron im¬ 
proves the grid operation. 

Mr. Gay and Mr. Sels of Public Service 
Electric and Gas Company state that five 
cycles is not usually necessary for high- 
voltage circuit breakers, and to this we 
agree, public Service of New Jersey, how¬ 
ever, is fortunate in having a compact high- 
power system without marked stability 
problems. High speed of opening opera¬ 
tion, however, particularly when coupled 
with high speed of redosure is definitely 
showing great improvement in stable opera¬ 
tion in several outstanding cases. In one 
such case the stable limit of a 138-kv line 
was multiplied by three by the installation 
of circuit breakers which opened and re¬ 
dosed in 24 cycles. The alternative in that 
case to such high-speed operation was a par¬ 
allel line. 

Mr. Lott has presented an interesting 
discussion of Southern California Edison 
and has pointed out the large number of 
heavy short circuits which have been 
handled during their test program without 
any considerable system difficulty. This 
in itself is a tribute to the higher speed of 
breaker operation generally found during 
the tests, as well as to the ruggedness of the 
Southern California system and the care 
with which the system wa.s arranged for the 
tests. 

Mr. St. Clair of the American Gas and 
Electric Service Corporation has commented 
on the improvement in modern circuit 
breakers, both in interrupting ability and in 
redosure speeds without departing from the 
underlying features of standard designs. 
There are considerable advantages to in¬ 
corporating these modem features of 
operation in structures which are known to 
be adequate for American operating condi¬ 
tions. The operators are thus able to secure 
equipment familiar to their people and also 
in many cases to incorporate the high-speed 
features in old equipment with consequent 
saving in station construction costs. The 
general use of grounded neutral systems in 
America demands more frequent circuit- 
breaker operation than is the case with un¬ 
grounded neutrals, and our first require-^ 
ment must be the adequacy of the drcuit 
breaker for high-power duty, possibly re¬ 
peated several times without maintenance, 
and with a growing demand for instantane¬ 
ous redosure. 
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mine ilieir iiHtTisi life. They an* Htihject 
to the efreet*^ of tetiija?rut«re. of inedtani- 
eal stream, vibralioti, electrical stresses, 
to the effect of oil in oil filled apparatus, 
to moisture, dirt, and in «<mic eases cor¬ 
rosive gases. Past exjierieiwre shows that 
the life of u machine may f»e limited fty 
any of these causes, and engineers must 
make proficf allowniiee for each of them 
in design. 

The iinjairtunce «if the effects of tern- 
|g*ratwn» was recognised early and defi¬ 
nite limits were agreed Ufion for the 
tuaxinniin ifcrinKsitile ojiemtiiig tern- 
fteratures which would constitute gcxal 
firadice for the various tyjtes of insula¬ 
tion inied. These limiting values were 
Imsed ufnui the knowledge of materials 
availuhle at that time, and the per- 
foiinance of electric apparatus built to 
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ctmftinn with these values has shf»wn ex¬ 
cellent results. 

Since that time the electrical industry 
has made ctmsidiTable jirogress. In ad¬ 
dition, the dieinicul industry has been 
pnMlwdng ut a very rajiul rate new ma¬ 
terials which electficui engineers have 
been carefully studying as promising 
candidates U* supidement or supidant 
the older forms of insulation. 

It thereftire is desirable to review 
bridly the previous wfirk and compare 
the results in service with expectations 
on the basis of ofwrating temperatures 
and with the results of later laboratory 
tests. Also, from these comparisons it 
is desirable to examine the latter and 
deiennine their sigiulicance. 

Previous Work 

In mm a pttiier by E. H. Kayner* in 
tlie JmrncU of the Institution of Elec¬ 
trical Engineers discussed the effect frf 
temperature on insulation, pointing out 
the rapid effects of high temperatures on 
life. Ilowever, no very definite con- 
dusiom m to permissible temperatures 
were drawn. 

In 1013 the Institute held a sympo- 
mum* on the subject at which a number 
«rf paticrs were presented and much dis¬ 
cussion ensued. The assumptum was 
made that dass A insulation had a ten- 
year useful service life at 100 degrees 
centigmde and one indefinitely long at 
90 degrees centigrade, but one of only a 
few weeks at 125 degrees centigrade. 
Two ideas vrill be found in this dis¬ 
cussion—one that as high a temperature 
03 possible should be jiermitted, con¬ 
sistent with reasonable life of the ma¬ 
chine, the other the importance of re¬ 
liability in the operation of the machines 
and. therefore, the desirability of not de¬ 
parting greatly from the operating tem¬ 
peratures which were actually in use at 
that time. Following this discussion 


AIEE Standard No. I was evolved 
whidi recommended for purposes of 
stmuhirdization the following limiting 
“hot spot” temperatures for electrical 
machinery and apparatus: 


Class A material 
(treated organic) 

Class B material 
(inorganic, plus binder) 
Class C material 
(pure inorganic) 


105 degrees 
centigrade 
125 degrees 
centigrade 
Not set 


In the intervening years laboratory con¬ 
firmation was undertaken, and a large 
amount of testing has been carried out 
by various groups. Experience in the 
development, design, and performance of 
apparatus has been a most imiiortant 
factor. 

Transformer engineers made aging 
tests on insulation under oil which have 
famed the basis of V. M. Montsinger’s 
eight-degree rule.’ This rule states that 
the rate of deterioration of oil-immersed 
varnished cloth doubles for every eiglit- 
degree-centigrade increase in temperature. 
In the same paper Mr. Montsinger states 
tliat the rate of deterioration is less for 
aging in air than in oil, and in his figure 
9 gives two dotted curves for air wWch 
correspond in slojie respectively to 13 
degrees and 26 degrees centigrade in- 
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Figure 3 



Figure 4 



Figure 5 



Figure 6 


Figures 3-7. Physical condition 
by observation of class A insula¬ 
tion samples aged for various 
periods of time at 200,160,135, 
120, and 105 degrees centigrade 
in ovens 
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crease in temperature for half the life. 

At Massachusetts Institute of Tech¬ 
nology three extensive series of tests® 
on oil-treated cable paper aged in oil as 
short lengths of cable showed that the 
mechanical properties deteriorated with 
time of test, but at temperatures below 
90 degrees centigrade a minimum value 
was reached in 20 to 28 weeks and then 
a recovery brought the insulation back 
to nearly the original value. No ex¬ 
planation is offered for this. 

A similar problem in the oxidation of 
oil has led to the development of an 
interesting technique by Domte.^*’^®*^^ 
The oil is heated in a suitable container 
and oxygen bubbled through it. The 
number of cubic centimeters of oxygen 
absorbed per 100 grams of oil per hour 
then gives an index of the oxidation rate 
or aging of the oil at any given tempera¬ 
ture. Whitdiead^® has used a somewhat 
similar method for testing cable oils. 

Investigational work carried on in the 
general engineering laboratory of the 
General Electric Company during this 
period is the subject of the present paper. 
It covers insulation of the type used in 
rotating machines,, namely black and 
yellow varnished doth tape and white 
cotton tape dipped in varnish. Suitable 
structures with these insulations were 


aged in air at five temperatures between 
100 degrees and 200 degrees centigrade. 

Method of Measuring Aging 

The criterion for the service life of the 
insulation of a machine is failure. If this 
is definitely caused by operation at uni¬ 
form and long-continued high tempera¬ 
tures, it may safdy be said that it gives 
a measure of the life of that insulation 
at that temperature for that kind of 
apparatus and service. In testing the 
life of insulation in the laboratory it 
has been impractical to test completed 
assemblies in the large numbers required 


to give reliable results. The total num¬ 
ber of test specimens used in the present 
work was 600. Thus it becomes neces¬ 
sary to make tests on the material itself 
dissodated from the structure. In such 
tests some definite property of the ma¬ 
terial is selected and measured periodi¬ 
cally after aging at several different tem¬ 
peratures, thus determining for these 
temperatures a characteristic aging curve 
for that property. In order to use such 
laboratory results to estimate the useful 
life of the insulation under service condi¬ 
tions it is necessary to select some definite 
deterioration in the measured property 
as its limit of serviceableness. It is as- 
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Synopsis; This paper reviews the litera¬ 
ture relating to the effect of temperature on 
the life of class A insulation. It presents 
test data on aging of built-up samples 100 
mils thick, of varnished cloth, both black 
and yellow, over the temperature range 105 
to 200 degrees centigrade. 

The effect of temperature on the insula¬ 
tion was measured by three different meth¬ 
ods—physical condition by visual observa¬ 
tion, bending of the insulation to produce 
cracking, and the lowering of the breakdown 
voltage of samples which had been immersed 
in water. The final results are given in 
the form of temperature-time curves for 
several degrees of deterioration as measured 
by each of the tests. 

T he materials used for insulation 
purposes in electric machines are 
subject to many factors which deter¬ 
mine their useful life. They are subject 
to the effects of temperature, of mechani¬ 
cal stresses, vibration, electrical stresses, 
to the effect of oil in oil-filled apparatus, 
to moisture, dirt, and in some cases cor¬ 
rosive gases. Past experience shows that 
the life of a machine may be limited by 
any of these causes, and engineers must 
make proper allowance for each of them 
in design. 

The importance of the effects of tem¬ 
perature was recognized early and defi¬ 
nite limits were agreed upon for the 
maximum permissible operating tem¬ 
peratures which would constitute good 
practice for the various types of insula¬ 
tion used. These limitmg values were 
based upon the knowledge of materials 
available at that time, and the per¬ 
formance of electric apparatus built to 
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January 23-27, 1939. Manuscript submitted 

October 21, 1938; made available for preprinting 
November 29, 1938. 

J. J. Smith and J. A. Scott are in the general engi¬ 
neering laboratory of the General Electric Com¬ 
pany, Schenectady, N. Y. 

1. For all numbered references, see list at end of 
paper. 

September 1939, Vol. 58 


J. A. SCOTT 

MEMBER AIEE 

conform with these values has shown ex¬ 
cellent results. 

Since that time the electrical industry 
has made considerable progress. In ad¬ 
dition, the chemical industry has been 
producing at a very rapid rate new ma¬ 
terials which electrical engineers have 
been carefully studying as promising 
candidates to supplement or supplant 
the older lorms of insulation. 

It therefore is desirable to review 
briefiy the previous work and compare 
the results in service with expectations 
on the basis of operating temperatures 
and with the results of later laboratory 
tests. Also, from these comparisons it 
is desirable to examine the latter and 
determine their significance. 

Previous Work 

In 1905 a paper by E. H. Rayner^ in 
the Journal of the Institution of Elec¬ 
trical Engineers discussed the effect of 
temperature on insulation, pointing out 
the rapid effects of high temperatures on 
life. However, no very definite con¬ 
clusions as to permissible temperatures 
were drawn. 

In 1913 the Institute held a sympo- 
sium^ on the subject at which a number 
of papers were presented and much dis¬ 
cussion ensued. The assumption was 
made that class A insulation had a ten- 
year useful service life at 100 degrees 
centigrade and one indefinitely long at 
90 degrees centigrade, but one of only a 
few weeks at 125 degrees centigrade. 
Two ideas will be found in this dis¬ 
cussion—one that as high a temperature 
as possible should be permitted, con¬ 
sistent with reasonable life of the ma¬ 
chine, the other the importance of re¬ 
liability in the operation of the machines 
and, therefore, the desirability of not de¬ 
parting greatly from the operating tem¬ 
peratures which were actually in use at 
that time. Following this discussion 
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AIEE Standard No. 1 was evolved 
which recommended for purposes ^of 
standardization the following limiting 
“hot spot” temperatures for electrical 
machinery and apparatus: 


Class A material 
(treated organic) 

Class B material 

(inorganic, plus binder) 
Class C material 
(pure inorganic) 


105 degrees 
centigrade 
125 degrees 
centigrade 
Not set 


In the intervening years laboratory con¬ 
firmation was undertaken, and a large 
amount of testing has been carried out 
by various groups. Experience in the 
development, design, and performance of 
apparatus has been a most important 
factor. 

Transformer engineers made aging 
tests on insulation under oil which have 
formed the basis of V. M. Montsinger’s 
eight-degree rule.'^ This rule states that 
the rate of deterioration of oil-immersed 
varnished cloth doubles for every eiglit- 
degree-centigrade increase in temperature. 
In the same paper Mr. Montsinger states 
that the rate of deterioration is less for 
aging in air than in oil, and in his figure 
9 gives two dotted curves for air which 
correspond in slope respectively to 13 
degrees and 26 degrees centigrade in- 
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l'/2 INCHES 
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Figure 1. Test sample tor aging class A 
insulation 



Figure 2. Cracking-on-bending test, show¬ 
ing fixture for bending semicyiindrical sample 
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other data to allow for the difference in 
temperature of the various layers or other 
conditions in an actual machine. 

This choice of deeply embedded insula¬ 
tion and the fact that the tests were 
carried out in air restricted the type of 
test criterion. For example, tensile 
strength or other similar mechanical 
tests could not be made on the aged 
tapes since the entire thickness of insula¬ 
tion hardens during aging into a dry mass 
that will not permit the tapes to be un¬ 
wound without tearing. 

Three kinds of insulation were used in 
these tests: 

A, Black varnished cloth tape 

B, Yellow varnished cloth tape 

C, White cotton tape treated by suc¬ 
cessively baked dips of black varnish 

The tube samples were placed in ovens 


while the tests conducted at 120 degrees 
centigrade extended almost 4 years. 

Electrical Tests 

The electrical tests of insulation re¬ 
sistance, breakdown voltage, and di¬ 
electric loss and power factor were made 
in the usual manner on {a) dry tubes as 
taken from the oven and cooled to room 
temperature, (&) wet tubes, soaked in 
tap water for 48 hours on removal from 
the oven. 

Mechanical Tests 

The mechanical tests were physical 
condition by visual observation, and 
cracking on bending. 

The tests for physical condition were 
made by a personal observation of four 


samples at each test period. An expert 
can estimate the degree of deterioration 
very closely by the general appearance, 
breaking and rubbing small pieces with 
the fingers, scratching with thumb 
nail, etc. The chief objection to this 
method is the personal element involved. 
Where samples of different types are to 
be compared and classified, there is an 
unconscious tendency to favor those 
• t 3 rpes which the examiner had previously 
believed to be the best. It is also very 
difficult to classify correctly a large 
number of samples unless some systematic 
method is followed. 

With this in mind a system of classi¬ 
fication was devised. It aims toward 
eliminating the personal element as far 
as possible and reducing the results to 
the simplest terms. Samples were not 
selected for examination in the order of 



Figure 13 


A—Black varnished 
cloth 

G—^Vellow var¬ 

nished cloth 

□—Cotton tape 
and black varnish 



Figure 14 



Figure 15 Figure 16 


and held at the following temperatures: 
200, 160, 135,120, and 105 degrees centi¬ 
grade. Once each week the heat was 
shut off for six hours and the oven doors 
opened to allow the samples to cool to 
room temperature and undergo the ex¬ 
pansion and contraction that is en- 
cotmtered in actual operation in ma¬ 
chines. 

Samples were taken from the oven ac¬ 
cording to the schedule listed in table I. 
The 200-degree-centigrade tests were 
completed in about 2 months, the 160- 
degree-centigrade tests ran 18 months. 


Figures 13*-17. Kilovolt break¬ 
down of class A insulation 
samples 100 mils thick aged for 
various periods of time at 200, 
165, 135, 120, and 105 degrees 
centigrade in ovens. Tested wiped 
dry after immersion in tap water 
for 48 hours 



Figure 17 
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sumed that when it has reached this 
condition, its useful life is ended. 

Properties which may be measured 
include the following: 

Insulation resistance " 

Electric breakdown 
Power factor and dielectric power loss 
Physical condition by visual observation 
Cracking on bending (radius of bend to 
produce cracking) 

Flexibility 
Tensile strength 
Folding endurance 

The first three are electrical tests and the 
last five are mechanical tests. 

In the present study, tests of the first 
five types were included. The observa¬ 
tions of the physical condition of the 
insulation (figures 3 to 7) and cracking 
on bending (figures 8 to 12) show a con¬ 
tinuous deterioration due to aging at all 


temperatures. The electrical properties 
improved in some cases with aging. 
For example, the insulation resistance in¬ 
creased as the test progressed, as might be 
expected due to the evaporation of 
moisture. The power factor of samples 
aged at 135 degrees centigrade decreased 
at first and then increased, as shown in 
figure 18. The breakdown voltage of 
the samples tested after immersion in 
water, given in figures 13 to 17, decreased 
fairly uniformly over the period of aging. 

The criterion used by Montsinger^ in 
his work on aging of paper in oil was 
tensile strength. The resulting curves 
given in his paper are quite consistent. 
Folding endurance tests were used in 
the studies® made at Massachusetts 
Institute of Technology. The results 
show the insulation aged progressively 
with time up to a certain point and then 


recovered. These two latter types of 
test were not adaptable to the test struc¬ 
ture used in the present work, but it is 
interesting that different observers ar¬ 
rived independently at the greater use¬ 
fulness of the mechanical test results. 

Test Specimen and Aging Procedure 

Since it was desired that the tests 
should typify deeply embedded class A 
insulation as used in motor and generator 
slots, the test specimen was designed in 
order to simulate as far as possible such 
insulation conditions. 

Six-hundred samples were used con¬ 
sisting of a 100-mil thickness of the in¬ 
sulation wrapped on a brass tube IV 2 
inches in diameter and 33 inches long, 
as shown in figure 1. In order to exclude 
direct contact with the ambient air dur- 



DAYS AGED AT 200° C 


A —Black var¬ 

nished cloth 

G—Yellow var¬ 
nished cloth 

0—Cotton tape 
and black var¬ 
nish 


INCHES 



DAYS AGED AT 160° C 


Fisure 8 


INCHES 



Figure 10 



Figures 8-12, Radius of berrd 
to cause cracking detected by 
seven-kv test voltage of class A 
insulation samples aged for vari¬ 
ous periods of time at 200, 165, 
135, 120, and 105 degrees 
centigrade in ovens 



Figure 12 


ing the aging tests this insulation was 
protected by a 0.006-inch layer of as¬ 
bestos paper and an additional 0.080- 
inch layer of varnish tape. The purpose 
of such protection was twofold. First, 
it was considered that in an actual ma¬ 
chine the outer layers of insulation are 
the coolest and serve to protect the inner 
layers which, being the hottest, age most 
rapidly. Second, for laboratory tests 
it was desirable that the insulation 
age as uniformly as possible throughout 
its mass in order to get consistent re¬ 
sults which might in turn be used with 
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other data to allow for the difference in 
temperature of the various layers or other 
conditions in an actual machine. 

This choice of deeply embedded insula¬ 
tion and the fact that the tests were 
carried out in air restricted the type of 
test criterion. For example, tensile 
strength or other similar mechanical 
tests could not be made on the aged 
tapes since the entire thickness of insula¬ 
tion hardens during aging into a dry mass 
that will not permit the tapes to be tm- 
woimd without tearing. 

Three kinds of insulation were used in 
these tests: 

A. Black varnished doth tape 

B. Yellow varnished doth tape 

C. White cotton tape treated by sue- 
cessivdy baked dips of black varnish 

The tube samples were placed in ovens 


while the tests conducted at 120 degrees 
centigrade extended almost 4 years. 

Electrical Tests 

The electrical tests of insulation re¬ 
sistance, breakdown voltage, and di¬ 
electric loss and power factor were made 
in the usual mann^ on (a) dry tubes as 
from the oven and cooled to room 
temperature, (&) wet tubes, soaked in 
tap water for 48 hours on removal from 
the oven. 

Mechanical Tests 

The mechanical tests were physical 
condition by visual observation, and 
cracking on bending. 

The tests for physical condition were 
made by a personal observation of four 


samples at each test period. An expert 
can estimate the degree of deterioration 
very closely by the general appearance, 
breaking and rubbing small pieces with 
the fingers, scratching with thumb 
nail, etc. The chief objection to this 
method is the personal element involved. 
Where samples of different types are to 
be compared and classified, there is an 
unconscious tendency to favor those 
• types which the examiner had previously 
believed to be the best. It is also very 
difficult to classify correctly a large 
number of samples unless some systematic 
method is followed. 

With this in mind a system of classi¬ 
fication was devised. It aims toward 
eliminating the personal element as far 
as possible and reducing the results to 
the simplest terms. Samples were not 
selected for examination in the order of 



Figure 13 




Figure 15 Figure 16 


and hdd at the following temperatures: 
200, 160, 135, 120, and 106 degrees centi¬ 
grade. Once each week the heat was 
shut off for six hours and the oven doors 
opened to allow the samples to cool to 
room temperature and undergo the ex¬ 
pansion and contraction that is en¬ 
countered in actual operation in ma- 
drines. 

Samples were taken from the oven ac¬ 
cording to the schedule listed in table I. 
The 200-degree-centigrade tests were 
completed in about 2 months, the 160- 
degree-centigrade tests ran 18 months, 


Figures 13-17. Kilovolt break¬ 
down of class A insulation 
samples 100 mils thick aged for 
various periods of time at 200, 
165, 135, 120, and 105 degrees 
centigrade In ovens. Tested wiped 
dry after Immersion in tap water 
for 48 hours 



Figure 17 
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DAYS AGED AT 135° C. 


Figure 18. Dielectric power factor of class A 
insulation samples aged for various periods 
of time at 135 degrees centigrade in ovens. 
Tested wiped dry after immersion in tap water 
for 48 hours 

A—Black varnished cloth 
O—Yellow varnished cloth 
Q—Cotton tape and black varnish 

their aging period or type, but were 
selected at random. The ‘lining up” 
of the classification or rating with length 
of aging time then furnished a good 
check on the judgment of the examiner. 
The classification was as follows: 


Per 

Cent 

Rating 

Physical Coalition by 

Visual Observation 

100 

Fresh, soft, and flexible (still tacky) 

90 

Dry but still soft and flexible 

80 

Dry but still flexible (hardening) 

70 

Dry and hard but still retaining flexibility 

60 

Hard and compact with very slight flexi¬ 
bility 

50 

Hard, compact, and inflexible but not ex¬ 
actly brittle 

40 

Brittle but compact and without checks 

30 

Brittle with checks forming 

20 

Brittle, checked, and partly cracked 
(slightly crumbly) 

10 

Badly cracked and crumbly (partly 
charred) 

0 

Completely cracked, charred, and 
crumbly 


The above system of rating applies 
only to samples protected from ex- 


Table I 


Temperature 


at Which 


Samples 


Were Aged 

Time in Days at 

(Deg C) 

Which Tests Were Made 


200 (run 1) 7, 14, 20, 27, 40, 47, 64, 61 

200 (run 2) 8, 14, 20, 27, 34, 41, 47, 54, 61, 68 

160 27, 54, 81, 108,136, 169, 243. 331, 419, 

514 

135 88, 176, 263, 350, 413, 531, 707, 877 

120 114, 236, 350, 479, 600, 714, 825,1,053, 

1,283 

105 114, 236, 413, 586, 761, 1,085 
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posure to air during the aging process by 
protective wrappings, which are removed 
before final tests are made. The total 
thickness of such insulation samples 
deteriorates uniformly and closely repre¬ 
sents the inner wrappings of coil insula¬ 
tion where the “hot spot” occurs. When 
samples are exposed directly to air in an 
oven, the outer wrappings deteriorate 
faster than the inner, and a percentage 
rating would be very difficult to make. 

The test to determine the amount of 
cracking on bending was as follows: 
Six good half sections were cut from the 
tube samples for bending test. These 
were seven inches long and semicircular 
in cross section and included both the 
thickness of insulation to be tested and 
the section of brass tubing directly under 
it, having a normal radius of 0.75 inch. 
Using vaseline as a paste, a strip of metal 
foil was applied five inches long and 
three-quarters-inch wide in the center of 
the outer surface area. The section of 
brass tubing served as the ground elec¬ 
trode and the strip of foil as high-voltage 
electrode in the test which followed. 
The sample was placed in a bending 
machine (see figure 2) and bent from the 
normal tube radius of 0.75 inch until it 
coincided with a templet having a mini¬ 
mum radius of 0.71 inch. Holding the 
sample at this radius, seven kv* was 
applied for one minute. If the sample 
did not fail, it was bent to the shape of 
a second templet having a radius of 0.62 
inch and seven kv again held for one 
minute. Continuing in steps with tem¬ 
plets having minimum radii respectively 
of 0,50 inch, 0.43 inch, 0.37 inch, 0.29 
inch, and 0.22 inch until sample failed at 
seven kv, a radius was determined which 
produced cracking. Five additional 
samples were tested and the results 
averaged. The radius at which this 
cracking occurred was used as the index 
of cracking on bending. 

* The normal breakdown of these tubes when new 
would be 30 kv approximately. 
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Figure 19. Insulation resistance of class A 
insulation samples aged for various periods 
of time at 135 degrees centigrade in ovens. 
Tested wiped dry after Immersion in tap wafer 
for 48 hours 

A—Black varnished cloth 
0—Yellow' varnished cloth 
0—Cotton tape and black varnish 

Results of Tests 

As mentioned before, three’ kinds of 
insulation were tested: 

A. Black varnished cloth tape 

B. Yellow varnished cloth tape 

C. White cotton tape treated by suc¬ 
cessively baked dips of black varnish 

To secure a more reliable trend the data 
for all hree kinds of insulation tested, 
namely black varnished cloth, yellow 
varnished cloth, and cotton tape treated 
with varnish, were consolidated. As 
these are all of the same genera^ class 
there was more advantage to be gained 
by combining the data than to attempt 
separate analysis. However, in all the 
figures these materials are indicated by 
separate codes, triangles, circles, and 
squares respectively representing black 
varnished cloth, yellow varnished cloth, 
and cotton tape treated with black 
varnish. 

The complete plots of physical condi¬ 
tion are presented in graphic form as 
follows: 

Figure 3. Physical condition-days aged at 
200 degrees centigrade 

Figure 4. Physical condition-days aged at 
160 degrees centigrade 

Figure 5. Physical condition-days aged at 
135 degrees centigrade 

Figure 6. Physical condition-days aged at 
120 degrees centigrade 

Figure 7. Physical condition-days aged at 
105 degrees centigrade 

These curves show a definite reduction 
in the physical condition by observation 
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Figure 20. Insulation resistance of class A 
insulation samples aged for various periods 
of time at 135 degrees centigrade in ovens. 
Tested dry 

A—Black varnished cloth 
O—^Yellow varnished cloth 
El—Cotton tape and black varnish 


as the aging progresses. Also, the higher 
the temperature the more rapid the dete¬ 
rioration to any given condition and hence 
the shorter the life. While the points 
ate scattered, fairly representative aver¬ 
age values can be obtained on accoimt 
of the large number of samples used. 
The intersection of these average curves 
with the ordinate for any per cent 
physical condition gives the time required 
for the insulation to reach that condition 
at that temperature. It should be noted, 
of course, that the per cent ph 3 rsical con¬ 
dition represents the arbitrary evaluation 
previously given and there is not neces¬ 
sarily the definite relation between the 
conditions which the ntunbers would in¬ 
dicate. Neverthdess, on accotmt of the 
number of conditions used, any resulting 
errors tend to be minimized as may be 
seen from the curves. 

The complete plots of the results of the 
cracking on bending test are presented 
in graphic form as follows: 

Figure 8. Radius of bend-days aged at 
2Q0 degrees centigrade 

Figure 9. Radius of bend-days aged at 
160 degrees centigrade 

Figure 10. Radius of bend-days aged at 
135 degrees centigrade 

Figure 11, Radius of bend-days aged at 
120 degrees centigrade 

Figure 12. Radius of bend-days aged at 
106 degrees centigrade 

These curves show that when nearly 
new, the insulation wall may be bent from 
its initial radius of 0.75 inch to almost 
0.2 inch before cracking occurs for an 
aging temperature of 105 degrees centi¬ 
grade, but that when aged upward of 
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1,200 hours, it may crack when de¬ 
formed only slightly to 0.71 inch. At 
120 degrees centigrade the upward drift 
of the radius at which cracking occurs is 
more clearly shown as at this tempera¬ 
ture the test time was long enough to show 
definitely the life by cracking. The other 
higher temperatures show similar trends. 
A comparison of the curves shows that 
the higher the temperature the shorter 
the time to cause cracking at any given 
radius of bend and thus the shorter the 
life. The points in these diagrams are 
also scattered,, but again fairly represen¬ 
tative values can be obtained due to the 
large number of samples used. The re¬ 
sults at 200 degrees centigrade show 
quite a spread and emphasize some of 
the difiiculties attendant on too highly 
accelerated tests carried out at extreme 
temperatures. 

The complete plots of the results of 
kilovolt breakdown taken on samples 
previously immersed 48 hours in water 
and then wiped dry are presented in 
graphic form as follows: 

Figure 13. Klilovolts breakdown-days aged 
at 200 degrees centigrade 

Figure 14. Kilovolts breakdown-days aged 
at 160 degrees centigrade 

Figure 15. Ealovolts breakdown-days aged 
at 136 degrees centigrade 

Figure 16. Kilovolts breakdown-days aged 
at 120 degrees centigrade 

Figiure 17. Kilovolts breakdown-days aged 
at 105 degrees centigrade 

This group of curves shows in general a 
gradual decrease in breakdown voltage 
as the period of aging is increased, es¬ 
pecially in the case of the sample aged 
for the longer times at the lower tempera¬ 
tures. 

Typical data on insulation resistance 
and power factor are shown in: 

Figure 18. Power factor-days aging at 
135 degrees centigrade 

Figure 19. Insulation resistance-days aged 
at 135 degrees centigrade (after immersion in 
water) 
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Figure 21. Curves showing the relation for 
class A insulation between temperature and 
time of aging to produce various physical 
conditions as determined by observation 


Figure 20. Insulation resistance-days aged 
at 136 degrees Centigrade (dry) 

The insulation resistance and power- 
factor test data were of such a nature 
that the dependence of the properties on 
the aging period was not so clearly de¬ 
fined as in the tests for physical condi¬ 
tions, cracking on bending, and kilovolts 
breakdown after immersion in water. 
For the purposes of this presentation the 
discussion has been confined to the 
results obtained in these last three types 
of test. Thus, although a complete 
series of tests was made for each differ¬ 
ent temperature, only a set of curves 
taken at 135 degrees centigrade is pre¬ 
sented to illustrate the general tendency 
of the insulation resistance and power 
factor. 

Aging Curves at 
Various Temperatures 

The data on physical condition, crack¬ 
ing on bending, and breakdown voltage 
after immersion in water were reworked 
into the form of aging curves at various 
temperatures. 

In the case of physical condition the 
procedure was as follows: On figures 3 
to 7 average curves were drawn through 
points of average physical condition for a 
given time of aging. From these aver¬ 
age curves the times required for the 
insulation to reach selected values of 
ph 3 ^cal condition were read. These 
times were then plotted against the 
temperature of aging, yielding the curves 
shown in figure 21. 

The procedure for the cracking on 
bending data was similar. In figures 8 
to 12 inclusive average curves were 
drawn and the time noted at each 
temperature to reduce the sample to.a 
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condition in which it would have cracked 
if distorted to a given radius. The re¬ 
sulting curves, figure 22, give the days 
aging for each temperature to produce 
cracking on bending for four radii of 
bend. 

For the breakdown-voltage curves the 
measure of the aging was taken as the 
time for the breakdown voltage to de¬ 
crease to arbitrarily selected values. 
In figures 13 to 17 inclusive, average 
curves of voltage were drawn and the 
time estimated at each aging tempera¬ 
ture for the breakdown voltage to be re¬ 
duced to 10 kv and 20 kv. The times 
required to cause the samples to fail at 
these voltages are plotted in figure 23. 

Figures 21, 22, and 23 summarize the 
results of these aging tests. They repre¬ 
sent the aging time at various tempera¬ 
tures to reach certain conditions of 
deterioration. They indicate that up to 
200 degrees centigrade there is no critical 
temperature above which the insulation 
suddenly fails, but that for each tempera¬ 
ture there is a definite time required for 
the insulation to reach a given condition 
due to heat aging, and that in general the 
lower the temperature the longer the life. 

Comparison of Foregoing Results 

For the purpose of comparing the 
results obtained by the three different 
methods, that is, physical condition by 
visual observation, cracking on bending, 
and kilovolts breakdown, figures 24 and 
25 were prepared. The former shows, 
plotted together, the curves for 60-per- 
cent physical condition, 30-per-cent physi¬ 
cal condition, 0.6-inch radius to produce 
cracking on bending, and 10-kv break¬ 
down. Figure 26 shows the same data 


Figure SS. Curves showing the relation for 
class A insuiation between temperature and 
time of aging to produce cracking by bend¬ 
ing to various radii of curvature 


plotted on a logarithmic time scale. It 
will be noticed that, although each of 
these three curves has a different basis of 
selection, they have roughly similar 
shapes. 

The underlying causes of the changes of 
shape in some of these curves, especially 
in the region between 110 and 140 degrees 
centigrade, present an interesting field 
for study. One of the first effects of 
heat is to drive off moisture. Con¬ 
tinued application of heat may result in 
a direct chemical change in the molecules 
of the organic material itself, or a change 
due to oxidation in the presence of the 
atmosphere which might not occur in an 
inert atmosphere. Further changes may 
then result due to by-products of the 
oxidation process. To make a scientific 
study of the temperature aging of in¬ 
sulation these and other variables would 
require separate investigation. When the 
variables in the materials themselves are 
considered as well, it is evident that 
life-test results must be interpreted with 
caution. 

Discussion of Results 

Afto years of labor involving the most 
careful preparation of hundreds of test 
specimens, the maintenance of these at 
constant temperature in ovens provided 
with proper temperature distribution 
for the purpose, the testing of these after 
aging for various properties, the tabula¬ 
tion of thousands of results, we finally 
arrive at summary curves as shown in 
figures 21 to 23. 

Some authors’’^^ have proposed rules 
for calculating the rate of deterioration 
of insulation as a function of the tempera¬ 
ture, such as that the life of the insulation 
is reduced one-half by each ten-degree- 
centigrade rise in the operating tempera¬ 
ture. The results of the present tests 
indicate that while such rules may furnish 
approximations for purposes of simplifica¬ 
tion in practical applications, due care 


must be taken to allow for the difference 
between the actual materials and struc¬ 
tures used in the laboratory tests and 
those of the apparatus under operating 
conditions. In addition, since the curves 
show that the rate of deterioration is not 
constant, too great reliance should not be 
placed upon short-time tests alone, but 
they should be supplemented by long¬ 
time tests. 

At the beginning of the investigation 
it had been hoped that the work of ob¬ 
taining such a curve would result in a 
standard of reference so that as new 
materials became available they might 
be tested at higher temperatures to ob¬ 
tain their aging characteristics in a rela¬ 
tively short time, and if these appeared 
to be outstanding, further investigational 
work would be carried on toward a more 
complete evaluation of the material at 
the lower temperatures. To some extent 
this objective has been attained, al¬ 
though considerable work is still involved 
in such tests. 

As soon as results are obtained from 
laboratory tests of any kind there is the 
immediate urge to correlate them with 
practical results, and so it has been with 
these tests. The first reaction is prob¬ 
ably a surprise as to the shortness of life 
as compared with the long life of ap¬ 
paratus in service, but when it is con¬ 
sidered that these values are the result 
of continuous aging at teniperatures 
105 degrees centigrade and higher, the 
results are not so startling. In fact, 
where opportunity has arisen to compare 
these results with the life of insulation in 
practice, which was known to have been 
operated substantially continuously at a 
given temperature, the correlation has 

Figure 23. Curves showing the relation for 
class A Insulation between temperature and 
time of aging to reduce the kilovolts break¬ 
down tested after immersion in water for 48 
hours to 10 kv and 20 kv for 100-mil thickness 
of insulation 
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Figure 24. Aging curves of class A insula* 
tion^ showing the relation between temperature 
and time of aging 

A — ^Aged to 30-per-cent physical condition 
B — ^Aged to 60-per-cent physical condition 

C— ^Aged to crack on bending to 0.6-lnch 
radius 

D—^Aged to ten-Icv breakdown after immersion 
In water 
Arithmetic scale 

been such as to indicate reasonable agree¬ 
ment. Probably the greatest benefit of 
these aging tests has been to allow design 
engineers to see the effect of continuous 
operation at elevated temperatures upon 
the insulation and to observe the short¬ 
ness of the resulting life. 

Another result of this investigation 
has been to show the reasonableness of 
the 106-degrees-centigrade hot-spot tem¬ 
perature for purposes of standardization 
and for reference since it is quite plain 
that above this temperature deterioration 
increases rapidly under continuous opera¬ 
tion, whereas below it the indications 
are from an extrapolation of the curves 
that the life is long. This value there¬ 
fore represents the results of engineering 
judgment based on technical knowledge to 
obtain optimum service so that full use 
will be obtained of the insulation strength 
and life. The allowance for various serv¬ 
ice conditions is then regulated by the 
temperature rise measured during the 
rating test of the apparatus. 

New Materials 

The advances in bringing forth many 
new materials in the past years have 
given to design engineers opportunity 
for obtaining increased performance, and 
yet it is probably safe to say that for 
cellulose materials there has been no 
fundamental increase in temperature 
limit. Certain new synthetic materials 


give opportunity for some increase which 
can be used to advantage, and it may be 
that work should be undertaken to 
classify these materials more directly. 
It may be satisfactory for their tempera¬ 
ture limit to be placed somewhat above 
that of class but they surely are not 
class B. 

Conclusions 

A method of testing the aging of insula¬ 
tion at various temperatures between 
105 degrees centigrade and 200 degrees 
centigrade using carefully constructed 
laboratory samples has been described. 
A large number of samples was used. 
Three different methods of tests were 
applied. Each method was successful 
in indicating progressive deterioration 
of the samples during aging, and the 
agreement between the results obtained 
by the three different test methods is 
also reasonably good. Thus it appears 
that the methods used may be applied 
with confidence to the further evaluation 
of new materials. 

The purpose of presenting this ma¬ 
terial at this time in connection with 
other papers bearing on the rating of 
motors run on interrupted duty is to give 
available data on the effect of temperature 
on life and to bring forth in discussion 
from others the data and experience 
they may have relating to this problem. 
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Discussion 

J. L. Rylander (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The paper by J. J. Smith and J. A. 
Scott is a very desirable addition to the 


442 Transactions 


Smith, Scott—Aging of Insulation 


Electrical Engineering 











subject of insulation. Little test data of 
this kind had been obtained and seldom 
has any of it been published. 

These data are very useful in the con¬ 
sideration of the permissible operating tem¬ 
peratures of electrical machines with class A 
insulation. However, f wish to draw at¬ 
tention to some other features that must be 
t^ken into the consideration of safe operat¬ 
ing temperatures of machines with class A 
insulation. 

It should be noted that these are elec¬ 
trical and mechanical tests on the insulating 
materials themselves, but not on the motors 
or generators or even complete windings or 
coils themselves. 

The matter of the design of the windings 
and all insulation details have a marked 
effect on the life of the windings at higher 
temperatures. The weakest detail of in¬ 
sulation determines when the winding fails. 

The effect of any temperature above the 
boiling point of water has a decided effect 
whenever the insulation has absorbed 
moisture. 

The shrinkage of insulation will often 
determine the life of many motors and 
generators. This is most noticeable where 
there are strong mechanical stresses in the 
windings due to either centrifugal force or 
to the stresses due to very heavy currents 
when starting or at any other time. Shrink¬ 
age is noticeable when all of the moisture 
content is removed from the insulation and 
this occurs when the boiling point of water is 
reached. 

As stated in the paper there are no 
formulas for determining the approximate 
life of windings at various temperatures, 
but a couple empirical formulas are re¬ 
ferred to as having been previously sug¬ 
gested by others. I developed the follow¬ 
ing formula for my own use from all data 
that has been available: 


life = 


K 

(r ~ A)2 


where K is practically a constant but de¬ 
pends on the general construction or type of 
winding and T is the operating temperature 
in degrees centigrade. A is practically a 
constant but depends upon the kinds and 
grades of the insulations used. The writer 
usually uses the value 83 for A. This 
formula indicates that if you want a motor 
with class A insulation to operate for a 
very long period such as a hundred years, 
the maximum temperature would be about 
83 degrees centigrade. 


P. L. Alger (General Electric Company, 
Schenectady, N. Y,): There are two 
highly significant trends in recent insula¬ 
tion developments. 

First, there is the development of a multi¬ 
tude of new synthetic materials, whose com¬ 
position and manufacture are carefully 
controlled from raw material to finished 
product. These include the chlorinated 
hydrocarbons, or Pyranols, for transformers 
and capacitors, Formex, Glyptal, and other 
new enamels and varnishes, fiber glass for 
high temperature insulation, and a vast 
number of new resins or plastic compounds. 

Second, there is the growing use of con¬ 
trolled atmospheres for industrial operations 
and especially for electrical apparatus. 
These include hydrogen for rotating ma¬ 


chines, nitrogen for transformers and 
cables, carbon dioxide for explosion-proof 
motors, sulphur dioxide and Freon for 
hermetic refrigerator motors, and other 
gases for high-voltage apparatus. 

Both of these trends bring the chemist 
into the picture, and force the electrical 
engineer to study chemical reactions, rather 
than merely physical changes in insulation. 
There is a basic law of chemical reaction 
which requires that all chemical changes 
take place at an accelerated rate as the 
temperature increases, the rate being ap¬ 
proximately double for every ten-degree 
increase in temperature. 

It is, therefore, evident that our future 
progress will be largely determined by how 
effectively we bring chemistry to bear on 
our insulation problems. We must initiate 
a broad program for development of new 
insulating materials by chemists. We must 
ask the chemists to devise new methods of 
accelerated life tests for these new materials. 
And, we should ultimately revise our basic 
standards of temperature rating of ap¬ 
paratus to enable these new materials to be 
utilized to the fullest degree. 


V. M. Montsinger (General Electric Com¬ 
pany, Schenectady, N. Y.): I am very 
much interested in this paper as the au¬ 
thors’ work indicates that the rate of change 
of aging is not constant over the entire 
range of temperatures from 105 to 200 
degrees centigrade. In other words, in¬ 
stead of the rate doubling for a definite 
number of degrees increase in temperature, 
it requires an increase of some 20 to 30 
degrees in the lower range, and some 10 to 
15 degrees in the higher temperature range 
to double the rate of aging. 

It can readily be seen that heavier over¬ 
loads could be allowed by the curves given 
in this paper than would result from using 
the eight-degree rule which we have used in 
the past. 

Until recently, so far as I know, with the 
exception of L. C, Nichol’s work (reference 
9), no attempt has been made to estimate 
to what extent short-time heavy overloads 
use up the life of the insulation. If a 
changing rate of aging versus temperature 
(as indicated in the paper) is used, it be¬ 
comes practically impossible to integrate 
the time-temperature areas for short-time 
overloads. Even when using a simple rule 
like the eight-degree rule it is no easy task, 
for the reason that it is difficult to calculate 
the hottest spot temperature and then to 
resolve the time-temperature areas into 
forms suitable for integration. 

In most types of rotating machinery, 
heavy overloads usually are not limited by 
temperature but by other factors like torque, 
stalling, commutation, etc. Where the 
amount of overload is limited for electrical 
reasons to moderate values, it appears that 
the effect of overload on the aging of the 
insulation can be closely approximated by 
using some simple method like the eight- 
degree rule. 

Last year I had an opportunity to 
analyze short-time heating conditions ap¬ 
plying to neutral grounding devices which 
are called upon only under line fault condi¬ 
tions to function under load, when fairly 
high temperatures may be reached for time 
periods ranging from one to ten minutes or 
more. By integrating the temperature- 


.tinie area and using the eight-degree rule, 
temperature limits were approximated which 
were conservatively safe. 

Where the aging of the insulation changes 
at a constant rate, that is, where it doubles 
for each 8, 10, or 12 degree increase in 
temperature, the temperature-time area can 
be integrated to obtain the amount of 
aging per cycle by the following equation: 


A t 


_x{Tz - roj 




where 

A may be designated as aging units. 

t — time, per cycle 

6 == 2.718 

Ti = maximum temperature 

Ti = initial temperature 

X — constant ^ 

= 0.088 when aging doubles for each 

8-degree increase 

= 0.0695 when aging doubles for each 
10-degree increase 

— 0.059 when aging doubles for each 
12-degree increase 

It is usually more convenient to use a 
formula that gives the per cent of life used 
up per cycle of operation. This can be 
done by dividing the aging per cycle equa¬ 
tion 1 by an assumed life at a given con¬ 
stant temperature. 

For estimating the life of insulation as 
determined by tensile strength, I have used 
the following formula: 

y = 7.15 X (2) 

where 

Y = life in years 

T — temperature in degrees centigrade 

1 

It is well to point out that the laboratory 
tests reported in my 1930 paper (reference 
7) indicate that the constant in equation 2 
should be 4 X 10^ which would give a life 
of four years at 105 degrees centigrade. 
My experience, however, has been that we 
should depend mostly on laboratory tests on 
small samples of insulations to give us the 
relative "rates of aging” at different 
temperatures, but that the life of trans¬ 
formers can best be determined by life 
tests made on actual transformers. Both 
laboratory aging tests on transformers 
and field experience have shown that the 
actual life of transformers operating at 
approximately 105 degrees hot test spot is 
more nearly like seven years than four 
years. 

According to equation 2 the life of in¬ 
sulation is gone at the end of approximately 
seven years operation at 105 degrees centi¬ 
grade. This is in fair agreement with the 
figure 21 which shows that the insulation 
has from 20 to 30 per cent of its strength 
left after operating from four to five years 
at 105 degrees centigrade. It is at the 
higher temperatures that the agreement is 
not so good because the curves in figure 21 
show that the temperature must be in¬ 
creased more than eight degrees to double 
the rate of aging. 

While the eight-degree rule may not be 
rigidly correct, particularly for high tem¬ 
peratures, I prefer to use it since it is more 
conservative than the data shown in figure 
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21, Even when using the eight-degree rule, 
one will be surprised at the large numb^ of 
times that insulation can be subjected to 
short-time overloads, without using up its 
life. 

If the eight-degree rule is used, and if 
equation 1 is divided by the constant in 
equation 2, and the number of hours per 
year, the following equation results: 

_ ^ 0.088 3 * 1 ) 

“ ^16 X 10* X 24 X 365 X O.OSSiTt - Ti) 

^^^0.088 2*2 _ gO.OSSTi 

K(r, - Ty) 

where 

F » fractions of life used up per cycle 
X =» 66,1 X 10® for time t expressed in 
hours per cycle 

If < is expressed in minutes per cycle K » 
330.6 X 10^ 


Charles F* Hill (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The method of tatog data by visual 
observation, introduced by Smith and Scott, 
is of considerable interest in the study of 
insulation deterioration. These observa¬ 
tional data are quite consistent, even more 
so than the actual physical measurements, 
but are arbitrary in that the various six or 
eight stages of deterioration are established 
by mere definition. It would seem neces¬ 
sary to have simultaneous physical measure¬ 
ments before much confidence could be 
placed in such inspection data, but it is my 
opinion that such observations are quite 
worth while. 

There is a considerable discrepancy be¬ 
tween the physical data and observational 
data by Smith and Scott as is shown in 
figure 26 of their paper in the interval of 400 
to 800 days operation where the mechanical 
data dips sharply. I am wondering if this 
dip is not due to some accidental phe¬ 
nomenon in the test. 

Comparing the general rate of deteriora¬ 
tion between the data by Smith and Scott 
and my own data ("Temperature Limits 
Set by Oil and Cellulose Insulation," 
AIEE Transactions, volume 68, 1939, 
pages 48^1), it would appear that the 
rate in oil with a rather inert gas present 
is slightly faster than that for the test in 
restricted air by Smith and Scott. This is 
a si^iising result, although not so im¬ 
possible as our inert gas was not 100 per 
c^t oxygen free. Small amounts of oxida¬ 
tion products of the oil might have a serious 
influence on the varnished cellulose mate¬ 
rials. 

In the discussion of results. Smith and 
Scott have reached a conclusion which, I 
believe, merits further emphasis. During 
the past few years, it has become customary 
for insulation engineers to speak of insula¬ 
tion deterioration rates doubling for each 
ten-degree-centigrade temperature rise. 
This idea has arisen because of the fact 
that in chemical reactions, rates of reaction 
do tend to change by a constant factor for 
constant temperature intervals. This is 
under the assumption, however, of constant 
materials and constant conditions of con¬ 
centration, etc. Smith and Scott point 
put that such a rule does not hold for their 


life tests. We have also reached the same 
conclusion. The reason for the failure of 
this chemical law to hold for insulation life 
tests lies chiefly in the fact that in life tests, 
the material being tested is not the same 
material after a few weeks or months. 
The result is a very different rate of deterio¬ 
ration after some months than would be 
expected if the material remained a constant 
factor. Smith and Scott point out the 
danger from short-time tests. I would 
like to emphasize this particularly in that 
extrapolating rates from short-time tests 
may be very misleading. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): This paper is 
extremely interesting and adds consider¬ 
ably to our knowledge. A few points that 
strike me are as follows: 

1. Results of the tests tend to scatter considerably, 
as has been found by practically all investigators 
making any sort of comprehensive study. 

2. A relatively short life adll prevail for class A 
insulation operated continuously at the present 
**hot spot’* temperature limit of 106 degrees centi¬ 
grade of the AIBB rules. In my paper at this 
convention on “Load Ratings of Cable’* (see 1939 
annual Tr^sactions index for page numbers) 
I have indicated that for continuous operation it 
seems best from the standpoint of obtaining long 
life to have maximum temperatures not exceeding 
86 or 96 degrees centigrade depending on how “con¬ 
tinuous’* the operation is at the higher tempera¬ 
tures. 

3. If class A insulation is operated in normal serv¬ 
ice as is usually done, that is, at temperatures 
considerably below 106 degrees centigrade, then it 
becomes feasible to operate during emergencies at 
temperatures in excess of 106 degrees centigrade, 
presuming that such emergencies are infrequent 
and the temperature of the insulation is at the 
highest values for only a few hours during each 
emergency. 

4. The opemtion during emergencies appears to 
do little more harm if the maximum temperature is 
around 140 than if it is around 120 degrees centi¬ 
grade according to figures 22 and 23. In view of 
these unusual findings, it appears that the con¬ 
clusions in my paper about operating low-voltage 
cables during emergencies at temperatures up to 120 
degrees centigrade may be conservative. 

In a series of six-month tests made at 
100 and 126 degrees centigrade in Chicago 
on varnished cambric insulated cables, it 
was found that the rating of the quality of 
the various insulations as determined by 
mechanical and electrical tests on insulation 
removed from sealed cables was different 
from the rating fotmd on the same insula¬ 
tions when tested in tape form in air. 
When heated £is tapes exposed to air, the 
materials first hardened and improved in 
tensile and electrical strength but became 
more brittle. Some materials which ap¬ 
peared to be superior in such tests were 
found to become stuck together when heated 
in cable where air is excluded so that the 
cable could no longer withstand much bend¬ 
ing without breaking the insulation. 


J. J. Smitii and J. A. Scott: We have en¬ 
deavored to point out in the paper and it is 
again emphasized by Mr. Rylander that 
there are other factors in addition to the 
^ect of temperature to be taken into con¬ 
sideration in determining the safe operating 
temperature of a machine. However, it is 
desirable to study these effects one at a 
iMe and therefore the present work was 
limited to the effect of temperature alone on 
the aging of insulation. We note Mr. 


Rylander's simple form of equations for 
life and it would be interesting if he added 
the value of K for some t 3 npical applica¬ 
tions. 

Mr. Alger points to the introduction of 
many new materials in recent years. The 
introduction of Formex wire is an example 
of such a development. As more of these 
materials become available, testing will be 
required to evaluate their performance com¬ 
pared with the older materials and the 
paper suggests a technique which may be 
used for this purpose. 

Mr. Alger and Mr. Hill discuss the bear¬ 
ing of chemical changes on the aging prob¬ 
lem and refer to a law the chemist often 
finds that the rate of change doubles fot 
each 10-degree-centigrade increase in tem¬ 
perature. Such a law frequently holds for 
a single definite chemical reaction, and we 
would have been pleased if it had turned 
out that way in the present tests, but it did 
not. As pointed out in the paper, the 
consideration of the aging reactions from a 
physical and chemical standpoint as well 
as the effect of the structure itself is a sub¬ 
ject worthy of more detailed study. 

Mr. Montsinger's eight-degree rule is 
quite widely accepted in transformer prac¬ 
tice and from all the evidence is conserva¬ 
tive, as he points out when used to esti¬ 
mate the effect of increases in temperature. 
However, when the effect of decreases in 
temperature is considered as, for example, 
in estimating the service life of materials 
from short-time laboratory tests at elevated 
temperatures, the eight-degree rule may 
indicate a much longer life than is actually 
shown by these tests. In other words, the 
available evidence indicates that the actual 
rate of aging is not a simple law, but is de¬ 
pendent on many individual circumstances,, 
so that the only safe basis for conclusions is 
actual operating experience. 

Doctor Hill asks if some accidental 
phenomenon might account for the differ¬ 
ence in the shape of the curves of physical 
and observational data in figure 26 between 
400 and 800 days. These results were 
checked back to the original data and ccku^ 
firmed. 

Doctor Hill points out that the aging 
rate he found in oil with inert atmospheres 
was faster than the rate in air given in our 
tests. Montsinger in his 1930 AIEE paper 
"Loading Transformers by Temperature" 
reports a similar behavior. This question 
of inert atmospheres is a fruitful field for 
future work, with the extended use of 
hydrogen cooling and other enclosed types 
of motors. 

We are interested in Mr. Halperin’s 
conclusion from work in coimection with 
cable that the life of insulation operated 
continuously at the present "hot spot" 
temperature limit of 106 degrees centigrade 
is relatively short and his indication of a 
continuous temperature not in excess of 86 
to 96 degrees centigrade. With regard to 
his discussion of higher operating tem¬ 
peratures in item 4 it should be remembered 
that the structure used in our tests is not 
the same as that in which he is interested 
and thus the results may not be directly 
applicable. His description of the re^ 
suits of aging tests on cable insulation 
both when sealed and aged in air indicate 
the necessity for care in comparing the 
results of aging tests made under different 
conditions. 


444 Transactions 


Smith, Scott—^ging of Insulation 


Electrical Engineering 



Rating oF General-Purpose 
Induction Motors 


P. L. ALGER 

FELLOW AIEE 


T, C. JOHNSON 

ASSOCIATE AIEE 


Synopses: This paper reviews principles 
of rating of general-purpose a-c motors, 
particularly in relation to overload torque 
and temperature limits. 

The overload capacity of an electric 
motor is limited, first, by its stalling, or 
breakdown torque, and, second, by its oper¬ 
ating temperature. The breakdown torque, 
analogous to the stalling torque of a gas 
engine, is roughly proportional to the motor 
size and the square of its magnetic flux den¬ 
sity. The temperature limitation is exactly 
analogous to the temperature limit of a 
transformer, the useful life of the insulation 
being reduced exponentiaUy as the tempera¬ 
ture is raised. 

The increased variety of motor uses in 
recent years, especially for automatic opera¬ 
tion of refrigerator compressors, air condi* 
tioning, pumps, and other mechanical de¬ 
vices, has led to more exact methods of ap¬ 
plication, utilizing motor overload capacity 
and matching torque characteristics to the 
driven equipment. Under this economic 
pressure, motor overload capacities have 
been increased over the requirements of 
present standards, and small motors are 
now commonly used on intermittent over¬ 
loads far beyond their continuous ratings. 

It is proposed, therefore, that American 
standards be revised to provide for increased 
values of breakdown torque and service 
factor in the smaller motor ratings, and that 
permissible intermittent duty cycles be 
defined, enabling the full economic life of 
the motor to be utilized. It is also proposed 
that the starting current be recognized as a 
convenient and accurate measure of induc¬ 
tion-motor breakdown torque, or momen¬ 
tary torque capacity, and that starting cur¬ 
rent values be established on a logical and 
consistent basis for both single-phase and 
polyphase motors. 

Specific recommendations are given in 
the paper for rat^d characteristics and oper¬ 
ating limits under this starting current- 
temperature system of rating, and the eco¬ 
nomic advantages to the industry to be 
gained by their adoption are pointed out, 
including safer wiring and control systems 
and a reduced variety of special motors. 


T he importance of an adequate sys¬ 
tem of rating for industrial motors 
can hardly be overemphasized. The 
rated horsepower of a motor is a measure 
of its working ability, foir whose integrity 
the entire electrical industry is responsi¬ 
ble. The n^e-plate rating implies a 
host of diffeirent qualities built into the 
motor, including overload and starting 
ability, temperature endurance, high 
potential strength, and other matters 
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covered by national standards. For the 
economic use of motors, the fair compari¬ 
son of competitive designs, the mainte¬ 
nance of a proper and not excessive variety 
of t3rpes, the intelligent handling of power 
supply and control problems, and for 
many other reasons, it is essential that 
American standards of rating convey a 
definite guarantee of balanced diaracter- 
istics and quality in motor design. 

The essence of the rating problem is 
to find a simple test procedure that will 
uniquely define the output limitations of 
the apparatus in question. The outputs 
of gas engines, steam locomotives, pumps, 
turbines, and other mechanical apparatus 
are limited by mechanical considerations. 
Their continuous output ratings are, 
therefore, very little below their maximum 
momentary capacities, and users do not 
expect to load them appreciably beyond 
their ratings, even momentarily. On the 
other hand, the output of a transformer is 
limited almost entirely by thermal con¬ 
siderations, the theoretical point of maxi¬ 
mum output with a constant voltage sup¬ 
ply being far beyond the safe thermal 
limit. Hence, transformer users may 
permit high short-time overloads, so long 
as prescribed temperature limits are not 
exceeded. 

Electric motors are subject to mechani¬ 
cal as well as thermal output limitations, 
both of which must be recognized in a 
practical rating system. The thermal 
limits are controlling in continuous opera¬ 
tion, with present insulating materials, 
so that the dose similarity between motor 
and transformer methods of rating that 
has always existed is entirely logical. In 
m^ny cases, however, such as hermetic 
refrigerator motors, responsibility for 
cooling is entirely in the user*s hands, so 
that usual temperature-rise guarantees 
will not be made by the motor manufac¬ 
turer. Future trends will, therefore, as¬ 
suredly require a rating system based on 
torque ability alone. The object of the 
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present paper is to propose a tranritional 
rating system, in which the temperature 
limits win be supplemented by other size¬ 
defining requirements. 

History 

A thorough discussion of the motor 
rating question before the Institute and 
by the entire industiy some 12 to 18 
years ago resulted in the adoption of the 
present American system of a single con¬ 
tinuous rating with 40 degrees centigrade 
rise for general-purpose motors. The 
conclusions at that period were ably 
summed up by C. L. Collens iu a paper 
published in the August 14, 1926, issue 
of Electrical World, from which the follow¬ 
ing statements are quoted: 

1. Any basis of rating is at best merely an 
arbitrary designation of size. It is merely 
one of many that might be chosen. 

2. Rating alone is insufficient and must al¬ 
ways be supplemented by a clear definition 
of the service conditions for which the rating 
is chosen. In fact, determination of the 
usual service conditions must necessarily 
precede the determination of a suitable 
basis of rating. 

3. Rating alone is an insufficient indication 
of the inherent ability of the motor to per¬ 
form satisf abtorily under service conditions 
and duty cycles differing from the usual. 
It is merely one indication of size and must 
be supplemented by other service informa¬ 
tion to permit of intelligent selection and 
economic application. 

In concluding his paper, Mr. Collens 
made the following recommendations: 

1. The division of industrial power motors 
into two elates with the dividing line at 200 
horsepower, and in each class: 

2. A normal continuous-duty single rating 
for the open-type motor as the standard 
designation of size. 

3. WeU-defined usual service conditions 
for the normal rating. 

4. Service information showing permissible 
loadings under other duty cycles or other 
service conditions different from the usual 
service conditions. 

6. Specialized motors with special ratings 
only where the performance diaracteristics 
required or the nature of the duty cycle do 
not permit of applying a service factor to 
the normal rating of the standard motor. 

Four of these five recommendations 
were carried into effect m the AIEE and 
National Electri^ Manufacturers As¬ 
sociation standards mbre than ten years 
ago, and experience since has well justified 
this action. Mr. Collens’ fourth suggest 
tion, however, that information should be 
prepared, showing permissible loading of 
standard motors under other duty cycles 
or unusual service conditions, has never 
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been adequately carried out nor incorpo¬ 
rated in the industry standards. 

* The progress of the art during the past 
ten years^ including the development of 
the modem automatically controlled 
cyclic loads of air conditioning and re¬ 
frigeration, has brought a tremendous in¬ 
crease in number and variety of motor ap¬ 
plications. The recent trend has been to 
develop many special motors, each 
adapted to drive a particular piece of 
mechanical equipment, often with over¬ 
load and starting abilities much in excess 
of those normally associated with their 
name-plate continuous ratings. 

The objectives of revised standards 
should be to specify a standard type of 
motor adapted for the greatest variety of 
applications and to facilitate the economic 
use of the full capacity of the motor under 
all service conditions. 

The Present Rating System 

Present American standards^ provide 
for two broad classes of continuous-rated 
motors. 

General-purpose motors (200 horse¬ 
power or less and 460 rpm or more) have 
a single continuous rating, but must be 
suitable for cartying 115 per*’cent of 
rated load continuously under usual serv¬ 
ice conditions, with the ambient tempera¬ 
ture 40 degrees centigrade or lower. 
These Inotors are offered in standard 
ratings for use without restriction to a 
particular application. They are re¬ 
quired to meet the low limiting, tempera¬ 
ture rise of 40 degrees centigrade by ther¬ 
mometer at rated load, to allow a greater 
factor of safety where the service condi¬ 
tions are unknown. 

Special-purpose motors, specifically de¬ 
signed for a particular power application 
where the load requirements and duty 
cycles are definitely known, have a single 
continuous rating of 50 degrees centi¬ 
grade rise by thermometer, without any 
continuous overload requirements. 

The standards also specify minimum 
values of starting, ptOl-up, and break¬ 
down torques for each type and class of 
motor. Ml • 

These provisions should undoubtedly 
be retained, but it appears desirable to 
add to or niodify them in four respects: 

First, the standards should include 
operating recommendations for general- 
purpose motors in intermittent or vary¬ 
ing load service and in (Afferent ambient 
temperatures, so that the inherent over¬ 
load capacity of the motor can be safely 
utilized. This , is in accordance with the 

1. For all numbered references, see list kV end of 
puper. 
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action already taken in the recently pro¬ 
posed American standards for trans¬ 
formers. 

Second, the general use of small motors 
in intermittent rather than continuous 
service shotdd be recognized in the 
standards by requiring relatively greater 
starting and breakdown torques, and 
greater temporary overload capacities, 
than for larger motors. Unless such pro¬ 
visions are made, off-standard motors will 
be used to an increasing extent, and con¬ 
trol problems will be complicated, to the 
detriment of the public as a whole. 

Third, the more general use of various 
protected motor ‘designs suggests that 
their allowed temperature rises be re¬ 
viewed and their ratings be made more 
nearly comparable with general-purpose 
motors. 

Fourth, the more complete utilization 
of motor overload capacities, implied by 
this program, should be accompanied by 
more exact determination of insulation 
temperatures. In many modem de¬ 
signs, especially of protected* motors, the 
windings are quite inaccessible, and 
thermometer readings on exposed parts 
do not accurately measure hot-spot tem¬ 
peratures. It appears desirable, there¬ 
fore, for the standards to require that 
stator-winding temperatures be measiured 
by resistance. This fourth question is the 
subject of a companion paper.^ 

Overload Capacity of Standard 
General-Purpose Motors 

Assuming adequate mechanical 
strength, the measure of a motor's mo- 
mentaiy overload capacity is the ade¬ 
quacy of its torques, giving assurance that 
the motor can bring the load to speed and 
carry it under low voltage, high friction, 
or other unforeseen temporary conditions. 
American standards now require that gen¬ 
eral-purpose polyphase induction motors 
shall have a breakdown torque of not 
less than 200 per cent. Allowing for ten 

* Protected is used here to describe partially or 
fully enclosed motors as a class, 
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per cent reduction in voltage and 20 per 
cent margin for variations in individual 
conditions of loading, this 200 per cent 
breakdown torque will enable loads not 
over 136 per cent of the rating to be car¬ 
ried successfully, subject to heating 
limitations. 

Therefore, under the present standards, 
motors cannot be relied upon to carry 
momentary overloads of more than 35 per 
cent in excess of the rating, under a 
reasonable variety of service conditions. 
In practice, designers normally provide 
more breakdown torque than required by 
the standards, especially for the smaller 
and higher-speed motors, so that many 
present designs can carry considerably 
greater short-time overloads. 

It should be remembered that the start¬ 
ing current of a large polyphase induction 
motor is almost directly proportional to 
the maximum or brefkdown torque. The 
starting current is, therefore, an excellent 
measure of short-time overload ability. 

With adequate torque margins, the re¬ 
maining important factor in overload 
capacity is the temperature rise. This 
must be low enough to ensure adequate 
service life under the expected overloads. 
While there may be other objections to 
high temperatures in special cases, the 
chief purpose of limiting the standard 
temperature rise is to protect the public 
from the inconvenience and loss that 
would be occasioned by motors with a 
short insulation life. As the actual life 
that a motor will have under a given tem¬ 
perature cannot be determined by ac¬ 
ceptance tests alone, it is peculiarly im¬ 
portant that the standards provide for 
safety in this respect. 

When and if insulating materials of 
greater temperature endurance come into 
use, they may be utilized to permit reduc¬ 
tion in motor size, with a higher continu¬ 
ous rise. It seems desirable, however, to 
use such higher temperature. materials 
and limits first on totally enclosed ma¬ 
chines, permitting interchangeable dimen¬ 
sions with open-typt motors of present 
temperature limits. For open-type 
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motors with liberal overload torques, and 
reasonable efficiencies, it costs very little 
to provide ventilation adequate to meet 
present temperature limits. The only 
apparent gain from higher temperature 
limits on open-type general-purpose 
motors, therefore, is a small saving in the 
cost and losses expended in the ventilating 
system. For enclosed machines, how¬ 
ever, a definite size reduction with in¬ 
creased temperature can usually be made 
without impairing operating characteris¬ 
tics, and this benefit may justify develop¬ 
ing new higher-temperature insulation 
systems. 

It is evident that the increase of copper 
resistance with temperature causes a de¬ 
crease in efficiency with every increase in 
the operating temperature. In a typical 
case of a motor with 90 per cent fuU-load 
efficiency at 75 degrees centigrade, the 
efficiency will be reduced 0.5 per cent by 
an increase to 105 degrees centigrade 
copper temperature, or by 1.25 per cent 
if the temperature is raised to 150 degrees 
centigrade. Such an increase in the 
losses further raises the temperature, 
causing cumulative heating, or “tempera¬ 
ture creep, “ as indicated in figure 4. This 
forms an effective limitation on high 
normal temperature rise, or continuous 
overloads. Rapid oxidation of oil and 
consequent need for separately cooled 
bearings and frequent oil renewal at tem¬ 
peratures above 100 degrees centigrade 
are additional reasons for limiting tem¬ 
peratures in continuous service. 

Temperature-Life 
Characteristics of Insulation 

In this paper, we shall assume that the 
allowable temperature of the motor 
should be so specified that a motor in con¬ 
tinuous service at rated load and maxi- 
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Figure 2. Permissible increase in hot-spot 
temperature rise to secure same life expec¬ 
tancy in intermittent service as in continuous 
service at 102 degrees centigrade 
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mum ambient temperature will have ade¬ 
quate life, with present insulating ma¬ 
terials. Available information on tem¬ 
perature life of cellulose insulation was 
summarized by V. M. Montsinger* some 
years ago, in coimection with studies of 
transformer insulation under oil, that 
have since formed the basis for the re¬ 
cently published American standards for 
transformers. 

Although these test data indicate a 
materially longer life of cellulose materials 
in air than under oil, some information 
from longer test periods* that is available 
suggests that over long periods of time 
the life in air and oil will not be materially 
different. For the present paper, there¬ 
fore, the same temperature life curve as 
generally used for transformers will be 
employed, as shown in figure IB. This 
indicates that the life of class A insulation 
will be halved for each 8 degrees centi¬ 
grade increase of temperature. The 
curve gives a materially shorter life than 
the A curve, which represents the best in¬ 
formation available in 1925, when the 
present AIB£ standards of temperature 
limits were established. If steadily main¬ 
tained at a temperature of 105 degrees 
centigrade, the curves indicate the insula¬ 
tion will theoretically reach the end of its 
useful life in seven years, or will then be 
subject to immediate failure under any 
mechanical or electrical shock. 

General-purpose motors with a 40 
degrees centigrade ambient and a 40 de¬ 
grees centigrade rise at full load by ther¬ 
mometer will normally have an actual hot¬ 
spot temperature of not over 102 degrees 
centigrade, when operated continuously 
at 115 per cent of the rating, in accordance 
with Idle standard service factor; indi¬ 
cating about ten years’ useful life. Since, 
in practice, the average ambient tempera¬ 
ture in the United States is generally be¬ 
low 30 degrees centigrade, the t 3 rpical 
motor operating continuously at 115 per 
cent of its rating will have an average 
hot-spot temperature of about 90 de¬ 
grees centigrade, giving an indicated use¬ 
ful life of roughly 25 years. When motors 
are operated below their ratings, con¬ 
siderably longer insulation life may be 
expected. This a.cCords well with experi¬ 
ence and indicates that our present 
standard basis of rating is satisfactory, for 
fully continuous service in normal ambi¬ 
ents. 

If, however, a motor is employed on 
intermittent service, with short-time over¬ 
load periods repeated at intervals Of 
hours, days, or longer, and periods of 
complete idleness between, the actual life 
of the motor at the same loading may 
be considerably longer, temperature 
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alone considered. Therefore, reasonably 
higher temperatures may be permitted on 
intermittent service. 

We shall assume that whether a motor 
is operated at a given high temperature 
one month in every ten, or on any other 
cycle with the motor idle nine-tenths of 
the time, the insulation will deteriorate 
at the same average rate, giving the same 
total years of life. We shall assume also 
that the temperature life curve is a con¬ 
stant exponential curve as indicated by 
figure 1, and that temperature variations 
are not accompanied by other deteriorat¬ 
ing conditions, such as variable dirt or 
moisture exposure. In practice, these 
conditions are not strictly true, but over 
the moderate range of temperature varia¬ 
tion considered, the assumptions appear 
justified. 

Consideration of figure 1 readily en¬ 
ables the actual temperature to be deter¬ 
mined that will give the same life in years 
on any intermittent service. Figure 2 
shows, for example, that, if the motor is 
idle nine-tenths of the time, it may be 
permitted to have a hot-spot tempera¬ 
ture rise 26.6 degrees centigrade greater 
than normal, and still have the same life 
in years as the standard motor operated 
continuously at 115 per cent of rating. 
To find the permissible overload on the 
motor, corresponding to this additional 
temperature rise, reference must be made 
to the characteristics of a typical general- 
purpose motor. 

Normal Induction-Motor 
Characteristics 

If a motor is designed solely for con¬ 
tinuous operation at rated load, it will 
normally have its maximum efficiency 
point near 75 per cent load, giving the 
most favorable over-all performance. If 
the mflvimiiTn efficiency point alwa 3 rs oc¬ 
curs at the same fraction of full load, the 
no-load losses will bear about the same 
proportion to the full-load losses for all 
motors in the line. Keeping the same 
percentage of breakdown torque for aU 
sizes of motor, in accordance with the 
present standards, and keeping the same 
balance of losses as indicated, the per¬ 
formance curves and equivalent circuit of 
the typical general-purpose induction 
motor can immediatdy be determined. 
The chief differences between motors of 
different speeds and horsepow^ will be 
that the percentages of no-load current, 
full-load power factor, and total losses 
will vary. Figure 3 shows the perform¬ 
ance curves and the equivalent circuit 
for such a typical polyphase motor, which 
closely represents an average 4-pole 25- 
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been adequately carried out nor incorpo¬ 
rated in the industry standards. 

• The progress of the art during the past 
ten years, including the development of 
the modem automatically controlled 
cyclic loads of air conditioning and re¬ 
frigeration, has brought a tremendous in¬ 
crease in number and variety of motor ap¬ 
plications. The recent trend has been to 
develop many special motors, each 
adapted to drive a particular piece of 
medianical equipment, often with over¬ 
load and starting abilities much in excess 
of those normally associated with their 
name-plate continuous ratings. 

The objectives of revised standards 
should be to specify a standard type of 
motor adapted for the greatest variety of 
applications and to facilitate the economic 
use of the full capacity of the motor under 
all service conditions. 


The Present Rating Systeih 

Present American standards^ provide 
for two broad classes of continuous-rated 
motors. 

General-purpose motors (200 horse¬ 
power or less and 450 rpm or more) have 
a single continuous rating, but must be 
suitable for cartying 115 per*'cent of 
rated load continuously under usual serv¬ 
ice conditions, with the ambient tempera¬ 
ture 40 degrees centigrade or lower. 
These hiotors are offered in standard 
ratings for use without restriction to a 
particular application. They are re¬ 
quired to meet the low limiting, tempera¬ 
ture rise of 40 degrees centigrade by ther¬ 
mometer at rated load, to allow a greater 
factor of safety where the service condi¬ 
tions are unknown. 

Special-purpose motors, specifically de¬ 
signed for a particular power application 
where the load requirements and duty 
cycles are definitely known, have a single 
continuous rating of 50 degrees centi¬ 
grade rise by thermometer, without any 
continuous overload requirements. 

The standards also specify tninitni^ m 
values of starting, pull-up, and break¬ 
down torques for each type and class of 
motor. • jr • 

These provisions should undoubtedly 
be retained, but it appears desirable to 
add to or niodify them in four respects: 

First, the standards should include 
operating recommendations for general- 
purpose motors in intermittent or vary¬ 
ing load service and in different ambient 
temperatures, so that'the inherent, over-^ 
load capacity of the motor can be safely 
utilized. This is in accordance with the 

numbered references, see list Wt* eii’d of 
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Figure 1. Life ex¬ 
pectancy versus tem¬ 
perature for class A 
insulating materials 
in continuous service 



action already taken in the recently pro¬ 
posed American standards for trans¬ 
formers. 

Second, the general use of small motors 
in interinittent rather than continuous 
service should be recognized in the 
standards by requiring relatively greater 
starting and breakdown torques, and 
greater temporary overload capacities, 
than for larger motors. Unless such pro¬ 
visions are made, off-standard motors will 
be used to an increasing extent, and con¬ 
trol problems will be complicated, to the 
detriment of the public as a whole. 

Third, the more general use of various 
protected motor designs suggests that 
their allowed temperature rises be re¬ 
viewed and their ratings be made more 
nearly comparable with general-purpose 
motors. 

Fourth, the more complete utilization 
of motor overload capacities, implied by 
this program, should be accompanied by 
more exact determination of insulation 
temperatures. In many modem de¬ 
signs, especially of protected* motors, the 
windings are quite inaccessible, and 
thermometer readings on exposed parts 
do not accurately measure hot-spot tem¬ 
peratures. It appears desirable, there¬ 
fore, for the standards to require that 
stator-winding temperatures be measured 
by resistance. This fourth question is the 
subject of a companion paper. * 

Overload Capacity of Standard 
General-Purpose Motors 

Assuming adequate mechanical 
strength, the measure of a motor’s mo¬ 
mentary overload capacity is the ade¬ 
quacy of its torques, giving assurance that 
the motor can bring the load to speed and 
carry it under low voltage, high friction, 
or other unforeseen temporary conditions. 
American standards now require that gen¬ 
eral-purpose polyphase induction motors 
shall have a breakdown torque of not 
less than 200 per cent. Allowing for ten 

* ^otected is used here to describe partially or 
fully enclosed motors as a class. 
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per cent reduction in voltage and 20 per 
cent margin for variations in individual 
conditions of loading, this 200 per cent 
breakdown torque will enable loads not 
over 135 per cent of the rating to be car¬ 
ried successfully, subject to heating 
limitations. 

Therefore, under the present standards, 
motors cannot be relied upon to carry 
momentary overloads of more than 35 per 
cent in excess of the rating, under a 
reasonable variety of service conditions. 
In practice, designers normally provide 
more breakdown torque than required by 
the standards, especially for the smaller 
and higher-speed motors, so that many 
present designs can carry considerably 
greater short-time overloads. 

It should be remembered that the start¬ 
ing current of a large polyphase induction 
motor is almost directly proportional to 
the maximum or breakdown torque. The 
starting current is, therefore, an excellent 
measure of short-time overload ability. 

With adequate torque margins, the re¬ 
maining important factor in overload 
capacity is the temperature rise. This 
must be low enough to ensure adequate 
service life under the expected overloads. 
While there may be other objections to 
high temperatures in special cases, the 
chief purpose of limiting the standard 
temperature rise is to protect the public 
from the inconvenience and loss that 
would be occasioned by motors with a 
short insulation life. As the actual life 
that a motor will have under a given tem¬ 
perature cannot be determined by ac¬ 
ceptance tests alone, it is peculiarly im¬ 
portant that the standards provide for 
safety in this respect. 

When and if insulating materials of 
greater temperature endurance come into 
use, they may be utilized to permit reduc¬ 
tion in motor size, with a higher continu¬ 
ous rise. It seems desirable, however, to 
use such higher temperature. materials 
and limits first on totally enclosed ma¬ 
chines, permitting interchangeable dimen¬ 
sions with open-type motors of present 
temperature limits. For open-type 
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motors with liberal overload torques, and 
reasonable efficiencies, it costs very little 
to provide ventilation adequate to meet 
present temperature limits. The only 
apparent gain from higher temperature 
Hmits on open-type general-purpose 
motors, therefore, is a small saving in the 
cost and losses expended in the ventilating 
system. For enclosed machines, how¬ 
ever, a definite size reduction with in¬ 
creased temperature can usually be made 
without impairing operating characteris¬ 
tics, and this benefit may justify develop¬ 
ing new higher-temperature insulation 
systems. 

It is evident that the increase of copper 
resistance with temperature causes a de¬ 
crease in efficiency with every increase in 
the operating temperature. In a typical 
case of a motor with 90 per cent full-load 
efficiency at 75 degrees centigrade, the 
efficiency will be reduced 0,6 per cent by 
an increase to 106 degrees centigrade 
copper temperature, or by 1.26 per cent 
if the temperature is raised to 150 degrees 
centigrade. Such an increase in the 
losses further raises the temperature, 
causing cumulative heating, or “tempera¬ 
ture creep, ’ ’ as indicated in figure 4. This 
forms an effective limitation on high 
normal temperature rise, or continuous 
overloads. Rapid oxidation of oil and 
consequent need for separately cooled 
bearings and frequent oil renewal at tem¬ 
peratures above 100 degrees centigrade 
are additional reasons for limiting tem¬ 
peratures in continuous service. 

Temperature-Life 
Characteristics of Insulation 

In this paper, we shall assume that the 
allowable temperature of the motor 
should be so specified that a motor in con¬ 
tinuous service at rated load and maxi- 
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Fisuns Permissible increase in hot-spot 
temperature rise to secure same life expec¬ 
tancy in intermittent service as in continuous 
service at 102 degrees centigrade 
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mum ambient temperature will have ade¬ 
quate life, with present insulating ma¬ 
terials. Available information on tem¬ 
perature life of cellulose insulation was 
summarized by V. M. Montsinger® some 
years ago, in connection with studies of 
transformer insulation under oil, that 
have since formed the basis for the re¬ 
cently published American standards for 
transformers. 

Although these test data indicate a 
materially longer life of cellulose materials 
in air than under oil, some information 
from longer test periods^ that is available 
suggests that over long periods of time 
the life in air and oil will not be materially 
different. For the present paper, there¬ 
fore, the same temperatiure life curve as 
generally used for transformers will be 
employed, as shown in figure \B. This 
indicates that the life of dass A insulation 
will be halved for each 8 degrees centi¬ 
grade increase of temperature. The 
curve gives a materially shorter life than 
the A curve, which represents the best in¬ 
formation available in 1926, when the 
present AIEE standards of temperature 
limits were established. If steadily main¬ 
tained at a temperature of 105 degrees 
centigrade, the curves indicate the insula¬ 
tion will theoretically reach the end of its 
useful life in seven years, or will then be 
subject to immediate failure under any 
mechanical or electrical shock. 

General-purpose motors with a 40 
degrees centigrade ambient and a 40 de¬ 
grees centigrade rise at full load by ther¬ 
mometer will normally have an actud hot¬ 
spot temperature of not over 102 degrees 
centigrade, when operated continuously 
at 116 per cent of the rating, in accordance 
with the standard service factor; indi¬ 
cating about ten years’ useful life. Since, 
in practice, the average ambient tempera¬ 
ture in the United States is generally be¬ 
low 30 degrees centigrade, the t 3 q>ical 
motor operating continuously at 115 per 
cent of its rating will have an average 
hot-spot temperature of about 90 de¬ 
grees centigrade, giving an indicated use¬ 
ful life of roughly 25 years. When motors 
are operated bdow their ratings, con¬ 
siderably longer insulation life may be 
expected. This accords well with experi¬ 
ence and indicates that our present 
standard basis of rating is satisfactory, for 
fully continuous service in normal ambi¬ 
ents. 

If, however, a motor is employed on 
intennitt^t service, with short-time over¬ 
load periods repeated at intervals bf 
hours, days, or longer, and periods of 
complete idleness between, the actual life 
of the motor at the same loading may 
be considerably longer, temperature 
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alone considered. Therefore, reasonably 
higher temperatures may be permitted on 
intermittent service. 

We shall assume that whether a motor 
is operated at a given high temperature 
one month in every ten, or on any other 
cycle with the motor idle nine-tenths of 
the time, the insulation will deteriorate 
at the same average rate, giving the same 
total years of life. We shall assume also 
that the temperature life curve is a con¬ 
stant exponential ctuve as indicated by 
figure 1, and that temperature variations 
are not accompanied by other deteriorat¬ 
ing conditions, such as variable dirt or 
moisture exposure. In practice, these 
conditions are not strictly true, but over 
the moderate range of temperature varia¬ 
tion considered, the assumptions appear 
justified. 

Consideration of figure 1 readily en¬ 
ables the actual temperature to be deter¬ 
mined that win give the same life in years 
on any intermittent service. Figure 2 
shows, for example, that, if the motor is 
idle nine-tenths of the time, it may be 
permitted to have a hot-spot tempera¬ 
ture rise 26.5 degrees centigrade greater 
than normal, and still have the same life 
in years as the standard motor operated 
continuously at 116 per cent of rating. 
To find the permissible overload on the 
motor, corresponding to this additional 
temperature rise, reference must be made 
to the characteristics of a typical general- 
purpose motor. 

Normal Induction-Motor 
Characteristics 

If a motor is designed solely for con¬ 
tinuous operation at rated load, it will 
normally have its maximum efficiency 
point near 75 per cent load, giving the 
most favorable over-all performance. If 
the maximum efficiency point always oc¬ 
curs at the same fraction of full load, the 
no-load losses will bear about the same 
proportion to the full-load losses for all 
motors in the line. Keeping the same 
percentage of breakdown torque for all 
sizes of motor, in accordance with the 
present standards, and keeping the same 
balance of losses as indicated, the per¬ 
formance curves and equivalent circuit of 
the t)q)ical general-purpose induction 
motor can immediately be determined. 
The chief differences between motors of 
different speeds and horsepower will be 
that the percentages of no-load current, 
full-load power factor, and total losses 
will vary. Figure 3 shows the perform¬ 
ance curves and the equivalent circuit 
for such a typical polyphase motor, which 
closely represents an average 4-pole 26- 
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horsepower 220-volt design. The circuit 
was chosen to give a maximum torque at 
normal voltage of 220 per cent (10 per 
cent greater than the 200 per cent value 
required by the standards), providing the 
usual margin necessary to be sure of 
meeting guarantees. 

Many polyphase induction motors now* 
have double squirrel-cage or deep-bar 
rotors, to get increased starting torque 
without impairing efficiency in normal 
operation, and the circuit constants shown 
in figure 3 are representative of this type. 
Light and heavy broken-Kne curves indi¬ 
cate the starting characteristics of the 
double and single squirrel-cage designs, 
respectively. The curves indicate that a 
starting (locked rotor) current of at least 
500 per cent of full load must be allowed, 
if 200 per cent breakdown torque is re¬ 
quired. The actual value of starting 
current will vary for different sizes and 
speeds of motor, depending on their effi¬ 
ciency, power factor, and starting torque 
values, but a figure of 14 amperes per 
rated horsepower for 220-volt 3-phase 60- 
cycle motors larger than 15 horsepower 
represents the lowest that can be ex¬ 
pected. Any increase in breakdown 
torque will require a proportional increase 
in starting current, 250 per cent break¬ 

448 Transactions 


down torque requiring 17.5 and 300 per 
cent requiring 21 amperes per rated horse¬ 
power on the same basis. The 
motors also will have greater starting cur¬ 
rents for a given breakdown torque than 
large motors, due to their lower power fac¬ 
tors and torque efficiencies, and higher 
starting-torque requirements. 

Many temperature tests on different 
motors indicate that for low-voltage de¬ 
igns the temperature rise of the winding 
is closely proportional to the total losses 
in the motor, regardless of where they 
occur. ^ For overload conditions espe- 
cially, the hot-spot temperature rise may 
be taken as directly proportional to the 
total losses without important error. 

If, therefore, we assume that all motors 
are provided with ventilation just ade¬ 
quate to hold the temperature down to the 
rated value of 40 degrees centigrade rise 
by thermometer at fuU load, a single 
temperature - rise - versus - current curve 
may be drawn, that will be closely repre¬ 
sentative of a wide range of motor sizes 
and speeds. Such a curve is shown in 
fipre 4, the temperature rise being in 
direct proportion to the losses given by 
the equivalent circuit of figure 3. De¬ 
grees are plotted against percentage of 
full-load current, rather than against 
horsepower or torque, to allow for the 
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Figure 4. Hol-spot temperature rise versus 
current for typical four-pole general-purpose 
motor 


variations in the no-load current and no- 
load temperature rise for motors of differ¬ 
ent sizes and speeds. The dotted curve 
indicates the additional temperature rise 
due to increase of copper resistance with 
temperature,* showing tlie cumulative 
heating effect of prolonged overloads. 

Although figure 4 is drawn for a motor 
with exactly 220 per cent breakdown 
torque, it may be applied to other break¬ 
down torque values by a proportionate 
change in scale. The curve shown gives 
hot-spot temperatures, rather than simply 
observable values. Many heat nms have 
shown that the actual hot-spot tempera¬ 
ture in a low-voltage general-purpose in¬ 
duction motor at rated load is generally 
about five degrees centigrade above the 
highest thermometer rise, and rarely ex¬ 
ceeds it by more than ten degrees cen¬ 
tigrade. Thus, the conservative assump¬ 
tion is made that a standard motor with 
40 degrees centigrade rise by thermometer 
win have 50 degrees centigrade rise at the 
hottest spot on the insulation. 

♦ Neglec^ng the increase in watts dissipated per 
degree of rise at elevated temperatures. 
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At the service factor rating of 115 per 
cent load, the motor losses are 123 per cent 
of full-load losses (figure 3), m ak i n g the 
temperature rise 49 degrees by thermome¬ 
ter or 62 degrees at the hottest spot. 
Thus, the service factor rating corre¬ 
sponds very closely to the 50 degrees 
centigrade rise permitted by the standards 
for special-purpose motors, of which the 
load conditions are definitdy known in 
advance. The 13 degrees centigrade rise 
at the hot spot above the test value of 
temperature rise assumed for this typical 
low-voltage induction motor is a little 
less than the 15-degree allowance in the 
standards. 

Permissible Intermittent Overloads 

Comparison of figures 2 and 4 enables 
us to determine the permissible overload 
current on a standard motor for any de¬ 
gree of intermittency of loading. The 
full-line curves of overload current versus 
fractional operating time for different 
ambient temperatures, shown in figure 5, 
all correspond to the same ten-year life 
expectancy. The lower of the two 40- 
degree-centigrade ambient curves indi¬ 
cates the effect of temperature creep, cor¬ 
responding to the dotted curve of figure 4. 

Inspection of this figure shows that 
short-time overloads well in excess of 135 
per cent of rated current are permissible 
in usual 20 degrees centigrade to 30 de¬ 
grees centigrade ambients, without ex¬ 
ceeding economic heating limits. As 
previously indicated, however, this 135 
per cent value is roughly the highest load 
the present standard motor can carry 
without risk of breakdown under ten per 
cent low voltage and other var 3 dng condi¬ 
tions of service. Hence, to utilize fully 
the economic life of motors in intermittent 
service, higher breakdown torques than 
200 per cent are required. 


Figure 6. Recom¬ 
mended breakdown 
torques and starting 
currents (locked 
rotor) tor tour-pole 
general-purpose a-c 
motors of different 
horsepower ratings 



rated horsepower 


It should be noted that figure 5 is de¬ 
rived on the basis of no lag of tempera¬ 
ture behind the applied load, or instan¬ 
taneous heating and cooling. For duty 
cycles involving many hours of con¬ 
tinuous running interspersed with long 
idle periods, this is satisfactory, but for 
running periods of two hours or less, it 
gives very conservative values. At the 
limit, with very short cycles, the average 
loss can be assumed constant over the 
entire period, and the aging will corre¬ 
spond to the temperature rise due to l/»th 
of the operating plus starting losses, if the 
idle time is (n — 1) times the operating 
time. 

Knowing the heating and cooling 
curves, or thermal time constants, of any 
motor, it is readily possible to determine 
the temperature-time curve, and hence 
the aging effect, of any duty cycle. In 
appendix II of this paper, such calcula¬ 
tions have been carried out, and the 
curves of figure 11 have been derived, 
enabling the permissible temperature rise 
above norm^ to be determined, and 
hence, from figure 3, the permissible over¬ 
load current to be found, for any actual 
cycle, and for motors of different sizes. 

Everything considered, therefore, it 
seems proper to use the ideal zero time 
constant curves of figures 2 and 5 for 


operating recommendations, recognizing 
that the extra heating due to acceleration 
losses in starting, and temperature creep, 
on higher overloads, offset a large part of, 
but not all of, the beneficial effects of time 
lag in temperature rise on short cycles. 

Characteristics of Motors Designed 
for Intermittent Service 

If a continuous-rated motor is applied 
on an intermittent load, therefore, and the 
insulation is to be used to the full extent 
of its economic life, the motor can evi¬ 
dently be operated at an output greater 
than the continuous rating, and it should 
be designed with a higher breakdown and 
starting torque ability than required for 
continuous service. Knowing the frac¬ 
tional operating time and the desired 
motor life, the permissible temperature 
rise is found from figure 2. For greatest 
economy, the motor should then be de¬ 
signed to obtain the maximum possible 
horsepower output at this temperature 
rise. Thedesigner does this by first vary¬ 
ing the number of turns in the motor wind¬ 
ing, and finding for each case the current 
loading with the given supply voltage 
that gives a total power loss correspond¬ 
ing to the permitted temperature rise. 
The maximum power output for these 
conditions is obtained when the maximum 



FRACTION OF CYCLE’ON 


Figure 5. Permis¬ 
sible current loading 
of four-poie general- 
purpose motors In 
intermittent service, 
tor the same insula¬ 
tion life expectancy 


point on the efficiency characteristic coin¬ 
cides with the loading that gives the per¬ 
mitted total losses. 

In practice, the maximum efficiency 
point ^ould occur a little below the oper¬ 
ating point to secure better light-load 
efficiency and power factor and lower 
starting current. We shall assume, there¬ 
fore, that the winding turns will finally be 
chosen to make the maximum permissible 
load for the desired intermittency always 
occur at the 115 per cent load point on the 
standard-motor characteristic curves, giv¬ 
ing the same torque characteristics as in 
continuous operation at the original 115 
per cent service-factor rating. 

If the equivalent circuit constants of 
the motor do not change from increased 
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magnetic saturation or other cause, and 
all fixed losses increase as the square of 
the volts per turn,’*' all the characteristic 
curves of the motor will retain the same 
shapes, and figure 3 will still represent the 
motors redesigned for higher torques. 

The per unit output of the redesigned 
motor is obtained by multipl)dng the out¬ 
put scale for the original motor, figure 3, 
by where a is the ratio of the new to 
the old number of winding turns, the new 
full load characteristics being the same as 
at a load on the original motor. The 
rated load in horsepower is assumed to 
remain the same in all cases. 

By this process, the efficiency and, there¬ 
fore, the total losses and temperature rise 
at rated load will be slightly changed 
from their original values. A limit is set 
on this stepping up of the torque with re¬ 
duced winding turns by the excessive 
increase of no-load current when the 
magnetic flux density is increased beyond 
the saturation point. For low-speed 
motors particularly, there is a definite 
value of volts per turn of winding beyond 
which a further increase will reduce in¬ 
stead of increasing the breakdown torque, 
for fixed magnetic dimensions. A further 
limitation is set by the rapid increase in 
full-load current and temperature as the 
maximum efficiency point is brought be¬ 
yond the point of rated load. 

For example, taking 40 degrees centi¬ 
grade ambient temperature and an ideal 
load cycle with only 0.06 of the time 
operating, the rest idle, the permissible 
motor temperature rise at the hottest 
spot is 94 degrees centigrade, as compared 
to 62 degrees centigrade for the standard 
motor operating at 1.15 times rated load, 
from figure 2. Hence, the allowable total 
losses can be increased to 1.62 times, and 
the volts per turn should be raised by a 
factor of 1.23. At this increased magnetic 
density (neglecting saturation), the motor 
will have an output at 94 degrees centi¬ 
grade hot-spot temperature rise of 1.62 X 
1.15 or 1.75 times the original horsepower 
rating, and the breakdown torque will be 
1.52 times larger, or will still be 174 per 
cent of the output (190 per cent including 
the 10 per cent margin of the average 
motor of figure 3), the same as for the 
original motor operating at the 115 per 
cent service-factor rating. 

Figure 7 compares the calculated tem¬ 
perature rise-current curves for the motor 
of figure 3 before and after rewinding with 
1/1.23, or 0.81 as many, turns, with the 


♦ Actually, the friction and windage will not 
ttease, ^ess larger bearings are required for l 

losses will increase somewhat faster than the vc 

Ptt torawiHared. The two effects wUl couaten 
^ o^er ^mpletely that their eomUned eff, 
may be neglected for our puzposes. 


same supply voltage, the same ventilation, 
and the same continuous horsepower rat¬ 
ing. Rated load efficiency and power fac¬ 
tor on the new characteristic curves are 
the same as at (0.81)^ or 0.66 load for 
the original winding, or 89.3 per cent and 
79 per cent, respectively, from figure 3. 
These compare with 88.9 per cent effi¬ 
ciency and 86.5 per cent power factor for 
rated load on the original motor, giving 
a new rated load current 108 per cent of 
the original value, in amperes. 

The total losses at rated load being 
10.7 per cent instead of 11.1 per cent of 
input, the temperature rise at rated load 
will be 38.5 degrees centigrade by ther¬ 
mometer, or 48 degrees centigrade at the 
hot spot, a little lower than before. The 
efficiency at 115 per cent load on the re¬ 
wound motor is 89.8 per cent as compared 
fo 88.2 per cent originally, so the tem¬ 
perature at this load is 1.15 X 10.2/- 
10.7 X 89.3/89.8 X 48 « 52.6 instead of 
62 degrees centigrade. From figure 7, 
62 degrees centigrade rise is reached at 
122 per cent current on the new motor, 
which, from figure 3, corresponds to 
132 per cent load. Hence, the redesigned 
motor has a service factor of 1.32 in 
place of 1.15. If, however, the 40 degrees 
centigrade rise at rated load had been ad¬ 
hered to, 62 degrees centigrade rise w:ould 
be reached at 119 per cent current, corre¬ 
sponding to 125 per cent load. 

The overload current-temperature 
curves of figures 5 and 7 apply fairly 
closely to a wide range of motor sizes, but 
differences in power factor and efficiency 
curves will cause considerable differences 
in the corresponding output curves for 
different sizes. In general, the lower full¬ 
load power factor and higher no-load 


losses of the smaller motors will cause 
their overload currents to increase less 
rapidly than their outputs, so giving them 
higher service-factor ratings than large 
motors. 

Recommended Characteristics 

Since small motors are usually applied 
on intermittent loads, it is obviously de¬ 
sirable to design them for a moderate 
degree of inteimttency rather than 
for continuous service. Experience has 
shown that motors with minimum break¬ 
down torque values varying from 200 
per cent for 15 horsepower and larger, 
up to 300 per cent for Vs horsepower, are 
well suited for average starting and load 
requirements, and it is proposed that these 
values be adopted as standard for poly¬ 
phase motors, in place of the flat value of 
200 per cent now standard. On small 
motors with high starting torque, which 
have more than 20 per cent slip at maxi¬ 
mum torque, the torque at 80 per cent 
speed is taken as the breakdown value. 
This 80 per cent speed point is chosen as 
the measure of breakdown torque in rec- 
ogmtion of the fact that higher torques. 
which may be available at lower speeds 
are only useful in starting, rather than 
in overload operation. Integral-horse¬ 
power normal-torque motors usually 
have less than 20 per cent slip at break¬ 
down. Figure 6 shows the proposed varia¬ 
tion of torque with horsepower rating. 

In comparing single and polyphase 
motors for the same service, it is found 
that the single-phase motor (of either 
repulsion or capacitor type) has normally 
greater starting torque, greater service 
factor, and lower slip for the same value 
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ClMracteri$ilc$ of Proposed Standerd General-Purpose A-C Motors With 40 Degrees 
Centigrade Rise by Thermometer at Rated Load 


Breakdown Torque* in Per 
Cent of FoU-Load Torque 


Sin^ Phase Polyphase Single Phase 
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power 


Pres¬ 

ent 


Locked Rotor Current 
Amperes at 220 Volts, 60 Cycles 
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.160 


Pro¬ 

posed 


Service 
Factor 
in 40 
Degrees 
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6 

7 
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13 
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..1.46 

..1.40 

..1.36 
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Fi$ure 7. Hot-spot 
temperature rises oF 
standard and inter¬ 
mittent-duty types 
of motors 


of breakdown torque. A repulsion- 
start motor, for example, usually has a 
starting torque of over 400 per cent, and a 
pull-up torque considerably less than the 
breakdown value, while a small poly¬ 
phase motor has a starting torque only a 
little greater than the 80 per cent speed 
value, and a pull-up torque fully equal to 
the breakdown value. Capadtor-start 
single-phase motors have intermediate 
characteristics. Experience has shown 
that the characteristics of the two types 
are best matched when the breakdown 
torque of the single-phase motor is equal 
to about 90 per cent of the polyphase 
value. Present standards, recognizing 
this, require only 175 per cent breakdown 
torque for single-phase motors. It is 
proposed, therefore, that single-phase- 
motor breakdown-torque values be stand¬ 
ardized 25 points lower than for poly¬ 
phase, varying from 275 per cent for 
Va horsepower to 175 per cent for 15 
horsepower, figure 6. 

In figure 6 also are shown proposed 
limiting starting-current (locked rotor) 
values for single and polyphase motors, 
chosen to enable the specified breakdown 
torque values to be obtained with reason¬ 
able margin. Circled points show present 
accepted, but inconsistent, values of 
starting current. The amperes per horse¬ 
power increase in the smaller sizes in 
approximately direct proportion to the 
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increase of breakdown torque, and in 
inverse ratio to the apparent efficiency 
at rated load. The bre^ in the current 
curves between fractional and integral 
horsepower ratings is due to the higher 
starting-torque requirements in the frac¬ 
tional sizes, to provide for relatively 
higher friction and greater variations in 
service conditions. The general use of 
repulsion motors, which inherently have a 
higher ratio of starting to pull-up torque, 
and lower starting currents, than capaci¬ 
tor-start motors, has made it customary 
to specify much higher starting torques 
for fractional-horsepower motors than 
required by the load in most cases. It 
may be, therefore, that future trends will 
reduce these starting torque require¬ 
ments bdow the present levels of about 
400 per cent of rated value, and in this 
case the fractional-horsepower starting- 
current levels could be reduced also. 

The single-phase locked-rotor currents 
given are proposed to cover capacitor- 
start motors, and are appreciably higher 
than necessary for repulsion-start motors. 
The proportional relation between start¬ 
ing current and breakdown torque also 
does not hold as accurately for repulsion- 
start motors as for pure induction motors, 
due to possible changes in brush position 
on the repulsion types. 

These starting-current values are espe¬ 
cially important to control engineers, 
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Fisure 8. Permissible current loading/ In 
intermittent service, with 40 degrees centigrade 
ambient, of four-pole general-purpose a-c 
motors, having breakdown torques in accord¬ 
ance with figure 6 

underwriters, and power-supply authori¬ 
ties, because they determine the necessary 
fusing, overload control, wiring, and volt¬ 
age-regulation requirements. From every 
viewpoint of safety and convenience, it 
is desirable to have a definite, one-to-one 
correspondence between locked-rotor cur¬ 
rent and name-plate horsepower for a 
given supply voltage. If the values pro¬ 
posed in figure 6 are adhered to, they will 
permit economic motor use with uniform 
safety and control practice, and give 
reasonable assurance that a motor of the 
next lower or higher rating capacity is 
not masquerading under a false name 
plate. 

The dotted line in figure 5 shows the 
permissible overload current capacities 
without reduction of breakdown-torque 
margin, obtained by using a different 
winding for each load cycle, with 81 pet 
cent turns for 0.06 operating time, 84 
per cent for 0.10 time, etc. By designing 
each size of the line of motors to have 
the breakdown-torque value indicated in 
figure 6, and using these modified motors 
for all duty cycles,, reasonably increased 
overload capacity can be obtained with 
normal efficiency, at the expense of re¬ 
duced full-load power factor and increased 
starting current, but with starting torque 
higher in proportion to the increased 
breakdown torque. 

Figure 8 shows the permissible cur¬ 
rent overloads in intemiittent service, for 
different sizes of motor, each designed to 
meet the breakdown torque requirements 
of figure 6, and to have 40 degrees centi¬ 
grade rise by thermometer at rated load. 
Figure 9 shows typical current-output 
curves for these same motors. From these 
two sets of curves, figure 10 is derived, 
giving the permissible torque overloads, 
or power outputs. Corresponding to the 
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current overloads of figure 8. It is inter¬ 
esting to note that the service factor varies 
from 1.15 for 15 horsepower and up, to 
1.25 for 1 horsepower and 1.50 for the 
Vs-horsepower ratings. The values given 
have been rounded off to give a single 
conservative figure for both polyphase 
and single-phase motors. 

It is important to keep in mind the 
reasons for the high service factors on 
fractional-horsepower motors. The serv¬ 
ice factor represents the output increase 
obtained by allowing the temperature 
rise to increase 10 degrees above the rated 
vsdue of 40 degrees centigrade. This gives 
1.15 to 1.19 times rated current over the 
range of Vs to 100 horsepower 4- and 6- 
pole motors, figure 8. Fractional-horse- 
power motors, having inherently lower 
power factor and efficiency, and being 
called on to deliver higher starting and 
breakdown torques than large motors, 
inevitably have no-load current values 
only slightly lower than at full load. 
Hence, their current-output curves, figure 
9, are much flatter than for large motors. 
Small motors have also inherently large 
mechanical factors of safety, as their shaft 
and bearing sizes are fixed by stiffness 
rather than torque requirements. Finally 
their large surface areas per unit of power 
loss, and their thin insulation give them 
relatively much better heat dissipating 
characteristics than large motors. Elec¬ 
trical, mechanical, and thermal charac¬ 
teristics all combine, therefore, to make 
lower service factors appropriate for large 
than for small motors. 



times rated current 


Figure 9, Typical current versus honepower 
curves for four-pole general-purpose motors, 
having breakdown torques in accordance with 
figure 6 


Assuming that the breakdown torques 
of figure 6 are adopted as standard, and 
keeping a continuous single rating of 
40 degrees centigrade rise by thermometer 
at full load, the resulting line of motors 
will have the following characteristics, 
as listed in table I: 

1. All motors will have 40 degrees centi¬ 
grade rise by thermometer, 50 degrees centi¬ 
grade or less hot-spot rise at rated load, and 
62 degrees centigrade or less hot-spot tem¬ 
perature rise at the service-factor load. 

2. All motors above 15 horsepower will 
have a s^ice factor of 1.15, and smaller 
motors will have higher service factors up 
to 1.50 for ^/g horsepower, as shown in 
figure 10. 

Thus, continuous operation could be per¬ 
mitted at 115 per cent to 150 per cent of 
rated load for the various motor sizes, in a 
40 degrees centigrade ambient, with an ex¬ 
pected insulation life of about ten years. 
Lower ambients usually experienced, and 
noncontinuous operation, will lengthen the 
normal insulation life at rated load to 25 
years or more under usual service conditions. 

3. The breakdown torque and locked-rotor 
current values for different horsepowers will 
be as shown in figure 6. Starting torque 
values will be proportional to breakdown 
torques, but relatively higher in the frac¬ 
tional-horsepower ratings. 

4. The permissible overloads, or inter¬ 
mittent service factors, in percentages of 
rated current and rated torque are shown 
in figures 8 and 10 for several ratios of 
opiating to elapsed time. Limits set by a 
breakdown torque margin of 150 per cent 
are indicated. 

These values are based on the conserva¬ 
tive assumption of zero time lag of tem¬ 
perature. More exact values, taking into 
account the actual heating and cooling 
time constants, can be determined by the 
methods outlined in appendix II. 

Rating of Protected Motors 

The general use of protected motors 
with different degrees of enclosure sug¬ 
gests that their permissible overload 
should also be determined. Present 
standards allow 50 degrees centigrade rise 
by thermometer, for splashproof motors, 
and 55 degrees centigrade for totally en¬ 
closed and fan-cooled designs, with a 
service factor of 1 instead of 1.15. The 
extra 5 degrees centigrade for enclosed 
motors is generally understood to be 
allowed because of the smaller difference 
between the hot test spot and the meas¬ 
ured temperature than in open motors. 
The standards imply, therefore, that all 
fully protected motors will have a hot¬ 
spot temperature rise at rated load of 
65 degrees centigrade, or practically the 
same as that of the standard general- 
purpose motors of the open type at 116 
per cent load. 


Hence, all the curves already derived 
for general-purpose motors apply equally 
well to enclosed motors if the actual loads 
are divided by 1.15, or if the rating of the 
enclosed motor is taken as 87 per cent of 
the name-plate value. 

It is very desirable to build protected 
and open-t 3 q)e motors in the same frame 
size and with interchangeable characteris¬ 
tics, and it may be urged that the ex¬ 
clusion of dirt, excessive moisture, and 
other protection to insulation in enclosed 
motors justifies a higher temperature for 
the same service. It appears probable 
that new insulating materials may per¬ 
mit this in future, but further operating 
experience records should be obtained 
before the standards are changed in this 
respect. 

In usual enclosed motor designs, fewer 
winding turns and larger magnetic di¬ 
mensions are employed than in open 
motors, to reduce the copper losses and 
temperatures. Hence, such motors nor¬ 
mally have a little higher breakdown 
torque and starting current than open 
motors, but still within the limits of 
figure 6, and they are even better adapted 
to carry short-time overloads. For this 
reason, and in view of the presumably 
longer insulation life at a given tempera¬ 
ture because of moisture and dust ex¬ 
clusion, it is suggested that service factors 
be applied to enclosed as well as open 
motors. While no specific recommenda¬ 
tions are now offered, it is dear that the 
inherent ability of an endosed motor to 
deliver short-time overloads will be uti¬ 
lized in the long run, and standards or 
operating recommendations should be 
prepared to facilitate this. 

The cooling of motors for hermetically 
sealed refrigerators, endosed gas pumps, 
and other built-in applications, is entirdy 
in the control of the user. Temperature 
rating standards do not apply to such 
motors, therefore, and the operating 
temperature may be an)rthing that the 
user’s experience justifies. By adhering 
to the proposed breakdown-torque and 
starting-current rules, and nonnal effi- 
dency values, however, assurance is 
given that the motor will have the torque 
ability represented by the name-plate 
horsepower. With improvements in 
insulating materials, such torque and 
starting-current rating methods may be 
expected to supersede the temperature 
system to an increasing extent. 

Conclusions 

The whole object of this discussion is 
to make the standard motor fit as many 
uses as possible. It should have a simple, 
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generally understood name plate that 
guarantees its satisfactory performance 
in continuous duty, and there should be 
supplementary information describing its 
proper application in all sorts of different 
duties. 

The recommendations for breakdown 
torque and starting current values for 
standard general-purpose single-phase and 
polyphase induction motors given in 
table I, and the associated permissible 
overloads in intermittent service, figure 
10, are believed to provide a logical and 
comprehensive system of rating. The 
information on permissible overloads is 
proposed in the form of operating recom¬ 
mendations, rather than as hard and fast 
requirements of standards. This system 
provides for motors designed to fit the 
maximum variety of applications, and it 
permits the user to apply them intelli¬ 
gently up to the limits of their economic 
life. It ties together the present differ¬ 
ing practices on fractional- and integral- 
horsepower motors and permits merging 
the important requirements for auto¬ 
matically controlled refrigeration and air- 
conditioning motors with the standard 
general-purpose designs. 

The plan does not disturb the basic 
principles of motor rating so well estab¬ 
lished some 15 years ago, but carries them 
forward along proved lines. It divorces 
the operating recommendations from the 
rating standards, and lays a foundation 
for the more flexible use of motors in new 
fields and their more ready adaptation to 
future developments. 

The numerical values given in the paper 
have been presented as illustrative of the 
principles involved, rather than as final 
values for standards. Necessarily, the 
characteristics of motors made by differ¬ 
ent manufacturers will vary from those 
used for illustrations in the paper, and 
an industry-wide review of experience 
must be made before any action on stand-, 
ards can be taken. It is also desirable to 
extend the analysis to cover motors of 
other speeds besides the four-pole designs 
which have alone been considered in the 
paper. And, finally, the temperature-life 
curve of figure 1, forming the basis of the 
values proposed, should be reviewed on 
the basis of new information available, 
before final values for standards are ac¬ 
cepted. 


Appendix I. European Standards 
of Motor Rating 

Comparison of French,* British,^ and Ger¬ 
man* with American standards revesds con¬ 
siderable differences in both torque and 


Figure 10. Permis¬ 
sible overloeds of 
typical four-pole 
general-purpose a-c 
motors in intermittent 
service, in 40 de¬ 
grees centigrade 
ambient 



temperature limi t s for general-purpose a-c 
motors. The quantity of work-performing 
ability measured by one continuous horse¬ 
power of motor rating cannot be accepted 
as an international standard, therefore, but 
must be evaluated by reference to the cus¬ 
toms in the country of origin. 

All four countries give general-purpose 
industrial motors a single continuous rating, 
limited by temperature rise. The first 
three countries allow a maximum ambient 
temperature of 40 degrees centigrade, but 
the Germans allow 35 degrees centigrade 
ambient. American and British rules for 
open-type motors specify 40 degrees centi¬ 
grade rise by thermometer; while French 
rules specify 55 degrees centigrade by re¬ 
sistance, or 50 degrees centigrade by ther¬ 
mometer if resistance measurements ajre not 
practicable, and German rules specify 60 
degrees centigrade by resistance or ther¬ 
mometer, whichever gives the higher reading. 
In all cases, temperatures are measured be¬ 
fore and after shutdown, the highest read¬ 
ing being taken and no tolerances from the 
guaranteed values being allowed. 

For these open-t 3 rpe low-voltage motors, it 
is fair to say that the hot-spot temperature 
rise is not more than 26 per cent above the 
thermometer reading, or 12 per cent above 
resistance measurements. On this basis, 
the hot-spot temperature rises of the four 
motors at rated load will be 50 degrees, 50 
degrees, 62 degrees, and 67 degrees centi¬ 
grade, respectively. In continuous opera¬ 
tion at full load in a 40-degree-centigrade 
ambient, therefore, the American and Brit¬ 
ish motors will have a life expectancy of 25 
years, the French motor 10 years, and the 
German motor 6 years, from figure 1, as¬ 
suming the same design margins over 
guarantees. American special-purpose mo¬ 
tors, or general-purpose motors operated 
at their 116 per cent service-factor rating, 
however, have the same temperature rise, 
and the ten-year life expectancy, of the 
French motor. In a 35-degree-centigrade 
ambient, these periods would all be increased 
about 60 per cent. 

For totally enclosed motors, the Americatf 
rules allow 65 degrees centigrade rise by 
thermometer without any service factor, 
and the British allow 60 degrees centigrade, 
while the French and Germans keep the 
same 66- and 60-degree rises by resistance 
allowed for open motors. In a 40-degree- 
centigrade ambient with continuous opera¬ 
tion at rated load, these correspond to life 
expectancies of five, ten, ten, and six years, ' 
respectively, the American having the 
shortest life in this case. 


The five-degree spread between open and 
closed motors under the American rules 
may be justified technically on the grounds 
of a lower hot-spot differential, slower de¬ 
terioration of insulation from other causes 
than temperature in enclosed motors, and 
the frequent use of these motors in outdoor 
installations at lower ambients. It is 
economically sound, because it is relatively a 
great deal more expensive to lower the tem¬ 
perature of a fully enclosed motor than of 
an open motor, and because it facilitates 
interchangeable mounting dimensions for 
open and closed motors. 

The inherent, or short time, capacity of 
a motor is determined by its maximum 
torque, which is quite independent of the 
temperature rise. For a true comparison of 
an induction motor’s ability to handle all 
sorts of loads, therefore, it is necessary to 
know its breakdown torque. 

The American and British rules both 
specify a minimum of 200 per cent break¬ 
down torque, or 100 per cent overload 
torque, for standard general-purpose indus¬ 
trial motors. The French rules require only 
150 per cent, and the German rules 160 per 
cent breakdown torque, on the basis of 
continuous ratings. The French rules rec¬ 
ognize seven, the British two, and the Ger¬ 
man four kinds of intermittent or short-time 
ratings, for which 200 per cent breakdown 
torque is required by all except the French 
rules. None of the rules prescribe any start¬ 
ing-current limits for industrial motors. 

The breakdown-torque values, which are 
the best measure of magnetic dimensions 
and mechanical ability, indicate that the 
standard American, British, French, and 
German continuous-rated motors have 
relative sizes of 100, 100, 76, and 80, re¬ 
spectively. ^ 

The American, British, and French aU 
have special rules for fractional-horsepower 
motors, which cover motors smaller than one 
horsepower at 1,600 rpm, one horsepower 
at 1,000 rpm, and 600 watts, respectively. 
American rules prescribe the same break¬ 
down torque and temperature limits as for 
larger motors, except that 176 per cent 
breakdown torque is required for single¬ 
phase motors. British rules require only 
126 per cent breakdown torque for poly¬ 
phase' and 100 per cent for single-phase 
motors. They also extend the 50-degree 
temperature-rise limit to include drip-proof 
as wdl as totally (ndosed motors, keeping 
40 degrees centigrade for open motors. 
French rules provide a special “domestic” 
service rating for fractional motors, which 
is defined as equivalent to continuous service 
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Figure 11. Permis¬ 
sible excess temp¬ 
erature rise in Inters* 
mittent service, for 
fixed total insulation 
life (showing effect 
of cycle time com¬ 
pared to heating time 
constant) 


at two-thirds of the name-plate horsepower, 
implying a breakdown torque 226 per cent 
of the continuous capacity. The French 
also provide a higher temperature rise for 
all fractional-horsepower motors, 65 degrees 
centigrade for continuous-rated motors, and 
85 degrees centigrade for domestic motors 
for temperate climates, the latter on the 
basis of a maximum ambient temperature 
of only 20 degrees centigrade. 

It is thus evident that continental stand¬ 
ards call for materially smaller motors for 
a given continuous rating than American 
and British standards, R. Langlois-Berthe- 
lot has recently written a comprehensive 
article on the temperature life of electrical 
machines, induding an historical summary 
of the subject. His views on the normal 
life of insulation are summarized in the fol¬ 
lowing statements: 

We shaU take . . . the (hot spot) temperature 6 
(for rating purposes) as that permissible in a ma¬ 
chine to assure in practice a normal life of 16 to 20 
years, and we shall assume as a fact of experience 
that ‘^s normal life is equivalent to continuous 
operation for two years, or 17,000 hours, at the 
maximum temperature; so that ... will corre¬ 
spond on the insulation-life curve to a life of two 
3^^. These are the average normal conditions, 
which take account of the usual variations of ambi¬ 
ent temperature and of load. This interpretation 
of the temperature 6 conforms to experience with 
machines and to the opinion of known experts who 
have been willing to express their views. 

This point of view that the standards 
ought to set temperature limits to give long 
life under average conditions of reduced 
load and reduced ambient appears funda¬ 
mental in continental standards, in strong 
contrast to the American viewpoint that 
the rated temperature should be low enough 
to assure a long life in rated load operation 
at the maximum ambient temperature. 


that is greater the higher the temperature, 
it is evident that, for the same useful life, 
a motor which is to be in operation only a 
part of the total time may be allowed to run 
hotter than a motor which is to be used con¬ 
tinuously. In the body of the paper per¬ 
missible overload durations were estab¬ 
lished, to secure the same total insulation 
life as at continuous full load, under the as- 
^mption of instantaneous heating and cool¬ 
ing. In practice, the motor takes an ap¬ 
preciable time to heat up, thus lowering the 
temperatoe in the initial part of the over- 
lo^ period, so that the actual temperature 
aging for the duty cycle is less than that 
assumed. In this appendix, the effect of 
this time lag of the temperature on the per¬ 
missible duration of overloads will be con¬ 
sidered. 

It is assumed that the mode of variation 
of class A insulation life with temperature 
is that shown in figure IB, which represents 
generally accepted data. According to tbtc 
curve, the effective insulation life is given 
by: 

where 

Xo B* years of useful life at some refer¬ 
ence temperature 

« seven years at 106 degrees centi¬ 
grade continuously 

r — ^ » temperature of insulation above 
reference temperature 
« « a constant, here equal to 0.0866 

(degrees centigrade) 

Then the rate of d^rioration of insulation 
must be of a reciprocal form. 


Appendix II. Determination 
of Permissible Insulation 
Temperatures 

In accordance with the experimental evi¬ 
dence that insulation deteriorates at a rate 

454 Transactions 


R « (where A is a constat) (2) 

For the economic use of the temperature- 
hfe characteristic of the insulation, it is 
necessa^ to choose a temperature which, if 
maintained continuously, will allow a 
reasonable insulation life, henceforth to be 
called unit life, and then so to order the 
temperature duty cycl^ as to arrive at this 
unit life, no more, no less. This unit-life 
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temperature is taken as 102 degrees centi¬ 
grade (giving a unit life of about nine years), 
since this is closely the temperature attained 
by a standard general-purpose poljrphase 
open induction motor having 40 degrees 
centigrade rise by thermometer at full load 
(50 degrees centigrade rise at hot spot), 
when running at the 115 per cent service 
factor load in a 40-degree-centigrade 
ambient temperature. The difference be¬ 
tween this unit-life temperature (102 de¬ 
grees centigrade) and the ambient tempera¬ 
ture is called the unit life temperature rise 
and denoted by B. 

For the purposes of the present discus¬ 
sion the only t 3 q)e of load duty cycle which 
will be considered is the on-off type, such as 
experienced by a motor driving a refrigera¬ 
tion or air conditioning load. This assumes 
a load essentially constant to be applied for 
some fraction of the total cycle time, fol¬ 
lowing which the motor is shut down for the 
remainder of the cycle. 

To simplify the analysis only two types 
of temperature variation with load will be 
discussed: first, where the temperature 
instantly attains its steady-state value cor¬ 
responding to the load applied, and, second, 
where the temperature varies exponentially, 
growing and decaying according to time 
constants which are characteristic of the 
particular motor. 

Consider the case in which the tempera¬ 
ture of the insulation exactly follows the 
steady-state value corresponding to the 
load applied. The temperature duty cycle 
has the same appearance as the load duty 
cycle: a simple rectangle having a height 
T (temperature rise above ambient) during 
the fraction of the cycle that the motor is 
on, and zero height (ambient temperature), 
while the motor is shut down. Then, for 
thfe temperature cycle to give unit life it is 
necessary that the total deterioration of the 
insulation during on and off periods be the 
same as if the insulation had remained at 
the unit-life temperature rise B, Then the 
following equation must be satisfied: 

A^o€'^«(2’-«) ^ « A X 1.0 (3) 

where 

^0 “ fraction of cycle time motor is on 

(constant load) 

tf » fraction of cycle time motor is off 
to + tf^ 1.0 

Equation 3 has the effect of averaging the 
actual temperature variation into the steady 
temperature B. With the usual values of B 
this simplifies to: 

tn^aT ss (4) 

which gives the straight lines shown on fig¬ 
ures 2,11, and 12, when plotting T or {T—B) 
agaii^t log fo. As indicated in the body 
of this paper, it is a simple matter to trans¬ 
late such curves into the equivalent load or 
current curves if the steady-state tempera¬ 
ture versus load or current characteristics 
of the particular motor are known. 

As it hw been assumed that the rate of 
det^ioration of insulation depends only 
upon temperature, the results calculated 
on the basis of the above equation are cor¬ 
rect for cycles of any time, length, whether 
one hour, or several years. Thus, it is 
evident that standard motors possess con¬ 
siderable inherent overload ability (may ex- 
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Tabic I. Ratios of Rates of Chemical Chanse 
for Tcn-Dcsree-Centisrade Intervals for Differ- 
ent Values of Heats of Activation (Q) 


Q 

(Calories 
per Mol) 

(Degrees 

Centigrade) 

t2 

(Djegrees 

Centigrade) 

(ki/k2) 

45,000.... 

...160.... 

_140. 

...1.64 

15,000.... 

...130.... 

_120. 

...1.61 

15,000.... 

.. .110_ 

-100. 

...1.70 

20,000.... 

...160.... 

_140. 

...1.78 

20,000.... 

...130.... 

-120. 

...1.89 

20,000.... 

...110.... 

-100. 

...2.02 

25,000... . 

...150.... 

-140. 

...2.06 

26,000... . 

...130.... 

-120. 

...2.21 

25,000.... 

.. .110_ 

-100. 

..,2.42 


our knowledge of the general law expressing 
the temperature dependence of various 
physical and chemical phenomena. The 
most general statement of this law is 

This general relation holds for phenomena 
such as chemical reactions, chemical equilib¬ 
riums, evaporation, temperature coeffi¬ 
cients of viscosity, and electrical conduct¬ 
ance in semiconducting crystals. For 
chemical reactions, the law was given by 
Arrhenius in the form 

where 

= a constant of a differential equation 
which defines the rate of the chemical 
reaction 

A = an experimental coefficient 
Q = the heat of activation in calories per 
mol 

R - the gas constant = 1.986 calories per 
degree mol 

T — absolute temperature in degrees Kel¬ 
vin 

Since the coefficients of the above equa¬ 
tions have considerable significance from 
the general background of our theoretical 
and experimental knowledge, wherever 
possible new data showing temperature de¬ 
pendence of any kind should be examined in 
terms of this general relation. This can be 
done by plotting log (dependent variable) 
against (l/T), which should give a straight 
line whose slope has physical significance. 

Taking the logarithm of the ratio of k 
in equation 2 for two temperatures, we have 

loge ih/h) = {Q/R) [{Tx - n)/TiT2] (3) 

An approximate rule-of-thumb state¬ 
ment is that the rate of a chemical reaction 
doubles for a 10-degree-centigrade increase 
in temperature. This rule is illustrated in 
table I of this discussion, in which are given 
the ratios {ki/h) of the rate constants of 
chemical reactions calculated from equation 
3 for three sets of 10-degrees-centigrade in¬ 
tervals at each of three values of Q. For 
most chemical reactions, within the tem¬ 
perature range in which we are interested, 
Q lies between 15,000 and 26,000 calories 
per mol. 

Equation 2, which has a large mass of 
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chemical data supporting it, is different in 
form from the empirical relation given in 
equation 2 of the paper on “Rating of 
General-Purpose Induction Motors'’ by 
Alger and Johnson. The coefficients of 
their relation have no theoretical signifi¬ 
cance. However, by expanding equation 2 
above in a series for (T — 6) it can be shown 
that neglecting second order terms gives the 
form of Alger and Johnson's equation 2, and 
that for the range of temperatures being 
considered the error in this approximation is 
less than five per cent. Therefore the two 
relations are equivalent within the experi¬ 
mental error. 

Although the general validity of the above 
rule for chemical reaction rates is unques¬ 
tioned, in any given insulation system a 
number of other conditions must be known 
before an estimate can be made of the effects 
of such chemical changes on insulation life. 
In service, continuous chemical changes 
may (a) improve, (6) have no effect upon, or 
(c) decrease the electrical quality of insula¬ 
tion, depending upon conditions. Ex¬ 
amples of these three possibilities are numer¬ 
ous and may result from many different 
types of chemical change depending upon 
particular conditions, but for illustration a 
single reaction, that of continuous curing of 
varnish in stator coils in service, may give 
all three results in sequence. 

Stator coils, to be assembled, must be 
flexible. Therefore the varnish used in 
making them is not completely cured to a 
hard rigid form. In service the chemical 
and physical changes called “curing" con¬ 
tinue slowly, resulting in continuously im¬ 
proving electrical quality for some time. 
These gradual changes continue throughout 
the life of the insulation and even though 
they progress to the extreme where the var¬ 
nish is very hard, brittle, and full of cracks 
they-may not cause electrical failure if, for 
example, the apparatus is not exposed to 
moisture, and the basic insulation such as 
mica is not disturbed by vibration or exces¬ 
sive expansion and contraction. I helped 
to dismantle several of the original two- 
phase generators at Niagara Falls which 
were removed from service without failure, 
in which the organic insulation had been 
changed almost to dry dust but the machine 
had continued to operate as long as it was 
undisturbed. On the other hand these 
same changes might lead to early failure 
under more adverse conditions of service 
such as might be experienced by motors in 
mines or on shipboard. 

The points I wish to emphasize in this 
discussion are: (1) chemical changes often 
underlie observed physical changes; (2) 
for this reason laboratory experiments on 
physical and electrical deterioration should 
be accompanied by chemical tests to deter¬ 
mine causes; (3) experimental data showing 
temperature dependence should be examined 
in terms of equation 1 instead of being ex¬ 
pressed in some other purely empirical 
form; (4) numerous specific conditions must 
be known before a conclusion can be reached 
as to the effects of such chemical changes on 
insulation life in any particular instance. 


V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): I wish to discuss 
this paper from the broad question of name¬ 
plate rating versus output. My work has, 
of course, been concerned mostly with trans¬ 
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formers in which temperature is the only 
limit to output. 

AIEE Standards No. 13 at one time had 
the statement that the name-plate rating of 
transformers should not be exceeded what¬ 
ever be the ambient. It is difficult to see 
how such a rule could be justified, but ap¬ 
parently some excuse for it was given. 
After getting rid of this rule in 1922 the way 
was open to recognize that name-plate rat¬ 
ing and output may be entirely different. 
One of the first things we did in the riiles 
was to permit one per cent overload con¬ 
tinuously for each degree centigrade that the 
ambient is below the standard. On the 
other hand, if the ambient is continuously 
above the standard, permissible output was 
reduced accordingly. 

This did not go far enough to meet the 
needs where short-time overloads (in excess 
of those permitted by the one per cent rule) 
are sometimes required to meet emergency 
conditions. 

The next step was to set up permissible 
short-time overloads, ranging from short 
circuit of a few seconds to several hours 
time. To do this, however, required know¬ 
ing, at least in a rough way, how short-time 
high temperatures affected the life of insula¬ 
tion. The tests reported in my 1930 paper 
showed that each time the temperature is in¬ 
creased eight degrees the rate of aging, of 
insulation immersed in oil, doubles. 

Some of the data presented at this con¬ 
vention indicates that the eight-degree rule 
is too conservative; that is, it requires more 
than an eight-degree increase in temperature 
to double the rate of aging in air, I under¬ 
stand that someone in the Petroleum Insti¬ 
tute presented a paper some time ago which 
showed that the deterioration of petroleum 
was doubled for each 8.5-degree-centigrade 
increase in temperature. I note that 
Messrs. Alger and Johnson used the eight- 
degree rule in their paper which, I feel, 
marks an important milestone in this ques¬ 
tion of rating versus output of rotating ma¬ 
chinery. 

I am not so much concerned in whether 
the eight-degree rule is absolutely correct, 
as I am in getting this fundamental method 
of analysis applied to electrical apparatus 
where temperature is the principal limit to 
output. 

I do not want to give the impression that 
I am advocating that short-time overloads 
on rotating machinery be limited by tem¬ 
perature alone, as we have done for trans¬ 
formers, because there are limitations other 
than temperature for most classes of rotat¬ 
ing machinery. 

I do feel, however, that it is possible to 
go quite a ways yet in working out safe 
moderate overloads, as Messrs. Alger and 
Johnson have done. I venture the predic¬ 
tion that in a few years the name-plate rat¬ 
ing of a large part of smaller rotating ma¬ 
chinery will be used mostly for purchasing 
purposes, while the output will be more or 
less than the rating, depending on the oper¬ 
ating conditions—^the same as is true for 
transformers today. 


C, G. Veinott (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
Messrs. Alger and Johnson recognize the 
same difficulty outlined in Mr. Rutherford's 
current paper (“Rating and Application of 
Motors for Refrigeration and Air-Condi- 
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Discussion 

L. A. Kilgore (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The authors are to be commended 
for a scientific attack on this problem and 
their ultimate simplification of some in¬ 
volved data and theory. The conclusions, 
of course, are no more accurate than the 
original assumed relation between tempera¬ 
ture and life of the insulation. While this 
data seems fairly well confirmed from ex¬ 
perience with actual machines, it would seem 
somewhat optimistic based on the results of 
the paper, “Temperature Life Characteris¬ 
tics of Class A Insulation,” by J. J. Smith 
and J. A. Scott. 

Since the paper refers in several places 
to 15 horsepower and up, the inference might 
be drawn that the typical curves and data 
given applied equally well to machines above 
200 horsepower. I am sure the authors did 
not intend this, for while the general prin¬ 
ciples given are applicable, still the typical 
values are different. For example, the 
typical curves, figure 3, show 180 per cent 
Parting torque, which is several times too 
high for general-purpose class I motors. 


L. E. Hildebrand (General Electric Com¬ 
pany, Lynn, Mass.): There is a point com¬ 
mon to my paper and that of Messrs. Alger 
and Johnson which should be explained. I 
refer to the per cent time on for intermit¬ 
tent cycles. The same thing is said in both 
papm. However, one who reads them 
hu^edly without noting a change in view¬ 
point may hastily infer that we do not agree. 
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Their paper shows the per cent time on for 
various loads based on an ideal long cycle. 
This might be called short year service, 
meaning that the motor is operated a few 
months per year or a few days per month, 
but when it does operate, it reaches and 
maintains continuous temperature for a long 
time. In their appendix, they show correc¬ 
tions for shorter cycles. 

In my paper I consider ideal short cycles 
to which they refer in the section “Permis¬ 
sible Intermittent Overloads.” In the ideal 
short cycle, the on and off periods are so 
short and so frequent that the temperature 
does not rise above the average. The ideal 
short cycle essentially describes machine- 
tool jobs. It is expedient and clearer to 
consider such jobs from the root-mean- 
square load standpoint. If the cycle be¬ 
comes so long that the temperattu’e does 
rise a few degrees above the average, a 
simple correction can be made. Hence if 
the cycle is hours per day, use long cycle 
methods corrected for thermal log. If the 
cycle is minutes per hour, use short cycle 
methods corrected for temperature varia¬ 
tions. Most machine tool cycles are so 
short that no correction is necessary. 

The permissible “time on” for short-cycle 
jobs is much greater than for long-cycle jobs. 
A motor with proper winding will carry 
about 140 per cent base load, 30 per cent 
time on if the cycle is long, 66 per cent time 
on if the cycle is short. 175 per cent base 
load, 6 per cent time on for a long cycle be¬ 
comes 43 per cent time on for a short cycle. 

The motor described in the section “(Char¬ 
acteristics of Motors Designed for Intermit¬ 
tent Service” by Messrs. Alger and Johnson 
is very close to the one-hour motor of the 
next higher standard rating if it refers to the 
lower horsepower range. It is good for 175 
per cent base load, 6 per cent time on ideal 
long ^ cycle. The more common applica¬ 
tion is say 130 per cent base load perhaps 
less, on 80 per cent or even less running idle 
between load periods starting every few 
minutes. The extra torque ability is insur¬ 
ance that the machine tool will do the infre¬ 
quent abnormally severe job or that the 
motor will operate the machine during some 
short peak load which is distinctly higher 
than the average or the root-mean-square 
load. Thus, this motor is ideally suited to 
the majority of machine tool and riTuila-r 
jobs. 


H. L. Wallau (Cleveland Electric Illuminat¬ 
ing Company, Cleveland, Ohio): The 
authors are proposing a method of motor 
rating which will combine available start¬ 
ing and breakdown torques with thermal 
limits to yield what they consider a reason¬ 
able service life of ten years for either con¬ 
tinuous or intermittent duty, and that 
stator-winding temperatures be measured by 
resistance. These proposals seem to have 
logic behind them, although whether a life 
as short as ten years is proper may well be 
open to question. The introduction of a 
service factor permits the contmuing use of 
the nominal ratings to which industry is 
accustomed. 

In their final conclusion the authors state 

m part, “the temperature-life curve of 
figure 1 . . , should be reviewed . . . before 
values for standards are accepted." 
This is very important inasmuch as the test 
curves from which curve B, figure 1, is re- 
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plotted, do not yield a probable life expec¬ 
tancy of seven years for continuous operation 
at 105 degrees centigrade, and the use of this 
seven-year expectancy is basic to the values 
set up in the paper. 

The curves from which Montsinger's 
figure 11 is derived, are shown in figure 6, 
page 783, April 1930, AIEE Transactions. 
The three curves numbered 4, 5, and 6 in 
this figure when plotted on semilogarithmic 
paper, with time to the logarithmic scale, 
and extrapolated to zero tensile strength, 
show relative temperature-life expectancies 
under oil, as follows: 


Temperature 

(Degrees 

Centigrade) 

Approximate Life 

Weeks 

Years 

90. 

.900. 

.18 

100. 

.360. 

.7 

110. 

.170. 

. 3V4 


Figure 11 as erroneously plotted indicates a 
life expectancy at 100 degrees centigrade of 
11 years. For 105 degrees the correct indi¬ 
cated expectancy is of the order of five, not 
seven years. The plotting error was called 
to Montsinger^s attention recently, as these 
data are reproduced on pages 261 to 263 of 
“Transformer Engineering,” and the dis¬ 
crepancy was acknowledged. 

A study of the individual curves of Mont- 
singer's paper (figures 6 and 7) does not 
seem to warrant the statement that insula¬ 
tion in air will outlast insulation under oil. 
Curve 3 of figure 6 has a straight-line 
characteristic with a loss of tensile strength 
of one-half per cent per week, indicating an 
ultimate life of 200 weeks. This is for 
varmshed cambric in air at 110 degrees 
centigrade. Curves 1 and 2 of the same 
figure for temperatures of 90 degrees centi¬ 
grade and 100 degrees centigrade, respec¬ 
tively, have convex characteristics indicat¬ 
ing a shorter life at these lower tempera¬ 
tures, and all three indicate shorter expect¬ 
ances than the cPrresponding curves for 
this insulation under oil. Figure 7 shows 
similar discrepancies. It would appear that 
too few test data were available to Mont¬ 
singer at that time to obtain results con¬ 
sistent with experience. 

Much caution must be exercised therefore 
in the selection of the proper life expectancy 
of insulation before either standards or 
operatmg guides are formulated for industry, 
and it is quite possible that sufficient knowl¬ 
edge on this particular subject is not yet 
available. 


Hubert H. Race (General Electric Com¬ 
pany, Schenectady, N. Y.): The time- 
temperature relation of the deterioration of 
insulating materials is a very important 
problem to the designer and user of electri¬ 
cal apparatus and rightfuUy deserves the 
emphasis that has been given it at this con¬ 
vention. Often tke physical changes which 
imke such deterioration evident are redly 
indications of chemical changes which caused 
them^ so that physical evaluations of deteriora¬ 
tion are insufficient but should be accompanied 
by controlled chemical experiments. There¬ 
fore it seems important to contribute to this 
symposium a short engineering statement of 
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Table L Ratios of Rates of Chemical Change 
for Ten-Degree*Centigrade Intervals for Differ¬ 
ent Values of Heats of Activation (Q) 


Q 

(Calories 
per Mol) 

ti U 

(Degrees (Degrees 
Centigrade) Centigrade) 

(ki/k*) 

15,000.... 

...160.,.. 

....140. 

...1.64 

15,000.... 

...130.... 

_120. 

...1.61 

16,000.... 

...110.... 

....100. 

...1.70 

20,000..., 

...160.... 

....140. 

...1.78 

20,000.... 

...130.... 

....120. 

...1.89 

20,000.... 

...110.... 

....100. 

...2.02 

25,000.... 

...160,... 

....140. 

...2.06 

26,000_ 

...130.,.. 

....120. 

...2.21 

25.000.... 

...110.... 

....100. 

...2.42 


our knowledge of the general law expressing 
the temperature dependence of various 
physical and chemical phenomena. The 
most general statement of this law is 

k~Ae~^ W 

This general relation holds for phenomena 
such as chemical reactions^ chemical equilib¬ 
riums, evaporation, temperature coeffi¬ 
cients of viscosity, and electrical conduct¬ 
ance in semiconducting crystals. For 
chemical reactions, the law was given by 
Arrhenius in the form 

* - Ae~ ^ 
where 

k = SL constant of a differential equation 
which defines the rate of the chemical 
reaction 

A B an ^perimental coefficient 
C « the heat of activation in calories per 
mol 

R the gas constant = 1.986 calories per 
degree mol 

T — absolute temperature in degrees Kel¬ 
vin 

Since the coefficients of the above equa¬ 
tions have considerable significance from 
the general background of our theoretical 
and experimental knowledge, wherever 
possible new data showing temperature de¬ 
pendence of any kind should be examined in 
terms of this general relation. This can be 
done by plotting log (dependent variable) 
against (1/T), which should give a straight 
line whose slope has physical significance. 

Taking the logarithm of the ratio of k 
in equation 2 for two temperatures, we have 

loge (ki/k2) * (Q/R) [(Tx - T2)mT2] (3) 

An approximate rule-of-thumb state¬ 
ment is that the rate of a chemical reaction 
doubles for a 10-degree-centigrade increase 
in temperature. This rule is illustrated in 
table I of this discussion, in which are given 
the ratios of the rate constants of 

chemical reactions calculated from equation 
3 for three sets of 10-degrees-centigrade in¬ 
tervals at each of three values of Q. For 
most chemical reactions, within the tem¬ 
perature range in which we are interested, 
Q lies between 16,000 and 26,000 calories 
per mol. 

Equation 2, which has a large mass of 

September 1939, Vol. 58 


chemical data supporting it, is different in 
form from the empirical relation given in 
equation 2 of the paper on “Rating of 
G^eral-Purpose Induction Motors” by 
Alger and Johnson. The coefficients of 
their relation have no theoretical signifi¬ 
cance. However, by expanding equation 2 
above in a series for (T — 0) it can be shown 
that neglecting second order terms gives the 
form of Alger and Johnson’s equation 2, and 
that for the range of temperatures being 
considered the error in this approximation is 
less than five per cent. Therefore the two 
relations are equivalent within the experi¬ 
mental error. 

Although the general validity of the above 
rule for chemical reaction rates is unques¬ 
tioned, in any given insulation system a 
number of other conditions must be known 
before an estimate can be made of the effects 
of such chemical changes on insulation life. 
In service, continuous chemical changes 
may (a) improve, (6) have no effect upon, or 
(c) decrease the electrical quality of insula¬ 
tion, depending upon conditions. Ex¬ 
amples of these three possibilities are numer¬ 
ous and may result from many different 
types of chemical change depending upon 
particular conditions, but for illustration a 
single reaction, that of continuous curing of 
varnish in stator coils in service, may give 
all three results in sequence. 

Stator coils, to be assembled, must be 
flexible. Therefore the varnish used in 
making them is not completely cured to a 
hard rigid form. In service the chemical 
and physical changes called “curing” con¬ 
tinue slowly, resulting in continuously im¬ 
proving electrical quality for some time. 
These gradual changes continue throughout 
the life of the insulation and even though 
they progress to the extreme where the var¬ 
nish is very hard, brittle, and full of cracks 
they may not cause electrical failure if, for 
example, the apparatus is not exposed to 
moisture, and the basic insulation such as 
mica is not disturbed by vibration or exces¬ 
sive expansion and contraction. I helped 
to dismantle several of the original two- 
phase generators at Niagara Falls which 
were removed from service without failure, 
in which the organic insulation had been 
changed almost to dry dust but the machine 
had continued to operate as long as it Was 
undisturbed. On the other hand these 
same^ changes might lead to early failure 
under more adverse conditions of service 
such as might be experienced by motors in 
mines or on shipboard. 

The points I wish to emphasize in this 
discussion are: (1) chemical changes often 
underlie observed physical changes; (2) 
for this reason laboratory experiments on 
physical and electrical deterioration should 
be accompanied by chemical tests to deter¬ 
mine causes; (3) experimental data showing 
temperature dependence should be examined 
in terms of equation 1 instead of being ex¬ 
pressed in some other purely empirical 
form; (4) numerous specific conditions must 
be known before a conclusion can be reached 
as to the effects of such chemical changes on 
insulation life in any particular instance. 


V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): I wish to discuss 
this paper from the broad question of name¬ 
plate rating versus output. My work has, 
of course, been concerned mostly with trans¬ 
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formers in which temperature is the only 
limit to output. 

AIEE Standards No. 13 at one time had 
the statement that the name-plate rating of 
transformers should not be exceeded what¬ 
ever be the ambient. It is difficult to see 
how such a rule could be justified, but ap¬ 
parently some excuse for it was given. 
After getting rid of this rule in 1922 the way 
was open to recognize that name-plate rat¬ 
ing and output may be entirely different. 
One of the fimt things we did in the rules 
was to permit one per cent overload con¬ 
tinuously for each degree centigrade that the 
ambient is below the standard. On the 
other hand, if the ambient is continuously 
above the standard, permissible output was 
reduced accordingly. 

This did not go far enough to meet the 
needs where short-time overloads (in excess 
of those permitted by the one per cent rule) 
are sometimes required to meet emergency 
conditions. 

The next step was to set up permissible 
short-time overloads, ranging from short 
circuit of a few seconds to several hours 
time. To do this, however, required know¬ 
ing, at least in a rough way, how short-time 
high temperatures affected the life of insula¬ 
tion. The tests reported in my 1930 paper 
showed that each time the temperature is in¬ 
creased eight degrees the rate of aging, of 
insulation immersed in oil, doubles. 

Some of the data presented at this con¬ 
vention indicates that the eight-degree rule 
is too conservative; that is, it requires more 
than an eight-degree increase in temperature 
to double the rate of aging in air. I under¬ 
stand that someone in the Petroleum Insti¬ 
tute presented a paper some time ago which 
showed that the deterioration of petroleum 
was doubled for each 8.5-degree-centigrade 
increase in temperature. I note that 
Messrs. Alger and Johnson used the eight- 
degree rule in their paper which, I feel, 
marks an important milestone in this ques¬ 
tion of rating versus output of rotating ma¬ 
chinery. 

I am not so much concerned in whether 
the eight-degree rule is absolutely correct, 
as I am in getting this ftmdamental method 
of analysis applied to electrical apparatus 
where temperature is the principal limit to 
output. 

I do not want to give the impression that 
I am advocating that short-time overloads 
on rotating machinery be limited by tem¬ 
perature alone, as we have done for trans¬ 
formers, because there are limitations other 
than temperature for most classes of rotat¬ 
ing machinery. 

I do feel, however, that it is possible to 
go quite a ways yet in working out safe 
moderate overloads, as Messrs. Alger and 
Johnson have done. I venture the predic¬ 
tion that in a few years the name-plate rat¬ 
ing of a large part of smaller rotating ma¬ 
chinery will be used mostly for purchasing 
purposes, while the output will be more or 
less than the rating, depending on the oper¬ 
ating conditions—the same as is true for 
transformers today. 


C. G. Veinott (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
Messrs. Alger and Johnson recognize the 
same difficulty outlined in Mr. Rutherford’s 
current paper (“Rating and Application of 
Motors for Refrigeration and Air-Condi- 
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tioning Systems/* AIEE Transactions, 
volume 68, 1939, see 1939 annual Trans¬ 
actions index for page numbers) that the 
present horsepower ratings, particularly of 
fractional-horsepower induction motors, do 
not adequately describe the motor. Their 
proposal is to increase the service factor and 
leave the present horsepower ratings intact. 
This proposal would undoubtedly be accept¬ 
able to the refrigeration manufacturers since 
it effects no change in ratings, but does little 
to clear up existing confusion as to control 
and wiring. In general, the torque and 
current specifications given by the authors 
are acceptable as they are conservative 
values for present-day commercial capaci¬ 
tor-start motors. But these standards can 
not universaUy apply to spHt-phase motors. 
However, we see little point in reducing the 
locked-rotor current specifications for the 
one-eighth and one-sixth-horsepower sizes. 

The whole subject of locked-rotor cur¬ 
rents is one which may well concern AIEE 
whose membership includes the power com¬ 
panies who are as vitally interested in this 
subject as well as the motor manufacturers. 
The great disparity of requirements in this 
reject was brought to light by a recent sur¬ 
vey of 51 leading public utilities in the 
United States. The maximum permissible 
locked-rotor current for a three-fourth- 
horsepower 220-volt single-phase motor 
allowed by each company was tabulated 
with the following results: 

1 company specifies 12.25 amperes maximum 
16 companies specify 20 amperes or less 
29 companies specify 30 amperes or less 
The National Electrical Manufacturers Associa¬ 
tion sp^fication is 30.5 amperes 
22 specify more than 30 amperes (of these 22. 13 
have no specifications) 

In other words, 29 of 61 companies have 
not accepted the value established by 
NEhlA as the lowest value to which motor 
manufacturers can work without penalizing 
the motor design unnecessarily. Fortu¬ 
nately many of these 29 companies do not 
enforce their locked-rotor current rules. 
The few that do often work a hardship on 
the motor user, forcing the motor manufac¬ 
ture to desi^ and build special motors for 
certain localities. This procedure usually 
involves expense and inconvenience both 
to the manufacturer of the motor and the 
builder of the appliance, generally resulting 
that the customer who buys the motor- 
operated appliance has to pay more for a 
less satisfactory appHance than a more 
fortunate customer who is permitted to use 
the standard motor. Some standardiza¬ 
tion is urgently needed in order not to ob¬ 
struct progress in the development of motor- 
dnven appliances, and the resultant general 
mcrease in use of electric power. 


Two important ideas 
which are the natural outgrowth of the 
pap^ on ^‘Rating of General-Purpose Induc¬ 
tion Motors** just presented arise for discus- 
sion at this time. The first concerns the 
available torque of the general-purpose 
motor and the second concerns the relation 
between the service factor, frame size, and 
nse margin. 

The available torque of general-purpose 
^tors is very important and therefore it is 

to re-emphasize this point as made in 
the paper. 

Under the competition of good design 
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and the guidance of AIEE, NEMA, and 
ASA standards, a method of rating has 
grown up which specifies that a motor oper¬ 
ated continuously at rated load imder the 
most severe conditions will have a tempera¬ 
ture rise of 40 degrees. The standards also 
specify that the motor must be capable of 
delivering 115 per cent of its rated output 
continuously without damage to itself and 
that it must have a maximum torque at 
breakdown of not less than 200 per cent of 
rated torque. Since due allowance must 
be made for possible voltage reduction and 
unexpected variations in the application, 
good practice requires that not more th^n 
136 per cent of rated torque be demanded. 
However, all of this torque is available 
should be used for economic application al¬ 
though the extent to which this overload 
torque can be used depends on the applica¬ 
tion since temperature rise is an additional 
limitation. 

Considerations of available torque lead to 
a discussion of the service factor and its rela¬ 
tion to the rating of successive frame sizes. 
The service factor is most simply defined as 


temp toroue 



AMBIENT 

TEMP 

1 

Figure 1. Available torque of integral- 
horsepower motors (15-200 horsepower) 

the ratio of the maximum continuous load 
that can safely be handled to the rated con¬ 
tinuous load. Under the present standards 
tins corresponds to the ratio of the output 
with a 60-degree rise to the output with a 
40-degree rise. The possible difilculties 
due to the service factors increasing in size 
for the smaller-horsepower motors, as shown 
in the paper, may be removed by consider¬ 
ing the service factor as a simple measure 
^ the step in rating between successive 
frame sizes. For integral-horsepower 
motors which have an average step in rat¬ 
ing of 30 per cent between successive frame 
sizes, the service factor, defined as before, is 
equal to 1.16 and corresponds therefore to a 
step of one-half frame size in rating. 

For fractional-horsepower motors the case 

IS v^ similar. A small motor has higher 
breakdown torque than a large motor for the 
following reasons: (1) the steps in rating 
between frame sizes are larger in order to 
coyer the range economically, (2) the uncer- 
tamties in application are a greater percent¬ 
age of the output, (3) the power factor is 
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naturally poor, (4) applications are most 
commonly intermittent. 

For these reasons the service factor, again 
defined as the 50-degree rating over the 40- 
degree rating, for small motors is equal on 


breakpown 
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Figure 2. Relative output of successive frames 


the average to 1.4. Since the average step 
in frame size horsepower for small motors is 
about 40 per cent, the service factor may 
most simply be thought of as a step of one 
frame size in rating. 

These two points of available torque and 
service factor are summarized on two figures. 
In the first figure the bottom line represents, 
operation at rated output, 40-degree rise, 
100 per cent load, continuous service under 
most severe conditions. The next line 
above represents operation at the service 
factor rating, 60-degree rise, continuous 
operation. The top line represents the 
breakdown torque. Making allowances as 
shown for voltage variation and mechanical 
emergencies, there is left 136 per cent rated 
torque to be used. For a load which is on 
only two-tenths of the total cycle time, this 
full 136 per cent torque can and should be 
used for economic application. 

On the second figure is shown the relative 
output of successive frame sizes, first for 
inte^al-horsepower motors where the 1.16 
service factor corresponds to an increase in 
rating of one-half frame size and second for 
fractional-horsepower motors where the 
average service factor of 1.4 corre.sponds to 
a step of one whole frame size. The relative 
widths in the diagram correspond to the 
approximate times for which the corre¬ 
sponding torque can be utilized with safety. 
Thus the service factor may very conven¬ 
iently be related to the step in rating between 
successive frame sizes. 


-Jr appreciate the comments 

of Messrs. Race and Montsinger, who agree 
with our use of the simple law of about half 
life for each eight-degree increase in tem- 
p^atme, as a practical way of expressing 
me effect of temperature on insulation. 
The actu^ life obtained on any given motor 
dep^ds in a very high degree on the par¬ 
ticular conditions met with, such as the 
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ambient temperature, the load cycle, and 
e^ecially the degree of dirt, moisture, vibra¬ 
tion, etc. The use of the law is rather in 
estimating the effect of a temperature 
change on insulation life, found by experi¬ 
ence in particular conditions, than in esti¬ 
mating the life under totally new conditions. 

Answering Mr. Wallau's statement that 
our curve B, figure 1, is not an exact repre¬ 
sentation of Mr. Montsinger’s 1930 test 
data, the curve does represent an over-all 
average of experience, of which the particu¬ 
lar tests reported by Mr. Montsinger are 
only a part. The important conclusion is 
that the 106-degree-centigrade limiting hot¬ 
spot temperature for class A insulation has 
been found generally satisfactory in indus¬ 
trial service. 

In reply to Mr. Kilgore’s comment, the 
curves in the paper are intended only to 
cover general-purpose motors—that is, 
200 horsepower and smaller at 450 rpm and 
higher speeds. The starting torques are 
assumed to correspond to the NEMA stand¬ 
ard of 160 per cent of full load torque for 
four-pole motors. The 180 per cent value 
for the 26-horsepower motor shown in figure 
3 provides a reasonable margin over this 160 
per cent guaranteed figure. 

Mr. Veinott points out the wide variation 
in starting-current requirements of differ¬ 
ent power companies and emphasizes the 
importance of having such adequate stand¬ 
ards that the motor name-plate conveys a 
definite description of the motor’s perform¬ 
ance. This is very pertinent, as, under 
present conditions, many small motor? are 
operated at loads greatly in excess of their 
name-plate values, and this leads to a great 
deal of uncertainty about the proper control 
and wiring. 

There are two possible ways of procedure. 
One is to have a great number of special 
motors designed for particular services, 
eswh with a name-plate horsepower and time 
period of rating exactly representative of the 
expected motor performance. Such motors 
would naturally have a low ratio of maxi¬ 
mum to full-load torque and would have a 
relatively low starting current per rated 
horsepower. The other procedure is to have 
a limited number of special motors of the 
foregoing closely rated types, and in addition 
to have a standard general-purpose type of 
motor suitable for operating under any one 
of a wide range of conditions. Such general- 
purpose motors, however, would naturally 
be used at widely different values of horse¬ 
power, depending on the intermittency of 
load, the ambient temperature, the desired 
life, and other conditions. If such motors 
are used, it is logical to give them a single 
conservative rating, representing the output 
the motor can always be relied upon to de¬ 
liver under severe conditions; and, in this 
case, such motors will have relatively high 
starting and breakdown torques, high start¬ 
ing currents, and considerable overload 
ability, which will be used in many applica¬ 
tions. The permissible starting current 
should, therefore,, be based on the service- 
factor rating of the general-purpose motor, 
to be consistent with the rules for closely 
rated special-purpose motors. 

In concltision, I wish to point out again 
that this paper is intended to give a better 
understanding of the rmige of possible ap¬ 
plication of a standard general-purpose 
motor which, without change in name plate, 
is admirably fitted to a wide range of uses. 


Synopsis: The ’’American Standards for 
Rotating Electrical Machinery” (American 
Standards Association) prescribe that the 
temperature rise of motors shall be meas¬ 
ured by the thermometer method for 
purposes of rating. Definite limiting values 
of temperature rise are established for each 
type of machine. The AIEE Standards 
No. 1 fix conventional allowances of 15 
degrees centigrade, 10 degrees centigrade, 
and 6 degrees centigrade between the actual 
hottest-spot temperature and the highest 
observable value of temperature as deter¬ 
mined by thermometer, resistance, and 
embedded-detector methods, respectively. 

This paper presents information on the 
relations between the measured values of 
temperature rise by different methods as 
found in tests on several hundred induction 
motors ranging from 10 to 1,000 horsepower 
in rating. It is shown that, with modem 
motor construction, variations of 20 degrees 
centigrade or more are sometimes obtained 
by the thermometer method on a given ma¬ 
chine depending on location of thermome- 
tCTS or thermocouples, whereas the re¬ 
sistance measurements give relatively con¬ 
sistent values of temperature rise. 

It is therefore suggested that the stand¬ 
ards for temperature-rise measur^ents be 
revised, and that the resistance method be 
adopted for all forms of enclosed or pro¬ 
tected machines which are not readily 
accessible for application of thermometers 
on laminations, insulated windings, and 
other adjacent parts. 


T emperature rise is more fre¬ 
quently a limiting feature than is any 
other single motor characteristic in de¬ 
termining the maximum horsepower rat¬ 
ings that may be obtained from a given 
induction-motor frame size. Depend¬ 
able heating data are of primary im¬ 
portance, because the probable length of 
insulation life diminishes rapidly at ex¬ 
cessive winding temperatures. Proce¬ 
dures for obtaining motor temperature 
measurements are not well standardized 
at the present time, and the reliability of 
heating data cannot be satisfactorily 
evaluated unless the fidelity and accu¬ 
racy of testing methods are known. 

Paper number ,39-3> recommended by the AIEE 
commiUee on electrical machinery, and presented 
at the AIEE winter convention, New York, N. Y., 
January 23-27, 1939. Manuscript submitted 

October 21, 1938; made available for preprinting 
November 26, 1938. 

E. R. SuincERS is in the induction-motor depart¬ 
ment of the General Electric Company, Schenec¬ 
tady, N. Y. 


The objects of this paper are (1) to 
suggest revision of the present induction- 
motor standards to place temperature 
measurements on a better basis, (2) 
to present test data which illustrate the 
need for and justification of these revi¬ 
sions, and (3) to suggest new temperature 
ratings of motors on basis of using the 
resistance method of determining tem¬ 
perature rise. 

AIEE Standards No. 1 dated April 
1925, recognize three fundamental meth¬ 
ods of temperature determination .which 
are defined respectively as the thermome¬ 
ter, resistance, and embedded-detector 
methods. Rules governing the inter¬ 
pretation of these different methods are 
quoted from paragraph 1-7 of the stand¬ 
ards: 

1-7 Limiting Observable Temperatures 
and Conventional Allowances. Limiting 
’’observable” temperatures are deducted 
from the limiting ”hottest-spot” tempera¬ 
tures by subtracting therefrom a specified 
number of degrees which. For Purposes 
OP Standardization, is the margin fixed 
between the limiting hottest spot and the 
limiting observable temperatures. 

This margin is designated as the ’’Conven¬ 
tional Allowance.” 

The specified differences (which may be 
designated the ’’Conventional Allowances”) 
by which the ’’observable” temperatures 
are, For Purposes op Standardization, 
assumed to be lower than the ”hottest-spot” 
temperatures, are as follows: 

Thermometer Method— 

16 degrees centigrade 

Resistance Method— 

10 degrees centigrade 

Embedded-Detector Method— 

6 degrees centigrade 

On the basis of the standard 105- 
degree-centigrade limiting ”hottest-spot” 
temperature, the maximum “observable” 
temperature must not exceed 90 degrees 
centigrade by thermometer for class A 
insulation; and from this were derived 
the present limiting ratings of 60 degrees 
centigrade rise by thermometer above 
the standard 40 degrees centigrade am¬ 
bient for special-purpose open motors, 
and 40 degrees centigrade rise combined 
with a 1.15 service factor for general- 
purpose open motors. The “conven¬ 
tional allowances” for “hottest-spots” 
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thermometer readings exceed resistance 
indication, but in many cases these hot 
spots are not located and explored by the 
thermometer method of test. 

(&). High-voltage machines, especially 
4,000 volts and above, usually (but not 
always) show a higher temperature rise by 
resistance than by thermometer because of 
the temperature drop in the coil insula¬ 
tion, in which case the resistance method is 
safer because it represents actual condi- 
tidhs. 

Discussion 

The thermometer method, as com¬ 
monly used, is not a sufficiently definite 
procedure for determining the tempera¬ 
ture rise of partially or totally enclosed 
motors, •because it is probable that an 



Figure 3. (A) Portable double bridge with 
leads fipr stator resistance measurements and 
(B) firorig-type contacts used on collector 
rings of wound rotors 


insufficient number of thermometers will 
be used to locate the hottest point acces¬ 
sible to them. Wide variations in tem¬ 
perature may occur over a motor sur¬ 
face that appears to be uniform and sym¬ 
metrical. The element of “chance” is 
therefore always associated to some ex¬ 
tent with the thermometer method. 
On splashproof and other types of par¬ 
tially closed motors, thermometer read¬ 
ings may be as much as 10 degrees centi¬ 
grade below the temperature of the hot¬ 
test surface that might have been reached. 
Motor K of table IV in appendix IV is 
cited as a specific example wherein the 
actual maximum observable temperature 
rise of 61 degrees centigrade by ther¬ 
mometer was 11 degrees centigrade higher 
than the manufacturer's name-plate rat¬ 
ing of 50 degrees centigrade—presumably 
because his test with thermometers did 
not locate the hottest spot. 

On totally enclosed machines where it is 
necessary to drill a separate hole in the 
frame for each thermometer, only a few 
are likely to be used—sometimes only 
one, and this increases the probability 
that the hottest part will not be located. 
Furthermore when thermometers are 
inserted in holes bored through inter¬ 
vening parts, it is usually impossible to 
cover the bulbs completely with pads or 
putty as specified in paragraph 2.056 of 
ASA standards. If only the end of 
thermometer bulb makes a point contact 
with the winding or laminations, the 
reading may be influenced by the sur¬ 
rounding air to whicb the bulb is exposed. 
As a practical result of all these .factors, 
the trend toward more enclosing features 
on motors has been accompanied by in¬ 
creasing variations in the test results that 
are obtained by the thermometer method. 
Motor X of table I in appendix I is a 
striking example. 

As the present standards do not insure 
reasonably accurate and consistent re¬ 
sults when various motor types are tested 
by different organizations, it is therefore 
highly desirable to adopt a more con¬ 
venient, more definite, and less expensive 
method of measuring temperatures which 
will give an accuracy comparable to that 
which can be obtained by a thorough 
exploration with thermometers. 

The test data point to the desirability 
of standardizing on resistance measure¬ 
ments for the determination of tempera¬ 
ture rise. For practically all types of 
motor construction, the resistance method 
gives results that are essentially the 
equivalent of a careful exploration with 
thermometers. The resistance reveals 
the average internal temperature of the 
motor winding and thereby gives a more 


reliable indication of actual insulation 
temperature than a few thermometer 
readings taken at isolated points on the 
outside surfaces of the coils. 

The relation between winding resist¬ 
ance and temperature is a specific, defi¬ 
nite physical law that is entirely divorced 
from the element of chande which ris 
inherently associated with the thermome¬ 
ter method. The winding resistance can 
be measured quickly, conveniently, and 
at little cost. From the standpoint of 
comparative tests, the precision of the 
resistance method is limited only by 
the accuracy of resistance readings and the 
measurements of initial and ambient tem¬ 
peratures. Consequently it is believed 
that a general adoption of the resistance 
method will promote greater accuracy 
in testing, will assure the motor user of 
greater insulation life, will reduce con¬ 
troversy by making it possible for differ¬ 
ent organizations to obtain comparable 
test results, and will provide the motor 
user with a convenient method for taking 
field tests. 

Precedents have already been es¬ 
tablished for recognizing the resistance 
method. The International Electrotech¬ 
nical Commission European Standards, 
the United States Navy Specifications 
17AflO, and an increasing number of 
commercial customers now either accept 
or require the resistance method of testing 
to prove temperature-rise guarantees. 

Although the resistance method re¬ 
quires accurate measuring devices and 
precision in testing procedure, experience 
indicates that these difficulties are minor 
compared to the benefits obtained when 
testing motors that do not have open- 
type construction. Readily portable 
instruments have been developed and are 
now available which have an accuracy 
that is satisfactory for motor tempera¬ 
ture measurements. At least 95 per cent 
of the resistance data for the heating 
tests included in this report were ob¬ 
tained with a portable-type double¬ 
bridge arrangement similar to that shown 
in figure 3. The remainder of the read¬ 
ings were taken with the voltmeter- 
ammeter method by passing direct cur¬ 
rent through the winding. The portable 
double-bridge has proved very satisfac¬ 
tory in general testing work. It 
readily carried, accurate, rugged, has a 
wide range of measurement, and is n0t;‘ 
easily thrown out of calibration. A de¬ 
scription of this general type of bridge 
is given in an article entitled ‘'Th^ 
Portable Double Bridge” by L. O’Pryap 
in the General Electric Review, yolume 
34, 1931, page 752, 
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winding may be from 10 degrees centi¬ 
grade to 20 degrees centigrade lower than 
the actual temperature of inside active 
winding. Confirming tests are described 
in appendix II, and the test data are 
presented in table II. With the “sand¬ 
wiched” type of coil construction, the 
inside winding may not be accessible for 
•either thermometers or thermocouples. 
The ASA standards do not have any 
satisfactory provisions for testing multi¬ 
winding induction motors. On open as 
well as enclosed multiwinding motors, 
only one winding is usually accessible for 
the thermometer method; consequently 
this criticism of the present standards 
applies to all t 3 rpes of mechanical con¬ 
struction. 

3. Wotjno-Rotor Machines With 

Inaccessible Rotors 

No provisions are made in ASA stand¬ 
ards for rotor temperature measure¬ 
ments of totally enclosed wound-rotor 
motors of the form shown in figure 1. 
With this construction the rotor winding 
■is usually the limiting feature, because its 
temperature rise is commonly 10 de- 
.grees centigrade to 20 degrees centigrade 
above that of the stator. On all forms 
•of totally enclosed as well as on most 
«plashproof wound-rotor machines, the 
insulated rotor winding is completely 
inaccessible to the thermometer method 
when outside enclosed collectors are used. 
The provision of paragraph 2.063 of ASA 
standards for “applying the thermometer 
to the hottest part of the machine which 
•can be made quickly accessible by re¬ 
moving covers” is certainly not appli- 
•cable where it becomes necessary to 
practically disassemble the machine in 
order to gain access to at least one end of 
the rotor winding. Such a major dis¬ 
assembly of large machines requires so 
much time that subsequent temperature 
readings are of little significance. In 
•field tests it may not be possible to dis¬ 
assemble the motor. 

4. General-Purpose Motors 

Although general-purpose motors with 

•open-type construction are more acces¬ 
sible for application of thermometers on 
the windings and laminations than the 
■types of machines cited in the preceding 
paragraphs, nevertheless, there is con¬ 
siderable variation in the results which 
may be obtained by different parties due 
to varying locations of thermometers. 
Appendix IV and table IV present results 
of tests made on motors of 12 different 
manufacturers, and five of these machines 
showed a temperature rise higher than 
the name-plate stamping. It, therefore, 


seems most probable that this situation is 
a result of variations in testing procedure 
which may now occur under the present 
standards. 

5. Explosion-Proop Motors 

Although the Underwriters do not 
actually forbid the boring of holes for 
thermometers in explosion-proof motors, 
such a practice is dangerous and un¬ 
desirable; because any failure to plug 
a hole securely might result in an explo¬ 
sion external to the motor after the 
machine is placed in normal service. 
The present standards as worded there¬ 
fore may create a potential hazard when 
tests are taken on explosion-proof ma¬ 
chines. 

Summary of Test Results 
by Resistance Method 

To investigate and demonstrate the 
dependability and consistency of the 
resistance method of measuring tempera¬ 
ture rise, an analysis was made of ap¬ 
proximately 300 heating tests on various 
types of polyphase induction motors over 
the range of sizes from 10 to 1,000 horse¬ 
power. Temperature rises were meas¬ 
ured both by the resistance method and 
also by thermometers (or thermocouples). 
The test results may be summarized as 
follows: 

i. On totally enclosed and totally enclosed 
fan-cooled motors, the stator temperature 
rise by resistance method is essentially the 
equivalent of that obtained by thermo¬ 
couples applied at hottest part of winding 
surface. On the basis of averages, the 
thermocouples checked the resistance 
method within 1.1 degrees centigrade (48 
degrees centigrade-46.9 degrees centigrade) 
for the 65 tests on totally enclosed fan- 
cooled motors, and within 0.6 degrees 
centigrade (40.1 degrees centigrade-39.6 
degrees centigrade) for the 26 tests on totally 
enclosed motors which are tabulated in 
table III. To locate the hottest winding 
surface, some of the thermocouples were 
placed at points which were not accessible 
to thermometers inserted through holes in 
stator frame as explained in appendix III. 


2. On open-type or partially enclosed 
splashproof (or dripproof) machines rated 
2,200 volts or less, heating tests on 149 
different motors as described in appendices 
III and IV indicate about two degrees 
centigrade less average stator temperature 
rise by the resistance method than by 
thermometers (or thermocouples at loca¬ 
tions which could have been reached by 
thermometers through holes in the frame) 
searchingly applied in accordance with the 
present ASA standards. (The 149 tests 
include the stator temperature measure¬ 
ments on the 41 splashproof and 96 open 
motors of table III and on the 12 open 
motors of table IV.) 

3. Measurements taken on the 36 insu¬ 
lated wound-rotors of table III show an 
average temperature rise of 4.6 degrees 
centigrade (34 degrees centigrade-29.4 
degrees centigrade) more by change in 
resistance than by thermometer. Lower 
and in general less accurate values of tem¬ 
perature rise are obtained with thermome¬ 
ters because: (a) thermometers cannot 
be placed on center of rotor laminations 
in most cases, (&) the rotor must stop 
turning before thermometers can be ap¬ 
plied and they do not attain maximum in¬ 
dication until after resistance readings are 
taken, and (c) rotors of many motors are 
not readily accessible and good thermome¬ 
ter contacts cannot always be obtained. 

4. The resistance method is consistently 
reliable for all speeds and time ratings. 
In table III the results are segregated ac¬ 
cording to motor poles over the range from 
2 to 12 poles for the continuous-rated 
squirrel-cage motors. Heating rims of 
one hour or less are separated from the tests 
of longer duration. 

5. The resistance method is dependable 
over a wide range of motor load and line 
voltage as demonstrated in appendix V, 
table V, and figure 4. Tests on a repre¬ 
sentative 25-horsepower motor for differ¬ 
ent conditions of operation show that the 
temperature rise by any method is approxi- 
matelyproportional to Uie total motor losses. 

6. Maximum differences of about * ten 
degrees centigrade between the thermome¬ 
ter and resistance methods have been ob¬ 
served in tests on individual machines. 
The resistance method may definitely indi¬ 
cate either a higher or lower temperature 
than thermometers depending on mechani¬ 
cal construction of motor, the two extreme 
conditions being: 

(a). Motors with improperly proportioned 
ventilation may have local hot spots where 


Figure 2. Location 
of thermometers and 
thermocouples on 
motor X 

(Refer to appendix 1 
and table I) 
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thermometer readings exceed resistance 
indication, but in many cases these hot 
spots are not located and explored by the 
thermometer method of test, 

(6). High-voltage machines, especially 
4,000 volts and above, usually (but not 
always) show a higher temperature rise by 
resistance than by thermometer because of 
the temperature drop in the coil insula¬ 
tion, in which case the resistance method is 
safer because it represents actual condi¬ 
tions. 

Discussion 

The thermometer method, as com¬ 
monly used, is not a sufficiently definite 
procedture for determining the tempera¬ 
ture rise of partially or totally enclosed 
motors, because it is probable that an 



Figure 3. (A) Portable double bridge with 
leads for stator resistance measurements and 
(B) prong-type contacts used on collector 
rings of wound rotors 


insufficient number of thermometers will 
be used to locate the hottest point acces¬ 
sible to them. Wide variations in tem¬ 
perature may occur over a motor sur¬ 
face that appears to be uniform and sym¬ 
metrical. The element of “chance” is 
therefore always associated to some ex¬ 
tent with the thermometer method. 
On splashproof and other types of par¬ 
tially closed motors, thermometer read¬ 
ings may be as much as 10 degrees centi¬ 
grade below the temperature of the hot¬ 
test surface that might have been reached. 
Motor K of table IV in appendix IV is 
cited as a specific example wherein the 
actual maximum observable temperature 
rise of 61 degrees centigrade by ther¬ 
mometer was 11 degrees centigrade higher 
than the manufacturer’s name-plate rat¬ 
ing of 50 degrees centigrade—presumably 
because his test with thermometers did 
not locate the hottest spot. 

On totally enclosed machines where it is 
necessary to drill a separate hole in the 
frame for each thermometer, only a few 
are likely to be used—sometimes only 
one, and this increases the probability 
that the hottest part will not be located. 
Furthermore when thermometers are 
inserted in holes bored through inter¬ 
vening parts, it is usually impossible to 
cover the bulbs completely with pads or 
putty as specified in paragraph 2.056 of 
ASA standards. If only the end of 
thermometer bulb makes a point contact 
with the winding or laminations, the 
reading may be influenced by the sur¬ 
rounding air to which the bulb is exposed. 
As a practical result of all these factors, 
the trend toward more enclosing features 
on motors has been accompanied by in¬ 
creasing variations in the test results that 
are obtained by the thermometer method. 
Motor X of table I in appendix I is a 
striking example. 

As the present standards do not insure 
reasonably accurate and consistent re¬ 
sults when various motor types are tested 
by different organizations, it is therefore 
highly desirable to adopt a more con¬ 
venient, more definite, and less expensive 
method of measuring temperatures which 
wifi give an accuracy comparable to that 
which can be obtained by a thorough 
exploration with thermometers. 

The test data point to the desirability 
of standardizing on resistance measure¬ 
ments for the determination of tempera¬ 
ture rise. For practically all types of 
motor construction, the resistance method 
gives results that are essentially the 
equivalent of a careful exploration with 
thermometers. The resistance reveals 
the average internal temperature of the 
motor winding and thereby gives a more 


reliable indication of actual insulation 
temperature than a few thermometer 
readings taken at isolated points on the 
outside surfaces of the coils. 

The relation between winding resist¬ 
ance and temperature is a specific, defi¬ 
nite physical law that is entirely divorced 
from the element of chance which is 
inherently associated with the thermome¬ 
ter method. The winding resistance can 
be measured quickly, conveniently, and 
at little cost. From the standpoint of 
comparative tests, the precision of the 
resistance method is limited only by 
the accuracy of resistance readings and the 
measurements of initial and ambient tem¬ 
peratures. Consequently it is believed 
that a general adoption of the resistance 
method will promote greater accuracy 
in testing, will assure the motor user of 
greater insulation life, will reduce con¬ 
troversy by making it possible for differ¬ 
ent organizations to obtain comparable 
test results, and will provide the motor 
user with a convenient method for taking 
field tests. 

Precedents have already been es¬ 
tablished for recognizing the resistance 
method. The International Electrotech¬ 
nical Commission European Standards, 
the United States Navy Specifications 
17JlflO, and an increasing number of 
commercial customers now either accept 
or require the resistance method of testing 
to prove temperature-rise guarantees. 

Although the resistance method re¬ 
quires accurate measuring devices and 
precision in testing procedure, experience 
indicates that these difficulties are minor 
compared to the benefits obtained when 
testing motors that do not have open- 
type construction. Readily portable 
instruments have been developed and are 
now available which have an accuracy 
that is satisfactory for motor tempera¬ 
ture measurements. At least 95 per cent 
of the resistance data for the heating 
tests included in this report were ob¬ 
tained with a portable-type double¬ 
bridge arrangement similar to that shown 
in figure 3. The remainder of the read¬ 
ings were taken with the voltmeter- 
ammeter method by passing direct cur¬ 
rent through the winding. The portable 
double-bridge has proved very satisfac¬ 
tory in general testing work. It is 
readily carried, accurate, rugged, has a 
wide range of measurement, and is not 
easily thrown out of calibration. A de¬ 
scription of this general type of bridge 
is given in an article entitled “The 
Portable Double Bridge” by L. O’Bryan 
in the General Electric RevieWf volume 
34,1931, page 752. 

In common with most indicating in- 
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struments, the probable per cent error 
of measurement decreases as the upper 
end of bridge scale is approached. 
Bridges covering a range from 0.0005 to 
4.4 ohms, and having a maximum prob¬ 
able error of 0.4 per cent in ohms (or 
about one degree centigrade) at most un¬ 
favorable part of scale that must be used, 
and a minimum probable error of 0.1 
per cent at upper end of scale, have been 
found suitable for temperature measiure- 
ments of motors between 10 and 1,000 
horsepower for which data are presented 
in this paper. Bridges of this type can be 
made with various scales and scale multi¬ 
pliers to adapt them to different horse¬ 
power ranges of motors. Even though 
cumulative errors of 0.4 per cent in both 
the hot and cold resistance measurements 
do cause an error of two degrees centi¬ 
grade in temperature rise, this is small 
compared to the error commonly made 
when a thermometer is inserted through 
a hole bored in the stator frame of an 
enclosed motor. 

Errors due to contact drop in current 
circuit are minimized by using four leads 
to connect the unknown resistance to 
bridge terminals as shown in figure 3. 
Leads Xi and X 2 carry the current which 
flows through the unknown resistance 
whereas Di and D 2 are potential leads. 
The voltage between Di and D 2 does not 
indude the contact drops at Xi and X 2 . 
Part A of figure 3 shows the spring-type 
dips which are used for stator resistance 
measurements. The two contact sur¬ 
faces of each clip are insulated from each 
other to provide separate voltage and 
current contacts. 

Wound-rotor measurements are ob¬ 
tained with the contacts in part B of 
figure 3. The sharp prongs Xi and Di 
are hdd firmly against one collector ring 
while X 2 and D 2 are placed upon another 
collector ring. Prongs Di and D 2 are 
supported on flexible coil springs which 
depress rmder pressure and thereby per¬ 
mit all prongs to maintain contact even 
though they are not hdd at right angles 
with collector-ring surfaces. 

The following fundamental precautions 
will minimize testing errors and insure 
dependable heating data by the resistance 
method: 

1. Use a bridge which is accurate within 0.6 
per cent on lowest part of scale that must be 
used. 

2. Calibrate the bridge peri^cally and 
keep the leads in good condition. Make 
sure that contacts are clean, and check gal¬ 
vanometer when readings are taken. 

3. The persons taking resistance measure¬ 
ments should use all necessary precautions 
to obtain and record accurate data. A 


good check on the accuracy of results is ob¬ 
tained by having two different persons 
take readings with separate equipments. 
The two resistance readings should agree 
within 0.4 per cent (or about one degree 
centigrade). 

4. Take resistance readings every minute 
for about ten minutes after motor stops and 
project the curve to zero time. 

6. When taking "cold resistance" before 
the heat run, never assume that the motor 
temperature is the same as the ambient. 
Always place thermometers directly on 
motor. The motor may have been moved 
recently from another part of factory 
where temperature was different, the ma¬ 
chine may not have cooled off completely 
from some previous manufacturing or 
testing operation, or the ambient tempera¬ 
ture may have changed suddenly because 
of an open factory door. Accurate cold 
temperatures are just as important as ac¬ 
curate resistance readings. 

6. Always take both hot and cold re¬ 
sistance measurements between the same 
two stator terminals or the same two rotor 
collector rings to avoid errors due to slight 
unbalance in phase resistances. If non- 
uniform heating is anticipated because of 
unbalanced power supply or tmsymmetrical 
design, record resistance measurements of 
each phase separately. 

Suggested Motor Temperature 
Ratings for Resistance Method 
of Test 

If the resistance method of measuring 
temperature rise is accepted as standard, 
the question arises as to what tempera¬ 
ture ratings by resistance shall replace 
the present 40-degree-centigrade, 50- 
degree-centigrade, and 55-degree-centi- 
grade ratings by thermometer for gen¬ 
eral-purpose, special-purpose, and totally 
enclosed motors, respectively. The con¬ 
ventional “hottest-spoti* allowance dif¬ 
ferentials in AIEE Standards No. 1 
would suggest that all these ratings 
should be increased 5 degrees centigrade 
for the resistance method—^namely to 
45 degrees centigrade, 65 degrees centi¬ 
grade, and 60 degrees centigrade. The 
test data show that, for any normal low- 
voltage induction motor, the resistance 
method is practically the equivalent of 
the thermometer method when thermome¬ 
ters are searchingly applied to locate 
the hottest observable part of the ma¬ 
chine. The two methods agree within 
three degrees centigrade in most cases 
and seldom is the disagreement more 
t hp.n five degrees centigrade. The test 
results therefore indicate that an increase 
of not more than five, degrees centigrade 
should be made in the present motor 
ratings to obtain the equivalent ratings 
by the resistance method. In fact, an 
increase of even five degirees centigrade 
must be justified partly on the grotmds 


that more accurate results will be ob¬ 
tained by the resistance method than by 
thermometers as commonly used. 

In actual practice over the past ten 
years, however, the points of measure¬ 
ment by the thermometer method have 



Figure 4. Relations between total losses 
and temperature rise by different methods 
of measuremrents for a typical 25-horsepower 
motor 


V and table 


not generally been the hottest surfaces. 
Hence, it is probable that 60-degrees- 
centigrade rise by resistance is a close 
approximation to the value that would be 
found by test on many partially closed 
motors now rated 40-degrees-centigrade 
rise by thermometer. The original 
40-degree-centigrade rating was adopted 
in the standards on the assumption that 
thermometers gave values 15 degrees 
centigrade b^ow the actual “hottest- 
spot" temperature; and when it is 
recognized that the resistance method 
gives test values that are approximately 
within 5 degrees centigrade bdow the 
hottest spot in many (but not all) 
motors, an argument is presented for 
adopting 50 degrees centigrade by re¬ 
sistance to replace the 40-degree-centi¬ 
grade rating by thermometer. 

To obtain confirming test data on the 
differentials between the internal “hot- 
test-spot" and the limiting “observable" 
temperatures by different methods of 
measurement, tibermocouples were dis¬ 
tributed among the copper wires inside 
the stator slots when the random winding 
was installed in a typical low^voltage 
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25-horsepower motor as explained in 
appendix V. The heating tests on this 
motor, which are presented in table V 
and figure 4, show that for the three 
tests taken near normal load at 25.9, 
26.4, and 26.8 horsepower, the corre¬ 
sponding differentials between the re¬ 


allowance. Actually the internal tem¬ 
peratures of an enclosed motor are 
normally more uniform than in an open- 
type machine. Nevertheless, it is 
logical that some margin for hot spots 
should be provided, because the resist¬ 
ance method can give only the average 


beyond the common mercury thermome¬ 
ter with which everyone is familiar. 
Even if resistance measurements are 
adopted as the standard method of test¬ 
ing and rating all types of motors, 
thermometers will still be needed for 
measurements of initial and ambient 
temperatures, bearing temperatures, for 
determining when the motor has reached 
a constant temperature, and for ob¬ 
taining quick, approximate readings for 
check purposes. 


Table I. Comparison of Two Totally Enclosed Fan-Cooled Motors of Different Manufacturers 

(See Appendix I and Rgure 2) 


Front End Pulley End 


Test Results for Motor X 

^Pontion—inside coil periphery. 1-2.... 3.... 4.... 10.... 11.... 12.... 13 

Rise by thermocouple—degrees centigrade.54... .64... .64... .63 - 68... .68... .68... .69 

Front End 

^Position—outside coil periphery. 6. 6.7.8. 9 

Rise by thermocouple—degrees centigrade.27.41.39.30.27 

Rise by thermometer—degrees centigrade.39.43.38.29.27 

Pulley End 

♦Position—outside coil periphery.14.16.16.17.18 

Rise by thermocouple—degrees centigrade.47.47.47.48.49 

Rise by thermometer—degrees centigrade.4$.46.48.48 

Front End Pulley End 

'Test Results for Motor Y 

Inside coil periphery—degrees centigrade.50... .50... .61... .51... .49... .51... .51... .50 

Outside coil periphenr—degrees centigrade.48_46... .48... .49... .48... .49... .49... .49 

Temperature rise by resistance, motor X, one minute after shutdown 51 degrees centigrade. 
Thermometers in positions 6 and 16 were not embedded in putty. 

The other thermometers and all thermocouples were embedded in putty. 

♦ Refer to figure 2 for locations of thermometers and thermocouples. 

All above temperatures on motor Y were obtained with thermocouples. 

Temperature rise by resistance, motor Y, 54 degrees centigrade. 


sistance method and the internal “hot- 
test-spot*' were six degrees centigrade, 
four degrees centigrade and five degrees 
centigrade, respectively—or an average 
differential of five degrees centigrade as 
compared to the present “conventional 
allowance” of ten degrees centigrade in 
paragraph 1-7 of AIEE Standards No. 1. 

From the point of view of retaining the 
same limiting “hottest-spot” tempera¬ 
ture of 105 degrees centigrade for class A 
insulation as originally intended in the 
standards, there is considerable justifi¬ 
cation for specifying 50 degrees centigrade 
by resistance in place of 40 degrees centi¬ 
grade rise by thermometer in future 
standards. Such a step, however, might 
not leave sufficient margin for the con¬ 
ventional limits of voltage and frequency 
variation and for the 15 per cent service 
factor which are now specified in the ASA 
standards for general-purpose motors. 

Similarly, 60 degrees centigrade and 66 
degrees centigrade rise by resistance may 
ultimately replace 50 degrees centi¬ 
grade and 56 degrees centigrade by 
thermometer for special-ptuqpose and 
totally enclosed motors, respectively. 
However, a 65-degree-centigrade rating 
for class A insulation based on a 40 
degrees centigrade ambient would not 
provide any margin for ‘liottest-spot” 


winding temperature. It may, therefore, 
be found desirable to accept 60 degrees 
centigrade instead of 65 degrees centi¬ 
grade rise by resistance for totally en¬ 
closed motors, unless the standardized 
ambient temperature is reduced from 
40 degrees centigrade to 35 degrees centi¬ 
grade to be in closer agreement with pre¬ 
vailing temperatures in the United States. 
The long standing and justifiable prece¬ 
dent of rating open motors five degrees 
centigrade lower than enclosed machines 
may make it necessary to accept 66 
degrees centigrade rise by resistance for 
special-purpose open motors, and in turn 
45 degrees centigrade for general-pur¬ 
pose open motors, if 60 degrees centi¬ 
grade by resistance is adopted as the 
temperature ceiling for totally enclosed 
construction. 

Although the resistance method of 
temperature measurement is particularly 
adapted to inaccessible motors of par¬ 
tially or totally closed construction, test 
results demonstrate that it is also very 
satisfactory and dependable for open- 
type motors. However it may be de¬ 
sirable to retain the thermometer method 
in the standards for motors of entirely 
open construction, because it is the 
simplest possible procedure, and re¬ 
quires no special measuring equipment 


Conclusions 

To place motor specifications on a 
more sound basis, and to assure the motor 
buyer of more accurate and comparable 
temperature measurements, it is recom¬ 
mended that the resistance metliod of 
determining temperature rise be adopted 
as standard for all types of partially or 
totally enclosed induction motors, except 
for large, high-voltage machines for which 
the embedded-detector method should be 
retained. 

It is also recommended that general 
industrial experience with respect to the 
present limits of temperature rise be 
reviewed, especially as regards “hottest- 
spot” allowances and differentials be¬ 
tween various methods of measurement, 
so that the limits of temperature rise 
ultimately specified by the resistance 
method shall be in accord with the best 
interests of motor users. 

The test data herein presented indicate 
that the new limits of rise by resistance 
should be at least five degrees centigrade 
above the present thermometer ratings 
for low-voltage machines with class A 
insulation. However, additional data 
and other considerations may indicate 
a ten-degree-centigrade increase to be 
logical, or may suggest separate tempera¬ 
ture differentials for different voltage 
ratings or types of motor construction. 


Appendix I. Comparison of Two 
Totally Enclosed Fan-Cooled 
Motors of Different Manufacturers 


Comparative heating tests were made 
on two. 75-horsepower totally enclosed fan- 
cooled motors having widely different con¬ 
struction features. These motors which 
are designated as X and Y were made by 
two different manufacturers. Both ma¬ 
chines had the same NEMA frame number, 
speed, and horsepower rating, but motor X 
had a name-plate ratin*g of 40 degrees centi¬ 
grade rise whereas motor Y was rated 55 
degrees centigrade. 

Figure 2 shows the locations of 28 
thermometers and thermocouples which 
were placed on the winding of motor X 
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through radial holes that were bored in the 
stator frame. One thermocouple was placed 
adjacent to each of the ten thermometer 
bulbs to obtain check readings. One of 
the thermometer bulbs on each end of the 
motor was not imbedded in putty in order 
to observe any difference in indication for 
this reason. Eight of the thermocouples 
were placed on inside periphery of stator 
coil ends directly over the rotor end rings. 
The values of temperature rise obtained at 
the different points for continuous opera¬ 
tion at normal load are shown in table I. 

By the thermometer method as defined in 
ASA Ftandards 2,056 and 2.063, the tem¬ 
perature rise of motor X may be measured 
as anything from 27 degrees centigrade to 
49 degrees centigrade depending on the 
number and location of points where read¬ 
ings are taken. The present standards do 
not specify the amount of exploration that 
shall be made to locate the hottest point 
accessible to thermometers. In this par¬ 
ticular case the location and distribution of 
thermometers is of much greater significance 
than the details of how the bulbs are covered 
with putty or pads. 

By placing thermocouples on the inside 
periphery of coil ends in positions not 
accessible to thermometers, higher values 
of temperature rise are obtained (63 degrees 
centigrade to 69 degrees centigrade). 

The 51-degree-centigrade temperature 
rise of motor X by resistance method is 
only 2 degrees centigrade more than the 
maximum value of 49 degrees centigrade 
that could be obtained by following the 
ASA rules. If the testing personnel had 
used only two thermometers in positions 6 
and 9, the temperature rise by the ASA 
rules would be measured as 27 degrees 
centigrade, or 22 degrees centigrade lower 
than the value of 49 degrees centigrade 
that might have been obtained. 


centigrade) whereas the corresponding varia¬ 
tion on motor Y is only 6 degrees centigrade 
(54 degrees centigrade—48 degrees centi¬ 
grade). The better uniformity of winding 
temperatures on motor 7 is a result of a 
different type of winding and a more effec¬ 
tive internal ventilation system. Conse¬ 
quently the thermometer method of ASA 
standards as usually applied would give 
results more nearly representative of maxi¬ 
mum insulation temperattire on motor 7 
than on motor X, 

The tests on these two motors indicate 
that the temperatxire-rise-by-resistance 
method is much more dependable than 
thermometer readings which are obtained 
at a few points only. In this comparison 
the motor rated 40 degrees centigrade by 
thermometer actually had higher insulation 
temperatures than the 56 degrees centigrade 
rated machine. If the resistance method 
of test had been specified as standard, 
motor X definitely could not have qualified 
as a 40-degree-centigrade machine. 


Appendix II. Multispeed Motors 
With More Than One Winding 

If a motor has more than one stator¬ 
winding, surface temperature readings which 
are taken on the idle winding are of ques¬ 
tionable value. It is common practice to 
place the winding with largest number of 
poles (and consequently the shortest end 
connections) inside next to the air gap. 
Even on open motors the underneath 
winding usually cannot be reached with 
thermometers, and it is utterly impossible 
to reach the inside winding of an enclosed 
machine by inserting thermometers in 
holes bored through the stator frame. Be¬ 
cause of reduced ventilation at lower speed, 


Table II. Motors With Two Windings (Refer to Appendix II) 


Symbol 


Motor Rating 


J^-l... .4/6/8/12 poles~60/40/30/20 horsepower—1,800/1,200/900/600 rpm—three phase—440 volts 
Jif-2... .4/6/8/12 poles—7.5/6.5/6/6 horsepower^l,800/1,200/900/600 rpm—three phase—440 volts 
JW-3... .4/6/8/12 poles—50/33/26/17 horsepower—1,800/1.200/900/600 rpm—three phase—220 volts 

Conditions of Test Temperature Rise—Degrees Centigrade 


Motor Poles Horsepower Volts Active Winding Idle Winding 


M-l 


^0 

_ 440. 

..B. 

.36. 

.A. 

..22 

M-\ 

12 

90 

440. 

..B. 

.27. 

.A. 

..19 

M-2., 

.4.. 

. 7.5.... 

....440. 

..A. 

.23.. 

.B. 

,20 

Af-2.. 

.6.. 

. 6.6.... 

....440. 

..B. 

.30.. 

.A. 

.22 

M-2.. 

. 8.. 

. 6 .... 

.,..440. 

..A. 

.31.. 

.B. 

.24 

Af-2.. 

.12.. 

. 6 .... 

.440. 

..B. 

.45.. 

.A.. 

.30 

M-2,, 

. 4.. 

.15 .... 

.520. 

..A. 

..59.. 

.B.. 

.48 

M-2.. 

. 6.. 

.10 . 

.467. 

..B. 

..46.. 

.A.. 

.30 

M-3.. 

. 6.. 

.33 . 

.220. 

..B. 

..27.. 

.A.. 

.19 


B —^Indicates inaccessible underneath winding 


next to air gap. 


A —Indicates outside winding farthest from air gap. 


On motor 7 the temperature rise by re¬ 
sistance of 64 degrees centigrade is 6 degrees 
centigrade more than that obtained under 
the ASA rules, but is only 3 degrees centi¬ 
grade above the values measured with 
thermocouples on inside coil periphery at 
points inaccessible to thermometers. The 
variation in temperature measurements by 
all methods on motor X is 32 degrees centi¬ 
grade (69 degrees centigrader-27 degrees 


the inaccessible winding is likely to be the 
limiting feature of the motor with respect 
to temperature rise on constant horsepower 
and constant torque ratings. 

Table II shows thermocouple tempera¬ 
tures on both active and idle vdndings of 
three different four-speed motors having 
two stator windings. Machines Jkf-l and 
Jfef-3 are of open-type construction, whereas 
M~2 is totally enclosed fan-cooled. Condi¬ 


tions of test including winding locations 
and temperatures of both active and idle 
windings are tabulated for nine different 
heating tests. Although a maximum dif¬ 
ference of only 16 degrees centigrade 
appears on table II, differences up to 20 
degrees centigrade have been observed. 

Two-winding wound rotors are not very 
common, but when such construction is 
used at least one of the windings is likely 
to be inaccessible on open motors, whereas 
both are inaccessible to thermometer 
method on totally enclosed motors as well 
as on most splashproof motors. 

When the ^'sandwiched** type of coil is 
used on a two-winding stator, the inner 
winding is in middle of slot whereas the 
outer winding occupies both the top and 
bottom positions. This inner winding is 
quite inaccessible to either thermocouples 
or thermometers. 

To avoid misleading data, the resistance 
method of temperature measurement is 
recommended for all multiwinding motors. 


Appendix III. Analysis of Heat' 
ing Data From Induction Motors 
Representing Various Types of 
Construction 

In order to present a comprehensive 
analysis of the fidelity of the resistance 
method, a review was made of 264 heating 
tests made over a period of three years 
where temperature rises were measured by 
both the resistance and thermometer 
methods. The test data which are sum¬ 
marized in table III include a wide variety 
of motors representing different horsepower 
ratings, speeds, time ratings, electrical de¬ 
signs, and mechanical forms of construc¬ 
tion. With the exception of a few of the 
wound-rotor measurements, each heating 
test was taken with a different motor. Ap¬ 
proximately 70 per cent of the tests were 
made on motors in NEMA frame sizes from 
364 to 606, inclusive. The remaining 30 
per cent are for larger machines up to 
1,000 horsepower. Several tests are aver¬ 
aged for each form of motor construction in 
order to minimize individual testing errors 
and thereby obtain a truly representative 
indication of results that could be antici¬ 
pated by a general application of the re¬ 
sistance method. 

All the surface temperature measure¬ 
ments on the stator windings of the totally 
enclosed and totally enclosed fan-cooled 
motors of table III were obtained with 
thermocouples which were well distributed 
in order to locate the hottest point. The 
testing procedure for the enclosed ma¬ 
chines was carried beyond the require¬ 
ments of the ASA stancfcirds, because some 
of the thermocouples were in locations that 
could not have been reached by inserting 
thermometers through holes in the frame. 
Consequently the recorded winding sur¬ 
face temperatures were approximately three 
degrees centigrade higher on the average 
than could have been obtained by the ther¬ 
mometer method. 

The data on the open motors of table III 
were obtained by the thermometer method 
as defined in the present standards. In 
general, thermometers (or thermocouples) 
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Table III. Heating Data on Various Types of Induction Motors (See Appendix III) 


Tempera¬ 
ture Rise 
of Hottest 


Number 

Of 

Tests 

Aver¬ 

aged 

Number . 
of 

Motor 

Poles 

Form 

of 

Mechanical 

Construction 

Type of 

Motor 

Tempera¬ 

ture 

Measure¬ 

ments 

Taken 

on 

lArerage 
Length of 
Test in 
Hours 

Temperature Rise by 
Thermometer 
(or Thermocouple) 
Degrees Centigrade 

Surface by 
Thermome¬ 
ter (or 
Thermo¬ 
couple)— 
Degrees 
Centigrade 

Tempera¬ 
ture Rise 
by Resis¬ 
tance 
Method-r- 
Degrees 
Centigrade 

Wind¬ 

ing 

Lamina¬ 

tions 

17... 

.... 2. 

. .#Faa cooled 

... .Sqiiinel cage... 

.. .Stator... 

,...6.6 ... 

...47.9... 

... 32.6.. 

....47.9... 

...47.2 

18... 

... 4.... 

.. Fan cooled 

... .Squirrel cage... 

.. .Stator... 

....6.0 ... 

...51.6... 

... 38.8.. 

....51.6... 

...50.2 

16... 

... 6.... 

.. Fan cooled 

...Squirrel cage... 

.. .Stator... 

...,6.0 ... 

...45.2... 

... 33.2.. 

....46.2... 

...44.2 

2... 

... 8.... 

.. Fan cooled 

... .Squirrel cage... 

.. .Stator... 

....7.4 ... 

...62.6... 

... 36.0.. 

....62.5... 

...49.5 

4... 

*••XO•••• 

., Fan cooled 

... .Squirrel cage... 

.. .Stator... 

....6.7 ... 

...46.6... 

... 34.8.. 

....45.5... 

...45.0 

2... 

...12..,. 

.. Fan cooled 

.., .Squirrel cage... 

.. .Stator... 

....6.0 ... 

...46.6... 

... 33.0.. 

.,..46.5... 

...45.5 

3... 


.. Fan cooled 

. ...Squirrel cage... 

.. .Stator... 

....1.0 ... 

...44.0... 

... 31.7.. 

,...44.0... 

...43.0 

2... 

......... 

.. Fan cooled 

... .Wound rotor... 

.. .Stator... 

....4.7 ... 

...64.0... 

... 30.6.. 

...,64.0... 

...62.0 

2... 

. 

.. Fan cooled 

... .Wound rotor... 

.. .Stator... 

....1.0 ... 

...39.0... 

... 28.0.. 

...,39.0... 

...37.0 

Total 65... 




... Stator... 


...48.0... 

... 33.5.. 

_48.0... 

., .46.9t Average 

3... 

... 4... 

, .*TotaIly enclosed.. 

... .Squirrel cage... 

.. .Stator... 

....8.8 ... 

...61.7... 

...*40.7.. 

....51.7... 

...62.0 

3... 

... 6.... 

.. Totally enclosed.. 

... .Squirrel cage... 

.. .Stator... 

,...7.8 ... 

...41.3... 

.,.*35,3.. 

....41.3... 

...40.0 

2... 

... 8.... 

.. Totally enclosed.. 

... .Squirrel cage... 

.. .Stator... 

....9.2 ... 

...62.6... 

...*41.0.. 

....52.5... 

...63.6 

2... 

. 

.. Totally enclosed.. 

....Squirrel cage... 

. ..Stator... 

....0.5 ... 

...36.5... 

.,.*21.0.. 

,...36.5... 

...36.0 

16... 


.. Totally enclosed.. 

... .Wound rotor... 

.. .Stator. .. 

....0.66... 

...35.7... 

...*23.1.. 

....85.7... 

...36.8 

Total 26 ... 






.. .39.6. .. 

... 27.8. . 

. ...39.5. .. 

...40.lt Average 

6... 

... 2 .... 

.. Splashproof 

... .Squirrel cage... 

.. .Stator... 

....3.3 ... 

...27.3... 

... 32.3.. 

....32.6... 

...27.8 

8... 

... 4,... 

.« Splashproof 

.... Squirrel cage ... 

.. .Stator. .. 

.,..4.0 ... 

...27.3... 

... 29.4,. 

....30.0... 

...28.1 

7... 

... 6...t 

.. Splashproof 

... .Squirrel cage ... 

.. .Stator. .. 

....3.4 ... 

...26.6... 

... 28.9.. 

....29.6... 

...27.1 

6... 

... 8. ... 

.. Splashproof 

... .Squirrel cage ... 

.. .Stator. .. 

....4.9 ... 

...31.0... 

*.. 33.8.. 

....34.0... 

...34.8 

5... 

...10••.. 

., Splashproof 

... .Squirrd cage... 

.. .Stator... 

-3.1 ... 

...19.0... 

... 21.4.. 

....21.4... 

...19.6 

1... 

...12.... 

.. Splashproof 

. ...Squirrel cage... 

.. .Stator... 

..,.3.6 ... 

...25.0... 

... 28.0.. 

....28.0... 

...26.0 

• 5... 


.. Splashproof 

... .Squirrel cage... 

.. .Stator... 

....0,6 ... 

...28.2... 

... 32.0,. 

....32.0... 

...30.2 

4... 

. 

.. Splashproof 

... .Wound rotor... 

.. .Stator... 

..,.5.4 ... 

...36.0... 

... 38.3.. 

....38.8... 

...39.5 

Total 41... 


•. Splashproof .. 


... Stator... 


...27.4... 

... 30.6.. 

....30.8... 

., .29.0t Average 

25... 

.'.2.... 

.. Open 

... .Squirrel cage... 

.. .Stator... 

....4.0 ... 

...23.9... 

... 30.1.. 

....30.7... 

...28.6 

14... 

... 4.... 

.. Open 

.. ..Squirrel cage... 

...Stator... 

....3.7 ... 

...21.9... 

... 26.9.. 

.,..26.9... 

...22.7 

8... 

... 6__ 

.. Open 

... .Squirrel cage... 

.. .Stator.,. 

....3.7 ... 

...21.1... 

... 25.9.. 

....26.9... 

...20.8 

12... 

... 8.... 

.. Open 

... .Squirrel cage... 

.. .Stator... 

....3.9 ... 

...26.3... 

... 28.8.. 

....30,7... 

...27.6 

8... 


,. Open 

. ...Squirrel cage... 

.. .Stator... 

....3.3 ... 

...20.9... 

... 25,0.. 

,,..25.0... 

...23.1 

3... 

...12.... 

.. Open 

... .Squirrel cage... 

.. .Stator... 

....3.0 ... 

...17.3... 

... 21.0.. 

....21.0... 

...20.0 

2... 

. 

.. Open 

... .Squirrel cage... 

...Stator... 

....0.6 ... 

...34.0... 

... 26.0.. 

.,..36.6... 

...34.0 

18... 

. 

,. Open 

..., Wound rotor... 

.. .Stator... 

....4.0 ... 

...26,3... 

... 30.8,. 

.,..30,2... 

...30.4 

6... 


.. Open 

... .Wound rotor... 

.. .Stator... 

....0.76... 

...31.0... 

... 30.0., 

....31.7... 

...32.7 

Total 96... 


.« Open 


... Stator... 


...24.3... 

,. 28.4.. 

....29.0,.. 

.. .26.9t Average 

16... 


. .^Totally enclosed.. 

... .Wound rotor... 

.. .Rotor.... 

....0.56... 

...31.1... 

... 26.6.. 

....31.5... 

...37.1 

4... 

. 

.. Splashproof 

.... Wound rotor... 

.. .Rotor.... 

....6.4 ... 

...32.8... 

... 27.3... 

....34.0... 

...38.0 

12... 

. 

.. Open 

. ...Wound rotor... 

.. .Rotor.... 

.,..4.0 ... 

...24.0... 

... 23.1.. 

.,..26.2... 

...28.9 

4..., 

......... 

.. .Open 

... .Wound rotor... 

.. .Rotor.... 

....0.76... 

...28.8... 

... 23.7.. 

....28.8... 

...33.0 


Total 86 


.’Wound rotor 


Rotor. 


,28.7 


25.2.29.4.. 


,34.Of Average 


264—^Total number of tests. 


# Motors designated as fan-cooled are also totally enclosed. 

* Motors designated as totally enclosed are not cooled by external fan. Stator lamination temperatures were measured on outside of frame on totally enclosed 
maclunes. 

SAll tests longer than one hour (a total of 208) were taken on continuous rated motors. The remaining 56 tests of one hour or less were taken on motors with short- 
time ratings. 

fAverages of temperatures are weighted in accordance with number of tests taken for each condition. 


were distributed over laminations and 
winding at ten or more points. All surface 
measurements on wound rotors were made 
with thermometers after shutdown. 

Most of the data on splashproof ma¬ 
chines were actually taken with thermo¬ 
couples, but similar maximum values of 
temperature rise by surface measurements 
could have been obtained with thermome¬ 
ters if a sufficient number of holes had 
been bored in the motor frames. It will 
be noted that on both splashproof and 
open machines, the average temperature 
rise of laminations exceeded that of the 
accessible parts of windings. Consequently 
the hottest part of many motors will not 
be reached if thermometers are placed on 
the windings only. 

Maximum observed temperatures are 
tabulated (regardless of whether the maxi¬ 


mum value occurred before or after shut* 
down). In each case a conscientious at¬ 
tempt was made to find the hottest observ¬ 
able ^ots on the machine. The average 
deceleration period was approximately one- 
half minute, from time load was removed 
until motor was stopped. Resistance meas¬ 
urements were obtained from one to two 
minutes after motor stopped. (These time 
intervals were slightly greater for large, 
high-speed machines.) 

The heating tests tabulated in table III 
were not all made, at the normal rated 
loads of the various motors. Tests on ma¬ 
chines of similar constructions but with 
different ratings (such as 40 degrees centi¬ 
grade, 60 degrees centigrade, etc.) are 
averaged together. Consequently the aver¬ 
age values of temperature rise shown in this 
table are not a direct indication of the mar¬ 


gin between actual tests and the conven¬ 
tional name-plate ratings for the different 
classes of motors. 

Appendix iV. Comparison of 12 
Open-Type Motors of Different 
Manufacturers 

Identical testing methods were used to 
determine the comparative temperature 
rises of 12 different low-voltage four- 
pole, 60-cycle motors. Eleven of these 
machines were general-purpose open-type 
26-horsepower motors rated 40 degrees 
centigrade rise, but one motor (designated 
as AC in table IV) was rated 60 degrees 
centigrade because it had some protective 
features. Each motor was made by a 
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Table V. Continuous Heat Runs for Various Loads and Voltages (See Appendix V end 

Figure 4) 

(Motor Name-Plate Rating—Four PoleSy 25 Horsepower, 220 Volts, Three Phase, 60 Cycles) 


Temperaiiire Rise— 
Degrees Centigrade 


Volt¬ 

age 

Horsepower 

Load 

Watts 

Input 

Total 

Motor Losses 
Amperes (Watts) 

Winding 

Ther¬ 

mometer 

Lamina¬ 

tions 

Ther¬ 

mometer 

Embedded 

Thermo- 

cottple 

By 

Re¬ 

sist¬ 

ance 

220.. 

.0 ... 

... 966... 

.... 24 6 . 

* 966 

9 

14., t 

... 16.... 

...11 

254.. 

.0 ... 

... 1,410... 

... 37 . 

1410 

16 

22 , 

... 21..,. 

...17 

187.. 

.0 ... 

... 740... 

... 19.4... 

740 

9 

lOt T t 

10.... 

... 8 

220.. 

.25.9... 

...21,900... 

... 66.5... 

..!2,69i!!! 

!.!26... 

... 88... 

... 38 .. 

...32 

254.. 

.26.4... 

...22,250... 

... 64.5... 

...2,582.. 

...27.,. 

... 36... 

... 38.... 

...34 

187.. 

.25.8... 

...22,600... 

... 78.6... 

...3,308,.. 

...36... 

... 42... 

... 47.... 

...42 

220.. 

.32.3... 

...27,800... 

... 83 ... 

...3,729... 

...87... 

... 47... 

... 53.... 

...60 

254.. 

.32 ... 

...27,200... 

... 76 ... 

.. .3,285. 

.32,.. 

... 42... 

... 46...! 

...43 

187.. 

.31.5... 

...29,700... 

...107 ... 

..ieiwo!!! 


... 79... 

... 95_ 

... 84 

220.. 

.....38.0..« 

...34,000... 

...103 ... 

...5,636... 

,,.68... 

... 69... 

... 83.... 

...72 

220.. 

.41.9... 

...80,200... 

...120 ... 

...7,976..., 

...91... 

...101... 

...121.... 

...108 


different manufacturer. Complete test re¬ 
sults for continuous operation at rated 
load are given in table IV. 

The lamination and conductor tempera¬ 
tures were obtained by surface measure¬ 
ments with either thermometers or ther¬ 
mocouples depending in each case on the 
accessibility of motor parts. However, 
when thermocouples were used, they were 
purposely placed in locations that could 
have been reached by thermometers if 
holes had been bored through intervening 
structural parts. Therefore the data in 
table rV were obtained in accordance with 
rules 2.066 and 2.063 of the present ASA 
standards. Only the maximum observed 
temperatures are recorded, but measure¬ 
ments were made at many different points 
on each machine. With the exception of 
motor I, the resistance method does not 
deviate from the maximum temperature 
rise observed by surface measurements by 
more than 3.6 degrees centigrade, and on 
eight of the motors the agreement is within 
2 degrees centigrade. 

The tests on these 12 motors were made 
successively by the same persoimel, and the 
same dynamometer and metering equipment 
were used throughout. Therefore most of 
those controversial points were eliminated 
which usually arise when an attempt is 
made to compare heating characteristics 
of different motors. Since the motors repre¬ 
sent a wide range of design proportions 
and ventilation arrangements, the con¬ 
sistency of the temperature data obtained 
by the resistance method is highly signifi¬ 
cant. 

Five of the 12 motors had a maximum 
observable temperature rise by thermome- 


Table IV. Comparison of Open Motors of 
Different Manufacturers (Refer to Appendix 
IV) 


Test Values of Temperature 
Rise—Degrees Centigrade 



A., 

..40,. 

..41 .. 

..38 .. 

..41 . 

...41 

B.. 

..40.. 

..42 .. 

..34 .. 

..42 . 

...41 

C.. 

..40.. 

..34 .. 

..37 .. 

..37 . 

...37 

D.. 

..40.. 

..28 

..31 .. 

,.31 . 

...27.6 

JB.. 

..40.. 

..24.5.. 

..26.5.. 

..26.6. 

...23.6 

F.. 

..40.. 

..34,6.. 

..28.5.. 

..34.6. 

...32 

G.. 

..40.. 

..33 .. 

..32 .. 

..33 . 

...34 

H., 

..40.. 

,.44 .. 

,.37 .. 

..44 . 

...46 

J... 

..40.. 

..47 .. 

..34 .. 

..47 . 

...41 

/... 

..40.. 

..32.5,. 

..30.5.. 

..32.5. 

...30.6 


..60.. 

..69 .. 

,.61 .. 

..61 . 

...62 

L... 

..40.. 

..29 .. 

.,24 .. 

..29 . 

...27.6 

Averages.. 

..37.4.. 

..34.4.. 

..38.1. 

...36.8 


* Motor K had some protective features. 


ter that was higher than the name-plate 
rating. These tests indicate that com¬ 
parable results are not being obtained by 
different manufactures under the present 
standards—^presumably because of differ¬ 


ences in the extent of exploration with 
thermometers. 


Appendix V. Temperature 
Measurements for Various Condi¬ 
tions of Motor Load and Voltage 

An Open-type 25-horsepower motor rated 
220 volts at 1,800 rpm was selected for a 
series of 11 heat runs covering a wide range 
of conditions from zero to 168 per cent of 
normal load and from 85 to 116 per cent of 
rated voltage. Temperatures were meas¬ 
ured by thermocouples which were in¬ 
serted in internal parts of stator slots when 
the random winding was installed, by ther¬ 
mometers on windings and laminations, 
and by resistance method as tabulated in 
table V for continuous heat runs at each 
condition indicated. The laminations and 
windings were readily accessible, and ther¬ 
mometer readings were taken according to 
the ASA rules. 

For operation at rated voltage, the re¬ 
sistance method indicated one degree centi¬ 
grade to three degrees centigrade lower 
temperature than thermometers at normal 
load or less, but for extreme overloads the 
temperature is higher by resistance, the 
maximum difference being seven degrees 
centigrade at 168 per cent of rated load. 

Thermocouples were distributed through 
the stator slots in order to locate the 
hottest internal point in the motor, and the 
maximum temperatures observed are desig¬ 
nated as “embedded thermocouple” in 
table V and figure 4. In this random 
winding the embedded thermocouples are 
in close contact with the conductors, and 
are not separated from them by coil insula¬ 
tion as in the case where embedded-detec- 
tors are placed between two formed coils 
in the slot of a high-voltage motor. There¬ 
fore these embedded thermocouples indi¬ 
cate closely the theoretical “hottest spot” 
of the winding which was located at the 
middle of lamination stack. The “hottest 
spot” averaged five degrees centigrade 


higher than the temperature by resistance 
for the heat runs taken near normal load. 

Figure 4 shows that the temperature rises 
by all methods are approximately propor¬ 
tional to the total motor losses. In general, 
increasing differentials are obtained between 
the temperature measurements by different 
methods as the motor losses are increased 
by overloading the machine. 
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iMcasurcmcnt of Tompcraturc in Ocncral- 
Purposc Sc|uirrcl-Ca3® Induction Motors 

C. P. POHER 

FELLOW AIEE 


T here are three fundamental meth¬ 
ods of temperature determination^ 
which might be applied to squirrel-cage 
motors, namely: 

1. The thermometer method 

2. The resistance method 

3. The embedded-detector method 

It is the purpose of this paper to report 
results obtained by the three methods and 
to discuss the practical aspects of tem¬ 
perature measurement. 

The standards of the American Stand¬ 
ards Association,^ AIEE,® and National 
Electrical Manufacturers Association* 
specify that the temperature rise of induc¬ 
tion madrines shall be determined by the 
thermometer method. Section 50 of the 
Test Code for Polyphase Induction Ma¬ 
chines® is more general and reads as fol¬ 
lows: 

Temperature tests are taken primarily 
to determine the amount of temperature 
rise on the different parts of the machine 
while r unning under a specified load. This 
rise in temperature is measured by either the 
rise in resistance of the current-carrying 
part, or by means of a thermometer, ther¬ 
mocouple, or embedded temperature de- 
tector. It is sometimes desirable to use one 
method as a check on the other. 

In measuring temperature rise by resist¬ 
ance, care must be taken to observe the 
precautions set forth in paragraphs 10 to 16 
in order to secure accurate results, since a 
small error in measuring resistance may 
cause a comparatively large error in deter¬ 
mining the temperature. 

The usual method of measuring tempera¬ 
ture of open machines is by the use of al¬ 
cohol or mercury thermometers or ther¬ 
mocouples, applied to the hottest part of 
the motor that is accessible. In the case 
of totally enclosed machines, due to the 
mechanical difficulties attending the use of 
alcohol or mercury thermometers, both dur¬ 
ing the run and after shutdown, thermo¬ 
couples may be more convenient. . . 


Paper number 39-5, recommended by the AIBK 
committee' on electrical machinery, and presented 
at the AXES winter convention, New York, N. Y., 
January. 23-27, 1939. Manuscript submitted 

October 31, 1938; made available for preprinting 
November.28,1938. 

C. P. PoTTBK is manager of the large motor engi¬ 
neering divirion of the Wagner Electric Corporation, 
St Louis, Mo. 
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paper. 
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The test code specifies that thermome¬ 
ters or thermocouples shall be applied to 
the hottest part of the motor that is ac¬ 
cessible. Definitiott 2.055 of the Amm- 
can Standards for Rotating Electrical 
Machinery® is more specific and reads as 
follows: 

Thermometer Method of Temperature Deter- 
mination Defined. This method consists 
in the determination of the temperature, by 
mercury or alcohol thermometers, by resist¬ 
ance thermometers, or by thermocouples, 
any of these instruments being applied to 
the hottest part of the machine accessible to 
mercury or alcohol thermometers. 

Thermometers Versus 
Thermocouples 

It would seem that if proper precau¬ 
tions are observed in placing the instru¬ 
ments, the same results should be ob¬ 
tained with either thermometers or ther¬ 
mocouples. In order to check this as¬ 
sumption, several hundred temperature 
test records of squirrel-cage motors in 
sizes from 1 to 100 horsepower were ex¬ 
amined. The temperature tests made 
before 1936 employed thermometers, and 
the results were checked by the resistance 
method. Tests made during the last 
two years employed thermocouples and 
the results were again checked by re¬ 
sistance measurements. It therefore 
seemed practical to obtain a comparison 


between thermometers and thermocou¬ 
ples by using the resistance measurements 
as a reference. The results of this com¬ 
parison were disappointing. It was pos¬ 
sible to arrive at the general conclusion 
that the temperature rise measured by 
thermocouple is higher than that meas¬ 
ured by thermometer, but tliere was too 
much variation to justify establishing a 
differential which could be used for all 
conditions. 

There are several explanations for the 
discrepancies. In the first place, the re¬ 
sistance measurements were only used 
as a check and it is likely that not enough 
emphasis was placed on the precautions 
which must be observed when using this 
method. The instruments were commer¬ 
cially accurate and readings were taken 
carefully, but there was probably not 
enough attention paid to the following 
paragraph (11) of the test code:® 

Every possible precaution should be taken 
to obtain the true temperature of the wind¬ 
ing when measuring the cold resistance. 
The temperature of the surrounding air 
must not be regarded as the temperature of 
the windings unless the motor has been 
standing idle under constant temperature 
conditions for a considerable period of time. 

It was also thought that some of the 
discrepancies in temperature tests might 
be due to inherent differences between 
thermometers and thermocouples. 

Thermometers are calibrated while 
immersed in liquid to a specified depth, 
and it goes without saying that the liquid 
makes intimate contact with all parts of 
the bulb and part of the stem. Further¬ 
more, thermometers are inflexible and 


R$ure 1. Location of thermocouples In 
totally enclosed fan-cooled motor 
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due to their shape, can touch a plane 
stuface, or most curved surfaces, at only 
two points. The question might there¬ 
fore be raised whether a thermometer 
gives a true indication of the tempera¬ 
ture of a winding, even when the bulb is 
covered with putty. On the other hand, 
a thermocouple is made of small, flexible 
wires and the junction can be put in a 
small opening and can be made to have 
intimate contact with a winding. Check 
tests made on cylindrical coils showed 
that thermocouples read higher than 
thermometers, the difference depending 
upon the curvature and smoothness of 
the coil surface, and the care used in 
making the application. 

When a thermometer is used for meas¬ 
uring the temperature of a winding, at 
least a part of its stem is usually exposed 
to the cooling air and it was thought that 
this might affect the readings. This was 
checked by immersing a thermometer 
bulb in boiling water and directing the 
air from a desk fan on the entire stem. 
It was found that the reading was not 
affected as long as any appreciable 
amount of the bulb was immersed. With 
only the tip of the bulb in the water, the 
application of the fan reduced the reading 
three per cent. 

In order further to investigate the sub¬ 
ject, it was decided to build two 40-horse- 
power motors and to make careful tem¬ 
perature tests on these motors, by resist¬ 
ance, thermocouple, and thermometer, 
and to place enough thermocouples in the 
windings to locate surely, and measure 

Figure 2. Location of thermocouples in 
open-type motor 


the temperature of the hot spot. It was 
decided to build one motor of the totally 
enclosed fan-cooled type, and to test this 
motor with two rotors, one with heavy 
load losses and the other with relatively 
small load losses. It was decided to make 
the other motor an open-type machine 
and to test this motor with one rotor 
having small load losses. • 

Location of Hot Spot 

Careful consideration was given to the 
location of the hot-spot thermocouples 
and useful information was obtained from 
a series of papers®"^ presented at the 
midwinter convention of 1913. From 
these papers the conclusion was reached 
that the location and magnitude of the 
hot spot in the stator winding of a squirrel- 
cage motor depend upon its 

1. Physical characteristics 

2. Electrical and magnetic characteristics 

3. Ventilation 

4. Loading 

A motor which is symmetrical about its 
vertical center line usually has a blower on 
each side and both free ends of the stator 
winding should be equally cooled. The 
parts of the coils which are embedded in 
the core are not so well ventilated and it 
seems likely that the highest coil tem¬ 
perature will be reached in the axial 
center of the core. If the design is un- 
symmetrical especially in case there is 
a blower on only one side of the motor, 
the free ends of the winding which are on 
the same side as the blower will be cooler 
tlian those on the opposite side, and the 
hot spot will probably shift away from 



the blower. The location of the hot 
spot vertically in the slot is not so easy 
to estimate, and will depend to a great ex¬ 
tent on the direction of the heat flow be¬ 
tween the winding and core. The direc¬ 
tion of heat flow will depend on which 
member is producing the greater amount 



Figure 3. Equipment used for testing totally 
enclosed fan-cooled motor 


of heat, which, for a given load, will vary 
with the electrical design, and for a 
given design will vary with the load¬ 
ing. With light loads the copper 
losses will be small and heat may flow 
from the core iron to the winding. At a 
certain heavier load there may be little 
interchange of heat between the core 
iron and the winding, and at stiU heavier 
loads, the heat may flow from the winding 
to the core. The winding near the mouth 
of the slot will not be as closely associated 
with the core iron as the rest of the wind¬ 
ing, but on the other hand, will be sub¬ 
jected to the heat produced in the rotor, 
which, in a poorly designed motor, may 
be excessive. 

In order to be reasonably sure of find¬ 
ing the hot spot, 44 thermocouples are 
installed in the totally enclosed fan- 
cooled motor as shown in figure 1, A 
thermometer extends through a slot in. 
the end plate and the bulb of the ther¬ 
mometer is immediately adjacent to ther¬ 
mocouple number 41. There are 38 
thermocouples in the open motor as 
shown in figure 2, and again the bulb of 
the thermometer is immediately adjacent 
to thermocouple number 41. Thermo¬ 
couple number 41 and the thermometer 
bulb are on the outside of the tape which 
covers the free ends of the winchngs and 
are covered with a small amount of sealing 
compound. Thermocouples number 42, 
number 43, and number 44 are located 
on the stator iron and are also covered 
with a small amount of sealing compound. 
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WINDING TEMPERATURE:-HOT SPOT 68.8 DE6« RESISTANCE 80.1 DEG, WINDING TEMPERATURE HOT SPOT 106 DEG, RESISTANCE 96.4 DEa 
WINDING TEMPERATURE:- HOT SPOT 65.5.DG6, RESISTANCE 6a6 DEG, THERMOCOUPLE 77 DEG, THERMOMETER 72.1 DEG THERMOCOUPLE 90 DEG, THERMOMETER 84.9 DEG 

THERMOCOUPLE 57.5 DEG, THERMOMETER 54.9 DEG ROTOR TEMPERATURE 78.8 DEG, AIR TEMPERATURE 31 DEG ROTOR TEMPERATURE 97 DEG, AIR TEMPERATURE 32.9 DEG 

ROTOR TEMPERATURE 60.1 DEG, AIR TEMPERATURE 30.7 DEG AVERAGE OF 40 THERMOCOUPLES 81.7 DEG AVERAGE OF 40 THERMOCOUPLES 97.8 DEG 

AVERAGE OF 40 THERMOCOUPUS 6I.9DEG 



n8ur«4. Totally «ndoMdf«ii<ooUd motor Fisor. 5. Totally enclowd fan^cooled motor Figure 6. Totally enclosed fen<ooled motor 
at 75 per cent toll load full l<««l •* ^^5 per cent toll load 


Thermocouples numbers 11, 13, 31 and 
33 are silk taped to the top of a top coil 
aide, next to the 0.025-inch insulation sepa¬ 
rating the winding from the one-eighth 
inch wooden wedge. Thermocouples 
numbers 10, 12, 30 and 32 are silk taped 
to the top of a bottom cod side, just below 
the 0.060-inch insulation separating the 
coil sides. Thermocouples numbers* 1, 
2, 21, and 22 are silk taped to the bottom 
of a bottom coil side, next to the 0.025- 
inch slot cell. (A top coil side is the one 
nearer the air gap; a bottom coil side is 
the one nearer the outside of the motor.) 
Thermocouples numbers 8, 9, 19, 20, 28, 
29, 39, and 40 have radial positions cor¬ 
responding to number 11, etc., thermo¬ 
couples numbers, 4, 7, 17, 18, 24, 27, 37, 
and 38 have radial positions corresponding 
to number 4, etc., and thermocouples 
numbers 3, 5, 14, 15, 23, 25, 34, and 35 
have radial positions corresponding to 
number 1, etc., but are on the free ends 
of the windings just inside the tape which 
covers the free ends. Thermocouples 
numbers 6, 16, 26, and 36 are silk taped 
to the loops of the coils, just inside the 
tape. Figures 1 and 2 are drawn ap¬ 
proximately to scale and show the relative 
dimensions of the various parts as well 
as the location of the thermocouples. 
Both stators are woimd to the same speci¬ 
fication, of double-cotton-covered wire, 
with double-layer diamond windings 
in semiendosed slots. The stators have 
only one dipped and baked coat of var¬ 
nish, additional coats having been omitted 
to save time. There are no ventilating 
ducts in either the stator or rotor and no 
openings through the rotor. The squirrd 
cages are of cast aluminum construction. 

Apparatus and 
Test Results 

The arrangement of the apparatus is 
shown in figure 3. The thermocouple 
leads are endosed in spaghetti tubing 



WINDING TEMPERATUREt-HOT SPOT 124 DEG. RESISTANCE III.2 DEG, 
THERMOCOUPLE 105 DEG, THERMOMETER 97 DEG 
ROTOR TEMPERATURE 106 DEG, AIR TEMPERATURE 33.7 DEG 
AVERAGE OF 40 THERMOCOUPLES 113.9 DEG 


WINDING TEMPERATURE:-H0T SPOT 90.8 DEG, RESISTANCE 9I.30EG, 
THERMOCOUPLE 85.9 DEG, THERMOMETER 82 DEG 
ROTOR TEMPERATURE 86 DEG, AIR TEMPERATURE 33 DEG 
AVERAGE OF 40 THERMOCOUPLES 92.2 DEG 



Figure 7. Totally enclosed fan-cooled motor Figure 8. Totally enclosed fan-cooled motor 
at 125 per cent full load at full load (heavy load losses) 


and are divided into four groups and 
brought out of the motor through the 
air-gap plug holes. The leads are con¬ 
nected to terminal boards and may be 
connected either to an indicating or re¬ 
cording instrument by means of dial 
switches. A double bridge was used to 
measure the resistance of the stator 
winding, and the temperature of the rotor 
was measured by means of a thermocouple 
attached to the tip of an air-gap gauge 
and inserted through one of the air-gap 
holes. At the end of each run, the rotor 
was stopped very quickly, the stator 
winding was disconnected from the line, 
the stator resistance was measured in a 
minute or less, and the rotor temperature 
was measured in two minutes or less. 

The results of the tests on the totally 
enclosed fan-cooled motor are shown 
graphically in figures 4 to 9, inclusive. 
Figures 4, 5, 6, and 7 show the tempera¬ 
tures in the various parts of the motor 
after becoming constant, at 75, 100, 115, 
and 125 per cent load respectively, with 
a standard rotor. Figure 8 shows the 
temperatures attained at 100 per cent 
load with a rotor having heavy load losses. 
The figures in the large circles are the hot 
spots. Figure 9 shows the rdation be¬ 


tween hot-spot temperatures and tem¬ 
peratures by resistance, thermocouples, 
and thermometers for the various tests 
illustrated in figures 4, 5, 6, and 7. It is 
believed that the diagrams and curves 



PER CENT LOAD 


Figure 9. Totally enclosed fan-cooled motor 

Forty horsepower, three phase, 60 cycles, 
220/440 volts, 1,750 rpm 
A —Hot-spot temperature minus temperature 
by thermometer 

B —Hot-spot temperature minus temperature 
by thermocouple 

C—Hot-spot temperature minus temperature 
by resistance 
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Figure 10. Temperature in coil extension of 
open-type 40-horsepower motor at full load 

Nine Thermocouples 


Number 45 46 47 48 49 50 51 52 53 
Deg C 46.6 44.3 44.3 53.0 53.1 54.1 54.1 42.8 44.1 


are self-explanatory, and the test results 
seem to be consistent with each other. 
It should be noted that the cooling fan 
is on the left side and the hot spot is on 
the right side of the fan-cooled motors. 
One point of particular interest is the dose 
agreement between the average of the 



WiNDIN6 TEMPERATURE:-HOT SPOT 64.8 DEG, RESISTANCE 58.5 DEfi. 

THERMOCOUPLE 54.1 DE6, TTIKMOMETER 48 DEfi ^ 
ROTOR TEMPERATURE TIDES, AIRTEMpKrE 269DE6 
AVERAGE OF 34 THERho&UPLES 55.2 DEG 
AVERAGE OF 26 THERMOCOUPLES 57.5 DEG 
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Figure 11. Open-type motor at full load 


temperatures obtamed from thermocou¬ 
ples numbers 1-40, indusive, and the tem¬ 
perature by resistance, indicating that 
the thermocouples are located judidously, 
and that the readings are accurate. 

Similar tests were made on the 40-horse¬ 
power open-type motor and the results 
were not what had been antidpated. 
The open-t 3 rpe motor is supposedly sym¬ 
metrical about both center lines and it is 
reasonable to expect that the tempera¬ 
tures of corresponding parts would be 
identical. However, the cdl extensions 
on the pulley end are considerably hotter 
than on the opposite end. An examina¬ 
tion of the motor showed that the wind¬ 
ings are not S3mmietrical but are consid¬ 
erably shorter on the pulley end, which 
probably accounts for the difference in 
temperature. The readings of the ther¬ 
mometer and thermocouple number 
41 were much lower than expected and 
very much lower than the temperature 
by resistance Eind hot-spot temperature. 
This made it seem probable that they 
were not located in the right place and 
the motor was inspected with this idea 
in mind. It was found that the ther¬ 
mometer was inserted through a hole 
drilled in the frame with the thermo¬ 
couple immediately adjacent to the ther¬ 
mometer bulb, and while the location of 
the thermometer was not ideal, it did not 
seem to be far away from the proper loca¬ 
tion. In order to find the hottest exter¬ 
nal part of the coil extension, nine more 
thermocouples were placed on the surface 
of the winding as shown in figure 10. 
It will be noted that thermocouples num¬ 
ber 60 and 51 give results about ten de¬ 
grees higher than number 52 and 53. 
Temperature tests were then made at 
100 per cent, 126 per cent, 144 per cent, 
and 160 per cent of full load using thermo¬ 
couple number 61 and a thermometer 
whose bulb is immediately over this 
thermocouple. The results of these tests 


are shown graphically in figures 11 to 15 
inclusive and are seff-explanatoty. The 
averages of thermocouples number 1 — 
40 inclusive do not check the temperature 
by resistance, but fair agreement is ob¬ 
tained by eliminating numbers 6, 8, 16, 
20, 26, 28, 36, and 40, which are located 
dhectly in the path of the cooling air. 
Figure 15 shows the relation between 
hot-spot temperatiares and temperatures 
by resistance, thermocouples, and ther¬ 
mometers for the various tests illustrated 
in figures 11-14 inclusive. 

Conclusions 

A revision of the standards which 
specify the method of measuring the 
temperature rise of induction machines 
is desirable and should be tmdertaken. 
The determination of temperature rise 
should not depend on surface measure¬ 
ments taken either by thermometer or 
thermocouple, because it is often diffi¬ 
cult, and sometimes impossible to lo¬ 
cate these instruments properly. Even 
though a machine is so constructed that 
there is no interference with the installa¬ 
tion of thermometera, it is not good prac¬ 
tice to leave the location of thermometers 
to the judgment of even the most careful 
and conscientious testers, because they 
ordinarily have no way of determining 
the hottest accessible spot. Elimination 
of thermometers and thermocouples will 
leave only the resistance method for 
machines of ordinary size and voltage, 
and while this method requires skillful 
technique on the part of the tester, it has 
been used in transformer heat runs for 
many years and is strictly a commercial 
method. 

If the resistance method is adopted, it 
will be necessary to revise the conven¬ 
tional allowances^ for hot spot and to in¬ 
crease the standard temperature ratings 
for induction machines about five degrees 
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WINDING TEMPERATURE.-HOTSPOT 102.4DEG, RESISTANCE 924DEG. 

^®'2DEG, THERMOMETER 65.3 DEG 
AIR TEMPERATURE 30.6 DEG 
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Figure f3. Open-type motor at 144 per 
cent full load 
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Figure 14. Open-type motor at 160 per 
cent full load 
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PER CENT LOAD 


Fisure 15. Open-type motor 

Forty horsepower, three phase, 60 cycles, 
220/440 volts, 1,750 rpm 

A —Hot-spot temperature minus temperature 
by thermometer 

B —Hot-spot temperature minus temperature 
by thermocouple 

C—Hot-spot temperature minus temperature 
by resistance 


centigrade. Such an increase would 
result in the following ratings: 

Open-type continuous ratings 46 degrees 
centigrade 

Protected and intermittent ratings 56 de¬ 
grees centigrade 

Totally enclosed continuous ratings 60 de¬ 
grees centigrade 
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Discussion 

P. H. Rutherford (General Motors Corpora¬ 
tion, Dayton, Ohio): The results shown in 
the paper by C. P. Potter agree very well 
with the results of similar tests carried out 
on small single-phase motors. Extensive 
tests carried out on a one-horsepower single¬ 
phase motor showed that the hot spot oc¬ 
curred in the center of the end turns of the 
winding and did not appear to shift with 
variations in load. This hot-spot tempera¬ 
ture was approximately ten per cent 
greater than the temperature rise by re¬ 
sistance, a result which checks quite well 
with data obtained from much larger 
motors. If the resistance method proves 
satisfactory, it might be well to consider 
the allowances for hot spot as a per cent of 
the temperature rise by resistance rather 
than a constant allowance of about 5 degrees 
centigrade. This would serve to extend 
temperature standards to motors of ratings 
higher than 60 degrees centigrade in case 
such designs should prove desirable in the 
future. 

It would have been interesting to con¬ 
sider the curves in this paper plotted against 
motor losses as well as per cent of full 
load. Since one motor was tested with a 
standard rotor and a rotor with heavy load 
losses, it would seem that for the same 
losses the temperature rise and possibly the 
hot-spot temperatures would agree quite 
well. A comparison of the temperature 
versus losses curves for the open and the 
totally enclosed t 3 ^e motors would also be 
very interesting. 


P. L. Alger (General Electric Company, 
Schenectady, N. Y.): The discussion has 
brought out a possible diflSculty in obtain¬ 
ing the correct temperature rise of a motor 
by the resistance method, due to the time 
delay between the instant of shutdown and 
the time the measurement is taken. This 
same problem occurs in other types of ap¬ 
paratus, for which the resistance method of 
measurement is generally used. I should, 
therefore, like to call attention to paragraph 
10.292 of appendix I of the proposed ASA 
standards for transformers, which gives a 
simplified method of determining this cor¬ 
rection by calculation. This method is to 
apply an empirical correction to the degrees 
centigrade as measured by the resistance 
method. The correction is equal to the 
product of the watts loss per pound of 
copper in the winding under test (deter¬ 
mined by the current density in the copper) 
multiplied by a factor that depends upon 
the time elapsed between the instant of 
shutdown and the time the measurement 
is taken, as given in the following table: 


Time in Minutes Factor 


1 .0.19 

IV*. 0.26 

2 .0.32 

3 .0.43 

4 .0.60 


The factors given in this table apply to 
oil-insulated windings, and are representa¬ 
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tive of the normal rate of heat flow from the 
copper into the oil. It seems clear, how¬ 
ever, that similar factors can be derived for 
motor windings or other apparatus, that 
would be quite accurate enough for test 
purposes. In view of the small magnitude of 
the correction. 

For example, with a current density of 
3,000 amperes per square inch in the 
copper, and a temperature. of 75 degrees 
centigrade, a time delay of two minutes 
corresponds to a correction of only 2.4 
degrees centigrade. 


G. R. Anderson (Fairbanks, Morse and 
Company, Beloit, Wis.): Any proposal 
for revision of existing standards naturally 
brings out data and experience that should 
be utilized to the best advantage in its 
consideration. 

The various papers presented have out¬ 
lined fully the many factors that must be 
considered, the vatiations to be expected, 
and the weight to be given to each. 

Referring to the recommendations in 
C. P. Potter’s paper, the writer has taken 
the opportunity of making an analysis of 
approximately 100 tests on various sizes of 
enclosed fan-cooled motors ranging from 
1 to 100 horsepower. The list selected 
contained only ratings designed for general- 
purpose application. Those with special 
characteristics or having large rotor load 
losses were eliminated. Each motor had 
been tested for shutdown winding tempera¬ 
tures by thermometer and by resistance. 
Averaging these tests gave the following: 

Average increase of temperature rise by resistance 
measurement over thermometer measurement was 
6.9 degrees centigrade. 

Average increase in percentage was 19.2. 

Another analysis of the same tests was 
made by selecting only 40 ratings that had 
temperature rise by either resistance or ther-, 
mometer between the range of 40 degrees 
centigrade and 60 degrees centigrade. The 
averages of this group gave the following: 

Average increase of temperature rise by resistance 
measurement over thermometer measurement was 
8.2 degrees centigrade. 

Average increase in percentage was 17.4. 

It will be noted that these percentages 
compare favorably with those recorded by 
Mr. Potter, which averaged 22 per cent on 
the enclosed fan-cooled motor tested by him. 

On the basis of these data it would ap¬ 
pear reasonable to recommend that where 
present standards by thermometer measure¬ 
ment are now 40 degrees rise, that per¬ 
missible equivalent resistance measure¬ 
ments should fall somewhere in the neigh¬ 
borhood of 47 and 48 degrees centigrade, 
and that where maximum permissible ther¬ 
mometer temperature measurements are 
66 degrees centigrade, the resistance method 
should allow 65 degrees centigrade. 

In addition to the above it is recom¬ 
mended 

1. That the present 40-degree-centigrade standard 
by thermometer measurement be retained for all 
machines having modifications to which this type 
of measturement can be applied. 

2. That resistance measurement be p^mitted for 
enclosed machines and those having mechanical 
modifications which make the application of ther¬ 
mometers impractical. 

3. That the resistance measurement be the only 
method adopted as standard for field-coil tempera¬ 
ture measurement. 
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C. G. Veinott (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
In the course of the application of thermal 
protective devices the writer had occasion 
to take numerous temperature runs on a 
line of fractional-horsepower motors at high 
degrees of overload, causing high tempera¬ 
ture rises. Temperatures were measured 
by a thermometer placed on the ‘‘hottest 
accessible” part of the end winding, by a 
thermocouple installed on the end winding 
{not an embedded detector) ^ and by rise of 
resistance. The results are tabulated in 
table I of this discussion. 


Table I 




Shutdown Temperature 

Horse- 


Rises by 


power 

Per 

Open Ther- Ther- 

Re- 

Rat- 

Cent 

or mome- mo- 

sist- 

ing 

Load 

Enclosed ter couple 

ance 

v«.. 

.200. 

.Open.61 ..83 .. 

. 77.6 

V... 

.160. 

.Enclosed.. .76 .. 89 .. 

. 79.2 

V4.. 

.190.. 

.Open.66 ..82 .. 

. 83.3 

V4.. 

.140.. 

.Enclosed.. .78 .. 88,5.. 

. 83.5 

Va.. 

.180.. 

• Open.66 ..86 .. 

. 85.4 

Va.. 

.130.. 

.Enclosed.. .70.5.. 89 .. 

. 74.5 


.180.. 

.Open.58.6,. 79.6.. 

. 71.6 

v».. 

.130.. 

.Enclosed.. .75,8.. 84.8.. 

. 82.7 

V4.. 

.160.. 

• Open.87 ..100 .. 

.100 

*/4.. 

.130.. 

.Enclosed.. .80 ..97 .. 

. 81.5 


As a result of these and other tests, the 
writer draws the following conclusions as 
applying to fractional-horsepower motors: 

1. Thermocouples should be recognized form of 
temp^ature measurement. It is frequently the 
practice of builders. of motor-driven appliances to 
run application tests on their machines. In many 
cases, thermocouples are practically the only way 
of measuring the temperatures attained by the 
windings because the motor itself is not readily 
accessible and sometimes control circuits are so 
interlocked that it is not easy or even possible to 
measure the rise by resistance. Refrigeration and 
air-conditioning appliance manufacturers neces¬ 
sarily use thermocouples for the temperature meas¬ 
urements made to determine the thermodynamic 
performance of the whole apparatus; thus thermo¬ 
couples afford the simplest and easiest means for 
measuring the motor temperature. 

2. The limiting temperatures, when measured by 
a thermocouple installed on the "hottest accessible 
spot of the windings,'* should be the same as the 
limiting temperatures for the rise-of-resistance 
method, instead of the same as by thermometer 
as now. This recommendation is conservative 
because the thermocouple temperatures are 
generally higher than those obtained by rise of 
resistance. 


3. The rise-of-resistance method is not reliable 
for measuring the temperature of an auxiliary wind¬ 
ing if there is a starting switch in the circuit be¬ 
cause of variations in contact re.sistance. Very 
serious errms have been observed because of switch 
contact resistance. 

4. In view of the fact that, with thermal overload 
devices, some very high temperature rises are often 
measured, it might be better to express the correc¬ 
tion for the different methods of temperature rise 
ns a per cent of the measured rise, instead of using 
* flat cbrrection in degrees as now. Potter’s 
figures 9 and 16 support this conclusion. 


A. S, Hill (University of Maine, Qrono): 
My experience with the thermometer 
method in research work on fully enclosed 
fan-cooled induction motors supports Mr. 
Summers’ conclusion that reliable winding 
temperature data cannot in general be ob¬ 
tained on such machines by inserting ther¬ 
mometers through holes in frames or covers 


at t^e close of heat runs in accordance with 
ASA rule 2.063. In my first series of ex- 
ventilation, back in 
1932, an attempt was made to determine 
ultimate msuI^tion temperatures in this 
way; but, despite the fact that the ther¬ 
mometers were always applied by the same 
personnel under conditions presumably more 
conducive to accuracy than those usually 
encountered in field tests, results were so 
inconsistent that the procedure was soon 
abandoned m favor of resistance measure¬ 
ments. 


impossibility of properly covering 
bulbs with pads or putty when, on shut¬ 
down, thermometers must be quickly ap¬ 
plied through small openings, is in itself a 
sufficient justification for a revision of the 
standards relating to temperature measure¬ 
ments on partially enclosed and totally 
enclosed machines. Thermometer obser¬ 
vations of stator core temperatures, in the 
fan-cooled motor inyestig;ation just men¬ 
tioned, indicate that even when the bulbs 
are immersed in oil in small wells drilled in 
the core structure to receive them, and are 
as a consequence forded a fairly close con¬ 
tact with the laminations, and almost com¬ 
plete protection from the influence of air 
streams, the readings are likely to be from 
four to eight degrees too low unless the an¬ 
nular openings around the stems at the top 
of the bulbs are completely closed with cones 
of^ putty. In commercial testing under 
existing standards, where thermometers 
have to be pushed in through holes at the 
conclusion of a run, the ‘‘point contact,” 
justly criticized by Mr. Summers, is about 
all that can be expected; and, although at 
standstill the bulbs are not subject to cool¬ 
ing by forced convection, the large per¬ 
centage of bulb area exposed to the sur¬ 
rounding air is certain to have a marked but 
indeterminable effect in lowering the read¬ 
ing. Such observations, though possibly of 
interest in comparing the performance of 
different designs, are obviously inadequate 
as a basis for rating machinery. 

Both Mr. Potter and Mr. Summers very 
properly emphasize the great importance of 
an accurate determination of the winding 
temperature corresponding to “cold resist¬ 
ance.” This correlation is unquestionably 
the most vital step in the successful applica¬ 
tion of the resistance method as a means of 
securing dependable heating data on ma¬ 
chinery insulation, particularly in the case 
of motors of the enclosed type. For as the 
extent of enclosure is increased, not only 
are the windings less accessible to ther¬ 
mometers, but much more sluggish in cool¬ 
ing after load tests or in following changes 
in ambient temperature. With a com¬ 
pletely closed structure many hours may 
elapse after any thermal disturbance be¬ 
fore the copper reaches the exa-ct tempera¬ 
ture of parts, such as laminations, bearing 
brackets, or shields, to which thermometers 
can be conveniently applied. In an en¬ 
deavor to attain an accuracy well within 
one degree in the evaluation of average 
winding temperatures, I have found it 
necessary to remove both end covers of the 
motor enclosure, place thermometers on the 
insulation and adjacent laminations, and, 
taking readings at regular intervals, defer 
the “cold resistance” measurement until a 
state of complete thermal equilibrium 
with the ambient was observed. While 
such a degree of disassembling would doubt¬ 


less be inconvenient in factory testing, and 
Ordinarily impracticable in the field, its 
desirability in an engineering investiga¬ 
tion shows that the code requirements 
quoted by Mr. Potter and the precautions 
urged by Mr. Summers are extremely im¬ 
portant and none too severe. 

In M extended research where, after due 
mv^tigation, thermometers can be stra¬ 
tegically and permanently placed with bulbs 
properly protected from the influence of 
surrounding air, the temperatures which 
they indicate may be fully as consistent as 
those determined by any other means; 
but when hurriedly applied after shutdown, 
with insufficient contact area, inadequate 
bulb protection, and no certainty as to 
correct location, the accuracy of the result¬ 
ing hottest-spot temperature cannot com¬ 
pare with that attainable by resistance 
measurements. Moreover, in loading-back 
tests, the resistance method offers the possi¬ 
bility^ of checking winding temperature at 
any time during the run by the momentary 
removal of a-c power to permit bridge ob¬ 
servations, the machine being driven by its 
loading generator during this interval. 
Whether or not resistance values obtained 
imder these conditions would be acceptable 
as a criterion of ultimate insulation tem¬ 
perature at the end of test, is open to ques¬ 
tion; but, in some instances at least, I 
have found them to yield results apparently 
more dependable than those of readings 
taken after the machine was shut down. 


L. A. Kilgore (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): In the measurement of temperature 
by resistance, there is an additional dif¬ 
ficulty not mentioned by C. P. Potter and 
E. R. Summers. This difficulty arises from 
the fact that the temperature of a winding 
changes very rapidly in the first few minutes 
after shutdown and the reading at one 
minute after shutdown may be about two 
to six degrees lower than the actual aver¬ 
age temperature; furthermore, if one tester 
gets the readings in minute and another 
in U /2 minutes, the readings may differ by 
about this same amount. 

There is an accurate method of over¬ 
coming this difficulty which the writer be¬ 
lieves should be incorporated as part of 
any proposed standard test by resistance, 
to be used whenever the readings cannot be 
taken within one-half minute. This method 
consists of plotting the curve of tempera¬ 
ture (or resistance) against time and pro¬ 
jecting back to the instant of shutdown. 
The initial slope of this time-temperature 
curve can be shown to be the initial average 
loss per unit of conducting material divided 
by lie thermal capacity. Thus, in copper 
(neglecting eddy currents and using con¬ 
stants for copper at 75 degrees), the initial 
rate of change in degrees centigrade per 
minute is equal to 0.9 times (current den¬ 
sity in thousands of amperes per square 
inch).* 

With tests made in this more accurate 
manner (projecting back to the instant of 
dumping load), our general experience on 
open motors above 200 horsepower has 
been that 10 to 16 degrees differential 
ej^ts between temperature by resistance 
and by thermometer. For totally enclosed 
motors, this differential is somewhat less, 
depending on how the machine is ventilated 
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and how hard it is worked, but tests on a 
number of motors indicate a five- to ten- 
degree differential. 

It may be desirable to use temperature 
by resistance for enclosed machines and 
other inaccessible machines, but before 
this can be made standard, an agreement 
must be reached on the exact method of 
test and on the proper differential between 
resistance and thermometer temperature 
limits. 


Henry Thomas (Sun Oil Company, Phila¬ 
delphia, Pa.): The papers by Mr. Summers 
and Mr. Potter have covered the subject so 
well and presented data and logical dis¬ 
cussions in such a complete form, that there 
is little to be added. The points are 
brought out so clearly showing the weak¬ 
ness of the existing methods of temperature 
determination and the* advantages and the 
reasonableness of the resistance method, 
that there seems no answer except to adopt 
it as the only consistent, accurate, and con¬ 
venient method to be used for all types of 
motors, but especially that of the enclosed, 
or partially enclosed t 3 rpe. 

The authors have brought out very clearly 
that the thermometer method at best gives 
quite variable results, cannot be checked 
by any two persons, even those experienced, 
and that with a very large number of 
present-day motors it is impossible, or prac¬ 
tically so, to use thermometers. 

I have very strongly favored the use of 
the resistance method for use on induction 
motors since 1930 and this method has been 
specified on all equipment purchased by 
the company that I represent since that 
time, A great many tests have been made 
on motors of practically all sizes and types 
and from various manufacturers which 
have fully convinced me that this method 
is first of all, far more consistent, is easily 
made, and can readily be used in the shop 
or in the field. When the preliminary rcr 
port on the test code for induction motors 
was first brought out, I wrote to the chair¬ 
man of that committee regarding this 
matter, and recommended its adoption as 
the standard method, but allowing the use 
of thermometers either for special purposes, 
or as a check. 

I am in agreement with most of the con¬ 
clusions drawn from the data and reasoning 
presented in the papers. These conclusions 
and recommendations, if carried out, 
v^ll prove a distinct advance in the accurate 
aii!d consistent temperature rating of in¬ 
duction motors. 

With reference to one of the proposals, 
however, I have been able to find very little 
justification for placing the new limits of 
temperature rise as measured by resistance 
five degrees centigrade above the present 
limit determined by thermometer. Our 
own careful observation over a period of 
eight to ten years indicates that the tem¬ 
perature rise of induction motors of the 
usual commercial types will agree very 
closely when taken by the resistance method 
and by thermometer, provided the ther¬ 
mometer is used with proper care as to 
sdection of location on the winding and 
proper placing and protection of the ther¬ 
mometer bulb, or if a thermocouple is used 
and placed with the same consideration. 

An analysis of the data presented in Mr. 
Summers' paper will, I believe, bear this 
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out to a very large degree, for example in 
table III. 

Average temperature rise, fan-cooled motors— 
46.9 degrees centigrade by resistance, 48.0 degrees 
centigrade by thermometer 

Average temperature rise, enclosed (no fan) motors 
—40.1 degrees centigrade by re^stance, 39.5 degrees 
centigrade by thermometer 

Average temperature rise, splashproof motors— 
29.0 degrees centigrade by resistance, 30.8 degrees 
centigrade by thermometer 

Average temperature rise, open motor—^26.9 degrees 
centigrade by resistance, 29.0 degrees centigrade by 
thermometer 

Our own tests on motors of various 
makes of the above tirpes bear out these 
results very closely in every respect. If 
comparison is made of the thermometer 
against the resistance method, when ther¬ 
mometers are placed on practically any 
location on coils and without proper 
covering of the bulbs, either because of in¬ 
difference or because gf lack of accessibility 
of the parts, then the difference of the two 
methods may be 6 degrees centigrade or 
much more, up to 16 degrees centigrade or 
20 degrees centigrade, as pointed out in the 
paper. 

Mr. Summers states: "The resistance 
method gives results that are essentially the 
equivalent of careful exploration by ther¬ 
mometer.” It should be remembered that 
the present method considers the rise as 
that of the hottest point on the winding, 
iron, or active parts of the motor, which 
can be read by thermometer, so it is only 
logical in making comparisons that read¬ 
ings as taken by the resistance method 
should be compared with the thermometer 
method when it is done in all its details 
with proper care. I believe it is quite evi¬ 
dent, even with open motors, that it is more 
difficult and requires more time to take a 
sufficient number of thermometer readings 
to get the highest accessible temperature, 
than to take the reading by the resistance 
method. In the case of the enclosed motor, 
as indicated in the paper, the resistance 
method is the only practical one. 

I do not believe any term such as "con¬ 
ventional allowance” should be considered 
in adopting a new method of rating, whether 
it refers to five degrees, ten degrees, or any 
other amount. A change to the resistance 
method would place the determination of 
temperature on an accurate basis with all 
data readily determinable, and easily 
checked. 

The present standard of temperature 
rise, especially for closed motors, is already 
high and should not be changed because the 
resistance method is used. The resistance 
method is an average indication and does not 
indicate what is the so-called "hot spot” 
condition. The temperature which can be 
obtained by the thermometer method, if 
sufficient care is used, may be as high or 
even higher than by resistance, since it 
takes in all active parts as well as the wind¬ 
ings. For this reason I feel that the present 
temperature rise should be maintained. 


R. J. Sullivan (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
The adoption of motor temperature rise 
determination by resistance as the standard 
method, as proposed in these papers, is a 
step which is long overdue in the motor 
manufacturing industry. Manufacturers 

Measurement of Temperature 


have been measuring temperature rise by 
resistance for years as a check on thermome¬ 
ter measurments, but the results obt^ed 
with the thermometers have largely been 
relied upon in rating motors and making 
test reports, due to the fact that this method 
has been specified as standard. 

The writer, having been responsible for 
motor design and testing in several organiza¬ 
tions, and being now associated with an 
organization which applies many motors, 
has long believed that motor temperature 
rise obtained by the resistance method is 
simpler, more consistent, and more accurate 
than that obtained by the thermometer 
method, and that the resistance method 
should be adopted as the standard method. 
Mr. Summers and Mr. Potter have made a 
valuable contribution to the industry by 
providing quantitative proof to support 
their recommendations. 

When the resistance method is used with 
the proper equipment and precautions, 
persons not associated with the tests can 
rely on the reported results or check them, 
without the uncertainty which accompanies 
results obtained by thermometer measure¬ 
ments in regard to the location and method 
of application of the thermometers, presence 
of drafts, thermometer preheating and 
time of application after shutdown, and 
other factors. 

An orgamzation which purchases motors 
in any considerable quantity can better 
afford to invest in the necessary equip¬ 
ment for accurate resistance measurements 
than to maintain skilled test personnel for 
the intelligent application of thermometers 
in heat runs. The resistance method is a 
much more convenient and consistent 
method for the motor consumer to use, es¬ 
pecially in the case of enclosed or built-in 
motors, and it would be of considerable 
value to have these tests consistent with 
the methods used by the motor manu¬ 
facturers as a basis for ratings, guarantees, 
and test reports. 

The precautions emphasized in the 
papers in regard to taking "cold resistance” 
are important and should not be overlooked 
by anyone checking motor temperature rise 
by the resistance method. A motor may 
be brought in for test from an tmheated 
storeroom where the ambient temperate 
is 20 degrees centigrade or 26 degrees centi¬ 
grade less than that of the test room, or a 
field test may be made before a machine has 
thoroughly cooled after previous operation 
in service. The resistance changes approxi¬ 
mately one per cent for each 2 ^/ 2 -degree- 
centigrade difference in temperature. 


R. E. Hellmund (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burg, Pa.): The paper by Mr. Summers 
recommends a change from the thermometer 
to the resistance method of measuring 
temperature-rise in our various commercial 
standards (see also reference 7 of the paper). 
There is no question as to the desirabilily 
of making tlfis change for some tjrpes of 
machines, but it is doubtful that a whole¬ 
sale change, including large machinery, is 
justified at this time. Whenever and 
wherever the change is made, a question 
immediately arises as to the value which 
should be used for the permissible tempera¬ 
ture-rise by resistance. The natural in¬ 
clination is to establish this value by taking 
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A 

B 

C 


106 ... 

.106 .. 

..106 

.. 105 

40 ... 

. 26 .. 

So 

.. 30 

12 ... 

. 6 .. 

..6 

.. 10 

( 22 . 6 ).. 

• ( e . 5 ). 

.. ( 9 ) 

.. ( 15 ) 

63 ... 

. 76 .. 

..69 . 

.. 66 

10 ... 

. 0 

3 . 

.. 0 

( 23 ) ... 

. 0 .. 

.. ( 4 . 6 ). 

0 

43 ... 

. 76 .. 

..66 . 

.. 65 

6 ... 

. 3 .. 

..3 . 

6 

( 16 ) ... 

- ( 4 ) .. 

.. ( 6 ) . 

..( 8 . 6 ) 

37 .., 

.72 ... 

.63 . 

.. 60 

7 .. 

.. 2 ... 

. 3 . 

0 

( 23 . 6 ).. 

.. ( 3 ) .. 

.. ( 6 ) . 

.. 0 

30 .. 

.. 70 .. 

..60 . 

.. 60 

6 ... 

. 4 .. 

8 . 

.. 10 

(26) .. 

.. (6.6). 

..(16.6). 

.. (20) 

24 ... 

.66 .. 

..62 . 

.. 50 


Allowable hot-spot temperature (degrees).. 

^owance for ambient (degrees)... 

Allowance for difference between hot-spot and resistance measure¬ 
ment (degrees). 

Per cent.. 

Temperature rise by resistance (de^^ees)........!!!!!!!!!!!!!!!! 

Allowance for load factor (degrees). 

Per cent. 

Temperature rise allowing for load factor (resistance) (degrees).... 

Allowance for variations in power supply (degrees). 

Per cent..T. ] 

Temperature rise allowing for load factor and variations in power 

supply (resistance) (degrees). 

Allowance for service mounting (degrees)... 

Per cent.*.V.*.*.*.*.* 

Temperature rise allowing for load factor, variations in power sup¬ 
ply, and service mounting (resistance) (degrees). 

Allowance for difference between resistance and thermometer (de¬ 
grees). 

Per cent. !!*!!!!!!!!!!!!!!!!!!!!!!!!!!!! 

Temperature ri^ allowing for load factor, variations in power sup- 
ply, and service mounting (thermometer) (degrees). 


into account the difference between the 
values by thermometer and by resistance 
determined by tests such as described in 
the paper. Bata of this nature undoubt¬ 
edly are of value and should receive due con¬ 
sideration; however, it should be deter¬ 
mined whether a better method might not 
be to work down from the more basic value 
allowed for the hot-spot temperature to a 
permissible value by resistance. In so 
doing, it will not be practicable to make 
allowance for each of the various factors 
independently, but the whole problem 
should be considered broadly and a de¬ 
cision reached regarding the best philosophy 
of rating. 

In rating and applying electric motors, a 
^eat many factors have to be given con¬ 
sideration, such as the permissible hot-spot 
value, ambient temperature, the difference 
between the hot-spot and resistance meas¬ 
urements, variations in power supply 
(particularly voltage), service difficulties 
resulting from insufficient knowledge of the 
expected load, differences in cooling be¬ 
tween the test-floor and service mounting, 
etc. All of these factors mre not merely 
theoretical possibilities, but can be of ap¬ 
preciable importance either individually 
or collectively. In table II of this dis¬ 
cussion an attempt has been made under A 
to take all of these factors into account. 
The differences between temperatures are 
given in degrees and also in percentages, 
the latter in most cases beipg the best 
figure for evaluation. The allowances for 
all vdues under A are not the maximum 
experienced for each particular factor indi¬ 



cated but are values approximating the 
safer limit. It will be noted that this 
method results in a temperature-rise of 
30 degrees by resistance and of 24 degrees 
by thermometer. Obviously, nobody would 
consider the adoption of these values as 
rating standards in view of the extensive 
experience available showing satisfactory 
all-round results with the present 40- and 
50-degree ratings (by thermometer). This 
is simply an admission of the fact that we 
cannot afford to adopt methods too con¬ 
servative, because it would result in an 
enormous economic waste. 

Under J5, values have been introduced 
approximating the average values found in 
practice. Zero has been given for the load 
factor because the actual load will be below 
at least as frequently as above the esti¬ 
mated load values. This leads to values 
of 70 degrees rise by resistance and 66 de¬ 
grees by thermometer. It is again evident 
that nobody will seriously consider this 
practice, because experience with 40- and 
50-degree ratings (by thermometer) do not 
indicate that the appreciably higher values 
given under B can be used safely. Under 
Cy certain intermediate values have been 
selected more or less arbitrarily, resulting 
in a value of 60 degrees by resistance. 
There is no particular merit in the values 
given under C except that they lead to 
60 degrees, vrhich is the international value 
and one which also is now used in a number 
of our American standards. All of these 
figures indicate that the tendency which has 
developed to allow in the rating structure 
for all sorts of possibilities is impracticable. 

We should, therefore, realize that in rat¬ 
ing and applying machines there are three 
responsible parties involved—^namely, the 
manufacturer, the central station, and the 
user—and that no one of them can be held 
responsible for factors which are beyond 
their knowledge or control. This naturally 
leads to a method of establishing satis¬ 
factory values for a rating structure such 
as shown under B. Here the equivalent 
ambient temperature has been assumed to 
be 30 degrees, a value which will cover the 
majority of all applications; a rather 
liberal allowance has been made for the 
difference between the hot-^ot and re¬ 
sistance measurement values, and a moder¬ 
ate allowance has been made for the fre¬ 
quently occurring smaller variations in the 


power supply. The value arrived at for the 
resistance method is 60 degrees. With this 
as a background, the user knows that the 
machine which he buys will be suitable for 
the majority of reasonably normal condi¬ 
tions met in practice. On the other hand, 
if he feels that in his application he is 
likely to encounter exceptionally high am¬ 
bient temperatures or that his power supply 
differs considerably from the rated value 
of the motor, or, again, if he is uncertain 
about his load or is not sure that he is 
applying the motor without interfering 
with the normal cooling and ventilating 
provisions, he must make allowances for 
such variations either through his own 
knowledge or by consulting available appli¬ 
cation data or the supplier of the motor. 



The inadvisability of basing the tempera¬ 
ture-rise value by resistance on certain 
differences between thermometer and re¬ 
sistance measurements is further indicated 
by figures 1 and 2 of this discussion. In 
figure 1, curve R gives the time-tempera¬ 
ture curve (by resistance) after shutdown, 
and curve T is the corresponding value by 
thermometer. In this figure it is assumed 
that the time t expires before the first 
reading can be taken and that we are 
dealing with a large machine in which the 
copper temperatures are higher than the 
temperatures in the core. Both curves are 
extrapolated toward t — 0, If the ther¬ 
mometer is placed at the end connections, 
which may be the only accessible place, it will 
be found that the actual temperature is likely 
to rise for some time after shutdown, as 
indicated by the portion F of curve T. 
This means that the actual difference in 
operation between the thermometer and 
resistance values corresponds to A, while 
the difference at the earliest time of measure¬ 
ment corresponds to B. If both curves 
are extrapolated as shown by the dotted 
lines, we obtain the value C. We therefore 
have three, widely different values to 
choose from, and consequently the final 
result will be greatly influenced by the pro¬ 
cedure followed. 

Figure 2 is intended to give similar condi¬ 
tions for a machine in which the core is 
hotter than the coil portions in the slots. 
Here the temperature, by resistance, of some 
coil portions is likely to rise slightly after 
shutdown, as indicated by the portion Fi 
of curve Ri, Curve Rz corresponds to the 
value of resistance applying for certain 
portions of the coils away from the core, 
while curve R may be considered to repre¬ 
sent the average of all coil portions. Curve 
T again represents the value determined by 
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thermometer as it is likely to be in this case. 
We now can again choose from the values A, 
B, and C, which widely differ from one 
another. All of these discrepancies may 
not be of primary importance in per cent 
of the total temperature-rises, but the 
figures merely show that there are some 
difficulties encountered in an attempt to 
obtain the difference between the thermome¬ 
ter and resistance measurements with any 
degree of accuracy. 

In the use of the resistance method for 
large machines, there is one inherent diffi¬ 
culty of considerable practical importance. 
Frequently the temperatiu-e of the test floor 
varies appreciably and rather suddenly 
with weather changes; however, the re¬ 
sistance temperatures of large machines 
will follow such changes only slowly. This 
will naturally result in errors in the cold 
resistance of the machine, which is an im¬ 
portant factor in the determination of the 
temperature rise by the resistance method. 
Since it is not always possible to delay tests 
until the copper temperature is the same 
as that of the surrounding air, some dis¬ 
crepancies will be unavoidable, particularly 
in the larger machines. 


C. P. Potter (Wagner Electric Corpora¬ 
tion, St. Louis, Mo.): In his paper, Mr. 
Summers calls attention to the fact that 
“all the surface measurements on the stator 
windings of the totally enclosed and totally 
enclosed fan-cooled motors of table III 
were obtained with thermocouples which 
were well distributed in order to locate the 
hottest point.*' In other words, “the test¬ 
ing procedure for the enclosed machines 
was carried beyond the requirements of the 
ASA standards, because some of the thermo¬ 
couples were in locations that could not have 
been reached by inserting thermometers 
through holes in the frame.** He further 
states that “the recorded winding sinface 
temperatures were approximately 3 degrees 
centigrade higher on the average than 
could have been obtained by the thermome¬ 
ter method.** The following table shows 
the results of the temperature tests on the 
totally enclosed motors, including tem¬ 
perature readings by thermometer which 
were estimated by assuming that the rise 
by thermocouple is 10 per cent higher than 
the rise by thermometer. 


TotaUy 

Enclosed 

Fan Totally 
Cooled Enclosed 


(A) Average temperature rise 

by thermocouple of hot¬ 
test winding surface—de¬ 
grees centigrade. 48 

(B) Average temperature rise , 
by thermocouple of hottest 
accessible winding surface 

—degrees centigrade. 45 

<C) Average temperature rise 
by thermometer of hottest 
acces^ble winding surface 

—degrees centigrade. 40.9 

(D) Average temperature rise 
by resistance—degrees 

centigrade. 46.9. 

iD — A) Difference between tem¬ 
perature rise by resistance 
and temperature rise by 
thermometer —• degrees 
centigrade. 6 


.39.5 

.36.5 

.33.2 

40.1 


6.9 


In appendixes IV and V of his paper, 
Mr. Summers compares temperature by 
resistance with the maximum temperature 
observed by surface measurements on either 
the windings or core iron. After studying 
his paper, this seems to be a desirable pro¬ 
cedure but it probably accounts for some of 
the variation in results reported by different 
manufacturers. Some engineers undoubt¬ 
edly compare the temperature by resistance 
with the temperature of the winding surface. 
If this were done in table IV, the maximum 
differences between resistance measure¬ 
ments and winding temperatures (at least 
some of which were taken by thermome¬ 
ter), are eight degrees centigrade in one 
motor and seven degrees centigrade in two 
other machines. Similarly, in table IV, 
when all the winding surface temperatures 
were taken by thermometer, the differences 
between temperature rise by resistance and 
temperature rise by thermometer at full 
load and the various voltages are seven 
degrees, seven degrees, and six degrees, 
respectively. In other words, the differ¬ 
ential between winding surface measure¬ 
ments taken by thermometer and resistance 
measurements seems to be about seven 
degrees centigrade. 

In table III the temperature rise of the 
laminations of the enclosed squirrel-cage 
motors is considerably less than the tem¬ 
perature rise of the windings, while in the 
open and splashproof motors, the reverse is 
true. It would seem likely that open and 
enclosed motors of a given rating have mag¬ 
netic circuits which are more or less alike, 
and it is probable that the flux densities in 
the enclosed motors are higher than in the 
open machines. I would, therefore, like 
to ask the author, whether there is a 
possibility that the laminations are more 
accessible on the open than on the enclosed 
motors, and whether this may accotmt for 
the difference in temperatures. 

Mr. Summers deserves a great deal of 
credit for the completeness of his treat¬ 
ment of the determination of temperature 
rise of induction motors. He has pre¬ 
sented a wealth of information in a sys¬ 
tematic manner and I agree with him com¬ 
pletely in his conclusions and recommenda¬ 
tions. 

It is gratifying to have so much dis¬ 
cussion on the paper on measurement of 
temperature and to have those who take 
part in the discussion, agree, in general, 
with the conclusions reached by the writer. 
The comments made by Messrs. Hill and 
Sullivan are very interesting and Messrs. 
Anderson. Rutherford, and Veinott have 
given additional data confirming the results 
reported in the paper. Both Messrs. 
Rutherford and Veinott have also sug¬ 
gested that the allowance for the hot spot 
be expressed as a per cent rather than a 
constant value. This, in the writer’s 
opinion, is a very excellent suggestion and 
one which should be adopted. 

Messrs. Alger and Kilgore have sug¬ 
gested methods of correcting the tempera¬ 
ture rise back to the instant of shutdown, 
and Mr. Alger states that it will be possible 
to develop correction factors for motor 
temperature tests similar to those used in 
transformer practice. This can undoubt¬ 
edly be done, but it might be well to point 
out that the two cases are somewhat differ¬ 
ent. In a transformer the oil circulates 
due to the difference in temperature be¬ 


tween the top of his case and the bottom 
of the case and this circulation is not im¬ 
mediately interrupted when the tempera¬ 
ture test is finished. In a motor the ventila¬ 
tion is produced by the fans on the rotor and 
this ventilation stops as soon as the tempera¬ 
ture test is finished. In the case of an 
average motor the temperature of the 
stator iron is ordinarily less than the 
temperature of the extended parts of 
the winding. When the temperature test 
is stopped, the temperatures of the ex¬ 
posed parts of the windings decrease while 
the temperatures of the stator core increase, 
indicating that an equalization of tempera¬ 
ture is taking place in the machine. It is, 
therefore the writer’s opinion that the re¬ 
sistance in a motor winding does not de¬ 
crease nearly as rapidly as that of a trans¬ 
former winding after the temperature test 
is ended, and it is suggested that this sub¬ 
ject be given further study. 

Mr. Thomas has commented from the 
point of view of the motor user and while 
he agrees that temperature rise should be 
measured by the resistance method, he does 
not agree that any higher values of tem¬ 
perature rise be assigned if the change in 
method is approved. This again is a 
subject which deserves, and will have, 
further study before any changes are made 
in existing standards. 


E. R. Summers: In his paper Mr. Potter 
has. presented data and arrived at con¬ 
clusions which are in close agreement with 
my test results and recommendations. The 
following remarks regarding his discussion 
of my paper do not represent any basic 
difference of opinion, but are intended only 
to supplement some of the points which he 
has mentioned. 

Mr. Potter has estimated that ther¬ 
mometers would have indicated ten per 
cent less winding temperature rise than 
was actually obtained with thermocouples 
on the totally enclosed fan-cooled and 
totally enclosed motors of table III. Non¬ 
uniformity of testing practices among differ¬ 
ent organizations give rise to considerable 
variations between the temperature differ¬ 
entials obtained by comparing thermometer 
and thermocouple readings. The leads of 
several thermocouples can be brought out 
through one hole in the frame, whereas a 
separate hole must be drilled for each ther¬ 
mometer used in an enclosed motor. Con¬ 
sequently readings are likely to be obtained 
at more points with thermocouples than 
with thermometers, and any general com¬ 
parison of the two devices usually involves 
differences in thoroughness of exploration 
as well as variations in contact with in¬ 
ternal parts. Furthermore thermocouples 
can readily be placed in locations not ac¬ 
cessible to thermometers, and dependable 
comparisons would require exactly the same 
mounting positions. 

Mr. Potter emphasizes the probability 
that some manufacturers compare tempera¬ 
tures obtained by the resistance method 
with thermometer measurements taken on 
the windings only. Such comparisons are 
not valid, because the thermometer method 
as defined in the standards includes the 
hottest surfaces on the laminations as well 
as on the windings. On the majority of 
open and splashproof motors, the lamina¬ 
tions are hotter than accessible parts of the 
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winding. To interpret comparative data 
from different manufacturers, it is therefore 
essential to ascertain if reaings on lami¬ 
nations are included. If lamination tem¬ 
peratures are omitted on open or splash- 
proof motors, the data cannot be used 
directly for purposes of standardization. 

From my experience, I find that ther¬ 
mometers and thermocouples when used in 
exactly the same locations with similar 
protective coverings will give readings 
which usually agree within the accuracy of 
the test, or within two degrees centigrade, 
as indicated in the data for motor X in 
table I. 

Mr. Potter has questioned the data on 
the totally enclosed motors of table III 
because the indicated temperatures on the 
laminations are considerably less than on 
the windings. Since the lamination and 
winding temperatures are very nearly the 
same on totally enclosed motors, thermo¬ 
couples were placed on the windings only. 
The laminations were not accessible, and 
the indicated temperatures are lower than 
the actual values by the amount of thermal 
drop through the frame as indicated by the 
asterisk and note at the bottom of table III. 
These apparent discrepancies in lamination 
temperatures are indicative of the differ¬ 
ences which may be expected when tempera¬ 
tures are measured only on the outside of 
the frame on totally enclosed motors. 

Mr. Kilgore states that winding tempera- 
ttires change very rapidly in the first few 
minutes after shutdown, and that test 
results by the resistance method may vary 
as much as six degrees centigrade if one 
tester gets the readings in 0.6 minute and 
another requires 1.5 minutes after shutdown. 

Heat energy is dissipated at a much lower 
rate after shutdown than when operating 
at normal load. For a machine operating 
at a nominal current density of 2,600 
amperes per square inch, the initial rate of 
change of copper temperature during the 
first few seconds after removing load (while 
motor is still coasting at full speed) is ap¬ 
proximately 0.9 5*6 degrees centi¬ 

grade per minute. However this high 
rate of change does not persist for two basic 
reasons: 

1. The thermal capacity of the adjacent insulation 
and laminations occasions a sharp decrease in rate 
of change In copper temperature after the first few 
seconds. 

2. The motor ventilation decreases as the machine 
is decelerated. 

In many cases the motor can be stopped in 
less than one-half minute. The change in 
average copper temperature during decelera¬ 
tion will seldom exceed two degrees centi¬ 
grade if the machine is stopped promptly, 
and part of this change can be accounted 
for by extending the resistance curve to zero 
time. 

After a motor is stopped the rate of change 
in average copper temperature is usually 
less than one degree centigrade per minute 
for the first ten minutes. Figure 3 of this 
discussion shows the change in temperature 
by resist^ce method after shutdown on 
eight typical motors representing widely 
different ratings and t 3 rpes of construction. 
Zero time indicates the instant of opening 
circuit breaker to remove load. The dotted 
portion of each curve shows the time re¬ 
quired to stop the motor and obtain first 



Figure 3. Curves showing change in average 
winding temperature after shutdown (resistance 
method) 


Curve 

Form of 

Motor 

Construction 

Horse- Speed 
power (Revolutions 
Ratins per Minute) 

A-.. 

.Open.;. 

. 25... 

...1,800 

B... 

. .Spiashproof. 

, 15... 

... 900 

c... 

. .Totally enclosed fan-cooled 

. 50... 

...3,600 

D... 

..Totally enclosed fan-cooled.300... 

...1,800 

£... 

. .Totally enclosed........... 

,60... 

... 900 

F... 

. .Totally enclosed fan-cooled. 

5... 

... 720 

G.. 

. .Spiashproof. 

30... 

... 900 

H... 

• Open. 

40... 

...1,800 


resistance reading. Curve A is the only 
case where a probable change in tempera¬ 
ture of as much as six degrees centigrade 
is indicated during the first minute, and this 
occurred on a 40-degree-Centigrade-rated 
26-horsepower motor that had been operated 
continuously at 168 per cent of normal load 
and which had an abnormal t^perature 
rise of 108 degrees centigrade one minute 
after removing load. 

To obtain reliable temperature measure¬ 
ments by either the thermometer or re¬ 
sistance methods, provision must be made 
for stopping the machine promptly to mini¬ 
mize cifects of ventilation by motor fans. 
It is far more important to decelerate the 
motor quickly than it is to measure the 
resistance immediately after stopping, be¬ 
cause heat energy is .dissipated much 
faster while the motor is running (except 
for totally enclosed machines). The differ¬ 
ence in resistance readings taken 1.6 minutes 
instead of oxily 0.6 minute after stopping 
motor is seldom more than would corre¬ 
spond to one degree centigrade on enclosed 
motors or two degrees centigrade on open 
machines. 

The average differentials of 10 degrees 
centigrade to 16 degrees centigrade which 
Mr. Kilgore reports between thermometer 
and resistance methods are much greater 
than I have observed, and this disagreement 
in results is probably caused by (1) differ¬ 
ences in thermometer exploration, (2) 
omission of lamination temperatures, and 
(3) differences in estimated change in cop¬ 
per temperatures during deceleration, lit, 
Kilgore’s comments would indicate that the 


16-degree-centigrade conventional allow¬ 
ance is not suflSlcient for thermometers, if 
the resistance readings indicate 15 degrees 
centigrade higher average temperature than 
the thermometer method. 

Mr. Hellmund’s discussion is quite broad, 
and a number of his general comments apply 
equally well to all methods of temperature 
measurement. In the table where he has 
evaluated the various factors concerned 
with motor rating, the combined effects 
of service factor, variations in power supply, 
and allowance for service mounting are 
superimposed to arrive at the '‘conserva¬ 
tive” limit of 30 degrees centigrade resist¬ 
ance rating in column A for general pur¬ 
pose motors. Under the present standards 
the 16 per cent (or ten degrees centigrade) 
service factor*is imposed only for normal 
conditions of power supply and ventilation, 
and is not intended to apply for abnormal 
operating conditions. However, his evalu¬ 
ation of these different factors is certainly 
of pertinent interest. 

Since the American and AIEE standards 
now specify the thermometer method, any 
general change to the resistance method 
necessarily involves direct differentials be¬ 
tween. the two methods. The cooling curves 
which Mr. Helhnund presents indicate that 
these differentials are quite indefinite and 
that widely varying values may be ob¬ 
tained. These curves make the problem 
appear more difficult than it really is. 

The temperature by the thermometer 
method as now defined in the standards is 
the highest observed reading on either 
laminations or windings before or after 
shutdown, and would correspond definitely 
to the maximum point on Mr. Hellmund's 
curve marked T which should represent the 
highest reading thermometer. 

The temperature by the resistance 
method may be defined either as the tem¬ 
perature immediately after shutdown (with¬ 
in a specified time) or as that obtained by 
projecting curve R to zero time. As 
previously stated the effect of projecting 
curve R to zero time sddom changes the 
result by more than two degrees centigrade 
if the motor is stopped promptly, and there¬ 
fore the values from which one must choose 
arc not widely different. 

In the case of large or high-speed motors 
where no provision can be made to stop 
them quickly, the resistance method as 
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Duty Cycles and Motor Rating 

L. E. HILDEBRAND 

MEMBER AIEE 


Synopsis; The horsepower rating of. a 
motor carries a dual implication—first, 
torque ability; second, temperature rise. 
The two are frequently confused. In 
selecting motors for duty-cycle jobs the 
two concepts should be considered sepa¬ 
rately. The motor rating and type should 
be chosen to fit the torque requirements of 
the job. The proper time rating or service 
factor to associate with this horsepower 
rating to insure satisfactory insulation life 
can be determined from the duty cycle. 
Use o® oversize continuously rated motors 
instead of short-time-rated motors to se¬ 
cure high torque ability on variable load 
jobs imposes an economic loss. Frequent 
starting and reversing or starting high in¬ 
ertia loads imposes a temperature hazard 
frequently greater than heavy overloads. 
Horsepower rating as now understood is not 
a satisfactory criterion of a motor’s reversing 
ability. These topics are developed by 
means of simple hydraulic analogies. 


B y definition, one horsepower 
means 33,000 foot-pounds per 
minute, equivalent to 746 watts. By 
convention and rules, the tdm horse¬ 
power when used as a motor rating. 

Paper number 3<)-59, recommended by the AIBE 
comnuttee on electrical machinery, and presented 
at the AIBE winter convention, New York, N. Y., 
January 23-27, 1939. Manuscript submitted No¬ 
vember 1, 1938; made available for preprinting De¬ 
cember 31,1938. 

L. B. HiLBBBaAND ts electrical en^^eer with the 
Omieral Electric Company, Lynn, Mass. 


carries additional implications. In par¬ 
ticular, the rating implies first, torque 
ability, and second, temperature rise. 
The horsepower rating suggests the 
ability of the motor from a torque stand¬ 
point to start, accderate, and carry an 
overload of some magnitude. Also, the 
motor will carry steady rated load, or a 
specified overload for a specified time 
without exceeding a stated temperature 
rise. 

Neither of these implications, nor any 
rules or generally known conventions, 
clearly suggest what a given motor will 
do on a duty-cycle job with a varying 
load, particularly if starting or reversing 
constitutes a regular part of the duty 
cyde. Sometimes, unduly large and 
costly motors are used to secure high 
torque ability for a temporary overload. 
A short-time-rated motor, for example 
one hour, 60 degrees, of correct size and 
rating would be more economical. 
However, if frequent starting or reversing 
or if starting a heavy flywhed load con¬ 
stitutes a regular part of the duty cyde, 
there is a distinct tendency to ‘‘under¬ 
motor” because there is not a general 
recognition of the heavy overload im¬ 
posed by such service. 

This paper is primarily concerned with 
what performance may ordinarily be 


previously described is not directly applic¬ 
able, and imbedded detectors are recom¬ 
mended. Mr. Hill has mentioned the possi¬ 
bility of opening the power circuit momen¬ 
tarily to obtain resistance readings while 
the machine is running. We have taken 
some data in this manner which was con¬ 
sistent in every respect. Our experience 
with this method of taking resistance read¬ 
ings is not yet considered condusive, but 
such a procedure does offer a possible means 
of testing large motors which cannot be de- 
cderated in a reasonable.time. 

Mr. Hellmtmd’s comments on the diffi¬ 
culty in obtaining dependable cold resistance 
temperatures are well stated. In general 
it is more difficult to obtain the "cold” 
winding temperature within one degree 
with thermometers when the ambient is 
changing, than it is to measure the ohmic 
resistance with comparable accuracy using 
a suitable double bridge. Mr. Sullivan 
and Mr. Hill have also carefully discussed 
the importance of accurate cold tempera¬ 
ture measurements. 

Mr, Thomas has objected to any addition 
to the present thermometer ratings to ob- 
tdn the proposed new ratings by resistance. 
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The suggested increase of five degrees was 
not intended to represent any expected 
difference between resistance data and the 
temperatures which could be obtained by 
a thorough exploration with thermometers 
(or thermocouples). This increase is sug¬ 
gested because the resistance method avoids 
the low readings sometimes obtained by 
thermometer, and 60 degrees centigrade 
rise by resistance is considered to be fully 
as conservative as 66 degrees centigrade 
rise by thermometer. On the basis of 
40 degrees centigrade ambient and 106 
degrees centigrade limiting hottest-spot 
temperature, a resistance rating of 60 
degrees centigrade provides a hot-spot 
allowance of 6 degrees centigrade which 
tests indicate to be a representative value 
for totally enclosed motors. 

It is very pleasing to note the close agree¬ 
ment between the discussions of Messrs. 
Potter, Hill, Sullivan, and Thomas. Al¬ 
though not in complete agreement on the 
proposed differentials and ratings by re¬ 
sistance, everyone apparently agrees in 
principle that the resistance method is 
desirable for enclosed and inaccessible ma¬ 
chines. 

Hildebrand—Motor Rating 


expected from average polyphase squirrel- 
cage induction motors like those used on 
machine tools and similar applications 
when the load is not steady and con¬ 
tinuous. 

Torque Ability 

In selecting a motor for a particular 
job, it is expedient and conducive to 
obtaining better performance or smsdler 
motors, to consider the two concepts, 
torque and temperature, separately. 
First choose the horsepower rating from 
a torque standpoint only without any 
consideration of temperature. Tempera¬ 
ture rise is considered separately later. 
The motor must have sufficient starting 
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Figure 1. Typical speed-torque curve class 
A and B motors 

torque to start the load under the ad¬ 
verse conditions of low line voltage and 
reasonable overload. The motor must 
have sufficient accelerating torque to 
bring this load up to full speed. Some¬ 
times the distinction between starting 
and accelerating torque is not made and 
higher starting torque than necessary is 
specified because of experience with 
another type motor which had low accd- 
erating torque. The motor must have 
sufficient breakdown torque to carry a 
reasonable overload with low line voltage 
without an excessive drop in speed. More 
than adequate torque ability is an ex¬ 
travagance paid for by other characteris¬ 
tics or increased size. 

There are four readily available classes 
of squirrd-cage motors: 

Class A, Normal starting torque, normal 
starting current (usually made with a single¬ 
cage rotor) 

Class Normal starting torque, low 
starting current (frequently made with a 
double-cage rotor) 

Class C. High starting torque, low starting 
current (usually made with a double-cage 
rotor) 

Class D. High starting torque, high slip 
(almost always single cage) 

In this paper we will generally not 
distinguish between classes A and B as 

Electrical Engineering 








they are usually interchangeable in ap¬ 
plication. 

To establish a reason for selecting a 
particular horsepower rating and a par¬ 
ticular class motor to do a particular 
job, typical speed-torque curves for 
average motors are shown in figures 
1, 2, and 3. Data are intended for illus¬ 
trative purposes only, as individual 
motors may depart appreciably from 
the average. Points A and B, figure 1, 
show minimum and tTiflYiTniim logical 
values for breakdown torque. It is as¬ 
sumed that any motor should carry some 
overload, say 25 per cent at 10 per cent 
reduced voltage, with a reasonable mar¬ 
gin for safety, say 20 per cent. Since 
the motor^s torque ability is proportioned 
to the line voltage squared, we require 
1.25 X 1.2 -J- 0.9* — 1.85 or 185 per cent 
breakdown torque, as tested under normal 



Figure 2. Typical speed-torque curve class 
D motors 



Figure 3. Typical speed-torque curves 
class D motors 


conditions. This is dose to the 200 per 
cent minimum breakdown torque which 
is now standard for dass A and B motors. 
It is assumed that a motor would not 
ordinarily meet the miniTninn require¬ 
ments for the next higher standard rating. 
In the lower range, an average step or 
ratio of successive horsepower ratings is 
about 140 per cent. This establishes 
point B, figure 1, as 280 per cent for the 
greatest breakdown torque to be logically 
expected. 

Parenthetically, it should be noted that 
stray load losses constitute a part of the 
load on the motor. They appredably 
reduce the breakdown torque bdow the 
value given by formulas in handbooks 


which do not recognize stray load losses. 

In dass C motors, breakdown torque 
is sacrificed to obtain increased start¬ 
ing torque. See figure 2 showing typical 
values. 

With regard to starting torque, the 
writer knows of no process of reasoning 
which will suggest a logical value purely 
on the basis of the horsepower rating. 
Suitability to the usual application and 
the necessary compromises of design have 
established starting torque values for 
motors as now made. Extravagant start¬ 
ing torque can be obtained only by 
sacrifice of other desirable characteristics 
such as effidency, power factor, or 
breakdown torque. 

In figures 1,2, and 3 a portion has been 
shaded to indicate the expected variations 
of different motors and of different 
ratings. Points C and D, figure 1, 
show the total range of variation in 
starting torque of dass A and B motors. 
For different motors of a particular 
rating the range is of course smaller 
covering the lower, middle, or upper part 
of the range shown in figure 1. 

Class A or B motors should be used for 
jobs not requiring unusually high starting 
torque, not started or reversed frequently, 
or not used to start a heavy inertia load. 
As will be shown later, there are many 
cases where a shortrtime-rated dass A or 
B motor can be used economically. 

Class C motors are intended for jobs 
requiring exceptionally high starting 
torque such as redprocating compressors. 
In the smaller sizes, eflBidency may be 
sacrificed, and in the larger sizes, break¬ 
down torque must be sacrificed to obtain 
this higher starting torque. As will be 
shown later, dass C motors can be 
reversed more frequently than class A or 
5. 

Class D motors are used for a variety 
of jobs, induding: 

1. Hoists and similar jobs where maximum 
starting torque is required with sacrifice 
in ordinary effidency. 

2. Frequent reversing. 

3. Starting, stopping, and reversing high 
inertia loads such as extractors and cen¬ 
trifuges. 

In tentativdy sdecting the horsepower 
rating and best dass of motor from a 
torque standpoint, the job should be 
considered with regard to its requirements 
for starting, accelerating, and breakdown 
torque. To allow for a possible 10 per 
cent drop in line voltage, the rating must 
be high enough so that 81 per cent of the 
breakdown torque of the motor is safdy 
higher than the maximum load. (Break¬ 
down torque is proportioned to the line 


voltage squared.) Also, the speed with 
this maximum load must not be unduly 
low. If the rating is three quarters of 
the maximum load, these conditions are 
generally fulfilled. Class A motors can 
be temporarily overloaded somewhat 
“lore. If tmusually high starting torque 
is not necessary, a dass A or B motor is 
of course indicated. If higher starting 
torque is required, a class C motor is 
proper. The horsepower rating must be 
such that 81 per cent of the starting 
torque will always start the load. Again, 
we allow for low line voltage. Which¬ 
ever of these two spedfications, starting 
or breakdown torque, indicates the higher 
rating is the factor which deter min es the 
rating from a torque standpoint. With 
polyphase motors and other motors not 
having low points in the torque curve, 
extravagant starting torque is not neces¬ 
sary to secure adequate accelerating 
torque. 


Temperature 


We must now consider the motor from a 
temperattire standpoint. Is the tenta¬ 
tively sdected rating cool? If very cool 
what short-time-rated motor can be 
usefd? As is well known, temperature is 
limited because insulation deteriorates 
more rapidly at high temperatures. The 
insulation should not wear out while the 
motor is otherwise modem and usable. 
Insulation deterioration is a function of 
time as well as temperature. Thus the 
temperature rise during a short period 
may safely be somewhat higher than con¬ 
ventional values if compensated by much 
longer periods during which the tem¬ 
perature is much lower. 

The newer synthetic insulation ma- 
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terials now being used in motors have 
longer useful life than materials used a 
few years ago. Today enamel in com¬ 
bination with cellulose is generally used 
for wire insulation. This enamel is 
better and more generally used than when 
present temperatures were standardized. 
With all the developmental work now 
being done, it is not unreasonable to 
expect improvements to continue. 

Figure 4 presents a hydraulic analogy 
to explain temperature rise. (Some dis¬ 
tortion of the laws of hydraulics is neces¬ 
sary to make the analogy mathematically 
correct.) Water flowing into the tank 
is illustrative of the motor losses. Watts 
loss in the motor is analogous to cubic 
feet per minute water flow. The total 
kilowatt-hours energy loss is illustrated 
by the total cubic feet of water. The 
height of water in the tank is analogous 
to temperature. The capacity of the 
tank is illustrative of the heat storage 
capacity of the motor, proportional to the 
summation of the weight of the parts 
multiplied by their specific heat (weighted 
for temperature differences). The outlet 
at the bottom is illustrative of the heat 
dissipation by radiation, conduction, and 
convection. Obviously, the water rises to 
a level so that the outflow balances the 
inflow, that is, the temperature is steady. 

Note that the walls of the tank are not 
of uniform thickness. This suggests tlie 
time factor in insulation deterioration. 
The slow rusting or corrosion of the walls 
is analogous to wearing out of the insula¬ 
tion. (The scale for insulation life is 
distorted to keep the diagram reasonably 
small.) The diagrams which follow are 
simplified by showing a tank with a thin 
walk The reader should remember that 


a tank like figure 4 is always implied to 
represent more closely the fact that in¬ 
sulation wears out because of high tem¬ 
perature for a long time. 

In figure 5, the analogy is elaborated to 
bring in more detailed factors. Losses 
flow into the tank from two pipes—^first 
no load losses and second extra losses due 
to carrying a load. It is a quite accurate 
common assumption that the extra losses 
due to load are proportioned to the load 
squared. The heat dissipation is divided 
into two parts—^the dissipation when the 
motor is not running and the extra dis¬ 
sipation due to extra ventilation when the 
motor is running. Valve A is analogous 
to the line switch. A and C are tied to¬ 
gether to indicate “turning on” the ven¬ 
tilation when the motor is started. Valve 
B is opened more or less to indicate more 
or less load. 

Figure 5A pertains to an average nor¬ 
mal or Ingh-speed motor, say 1,200 to 
3,600 rpm. Figure 5B indicates the 
changed proportion of the factors for a 
slower speed motor, say 450 to 900 rpm 
of the same physical size but lower horse¬ 
power rating. Note the greater losses at 
no load and the lesser ventilation. 

Figures 5C and 5D illustrate short- 
time-rated motors made in the same size 
parts for which figures 5A and 5B indicate 
continuously rated motors. The horse¬ 
power rating is higher, the torque ability, 
that is, starting, accelerating, and short- 
time overload ability, are increased. 
When operated at the increased rated 
load, the losses are higher as indicated by 
the larger inflow pipes. Since the heat 
dissipation ability is not increased, ob¬ 
viously the motor cannot be operated at 
rated load continuously without exceed- 
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Figure 5. Hydraulic 
analogy illustrating 
factors affecting 
temperature rise 




Figure 6 (righO. 
Hydraulic analogy 
illustrating heavy 
poorly ventilated 
and light well-venti¬ 
lated short - time- 
,rated motors 


ing ordinary temperature limits. Ac¬ 
cording to the conventional rating, say 
one hour, 50 degrees centigrade, the 
motor is started cold and at the end of one 
hour the energy losses have been either 
stored in the parts or dissipated so that 
the motor has just reached its tempera¬ 
ture limit. In typical industrial ap¬ 
plications there is seldom siich a duty 
cycle. Usually the motor is operated 
with var 3 ring load or intermittently so 
that after a period the motor settles down 
to a continuous average temperature. 
In the analogy valves A and C may be 
open all or part time to indicate either 
continuous or intermittent operation. 
Valve B is turned off and on vaiydng 
amounts according to the actual load. 
The height of fluid rises to an average 
level which is maintained because on the 
average just as many cubic feet of water 
flow in as flow out. 

Normal and high-speed one-hour 
motors will generally carry a continuous 
load as high as the continuous rating as¬ 
sociated with the size parts. For ex¬ 
ample, a 5-horsepower continuous motor 
and a 7 Vrhorsepower one-hour motor are 
usually made in the same size parts. The 
TVa-horsepower one-hour motor will 
generally carry continuously as much load 
as the 5-horsepower continuous motor. 
However, the torque ability is increased to 
take care of short overloads and abnormal 
conditions. Thus the one-hour motor is 
well suited to many industrial loads. 

A slow-speed one-hour motor may not 
carry, from a temperature standpoint, 
as much load as the lower rated continu¬ 
ous motor in the same parts. Figure 6D 
makes this dear. If the motor is on the 
line continuously, the no-load loss is 
high. Even though valve B is partially 
dosed, the total loss may be greater than 
the heat dissipating ability. 

The short-time conventional tempera¬ 
ture test is not always an exact criterion 
of the merit of a motor. Figure 6A is 
analogous to a motor which is large and 
heavy for its rating with inferior ventila¬ 
tion. At the end of the conventional 
test, the temperature is not excessive 
since the motor has excess heat-energy 
storage capadty (that is, a large tank). 
On an actual intermittent load the motor 
operates hot due to poor ventilation 
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analosy illustrating 
extra Josses due to 
starting 


(small outflow from tank). Figure QB 
indicates a lighter-wdglit well-ventilated 
motor which when tested by the conven¬ 
tional short-time test seems to be in¬ 
ferior as the temperature is high. On the 
actual varying load it operates cool be¬ 
cause it is well ventilated. 

Service Factor 

Probably the economically sound field 
for these intermittent-duty motors is 
broader than their present range of use. 
Lack of a definite descriptive nomencla¬ 
ture which clearly indicates the ability of 
the short-time-rated motor on an inter¬ 
mittent load is possibly one of the largest 
detriments to ■^e more extended use of 
these smaller, lighter, high-torque-ability 
motors. Obviously a slow-speed short¬ 
time-rated motor will not carry as much 
load with a safe temperature as a higher- 
speed motor which passes the same con¬ 
ventional test. It is not to be expected 
that all users of motors are sufficiently 
informed regarding details of design and 
application to use safely these more eco¬ 
nomical motors without fear of excess 
heating. Thus there exists a distinct 
tendency to “overmotor*' from a heating 
standpoint in order to obtain a safe 
margin in torque ability. 

There is a term in current use, the 
meaning of which can be broadened to 
indicate more definitely what these 
motors will do. The frequently quoted 
1,15 service factor clearly indicates that 
the normal motor to which it is appUed 
will carry 116 per cent rated load without 
exceeding recognized safe temperatures. 
A service factor less than unity would 
indicate that the motor must be loaded 
less than its rating continuously in order 
to maintain normal temperature limits. 
Of course, the load may be either con¬ 
tinuous or a varying load of the same 
Toot-naean-square value. 
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If the job does not include frequent 
starting and reversing or starting high 
inertia loads, there is no hard problem 
in sheeting the motor from a temperature 
standpoint. Merely calculate or estimate 
the root-mean-square load and see that 
the motor rating multiplied by the service 
factor is at least as high. For the purpose 
of this paper (root-mean-square horse¬ 
power load) is defined as 


_ S (hp)^ X time _ 

(running time) 

constant 

For the numerator each part of the duty 
cycle is considered separately. Take the 
sum for all parts of the cycle of the square 
of the horsepower load multiplied by the 
time for this dement of the cyde. The 
constant in the denominator is the ratio 
of heat dissipation running to standstill, 
frequently assumed to be 4. Slightly 
higher values may apply to high-speed 
motors and lower values apply to low- 
speed motors. For endosed motors 
without fans this constant is not much 
greater than one. 

For application purposes, normal and 
high speed, one-hour motors may be 
assumed to have 80 per cent service fac¬ 
tor. This factor is derived by the follow¬ 
ing reasoning: The standard motor has 
1.16 service factor. The one-hour rating 
averages 140 per cent of the continuous 
rating in the same size parts. The one- 
hour motor will dissipate continuously 
as much loss as the continuous motor and 
the effidency is essentially constant. 
Hence, the service factor of a one-hour 
motor may be assumed to be 1.16/1.4 *= 
0.82. We use 0.8. 

Starting and Reversing 

In the above all starting and reversing 
operations in the duty cycle are not in- 
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duded. The losses due to these opera¬ 
tions are induded separatdy. Frequent 
starting and reversing pr starting a high 
inertia load imposes a severe temperature 
hazard, often more severe than a heavy 
overload. In figure 7 our hydraulic 
analogy is extended to illustrate the 
extra losses due to starting. As is well 
known, the stored energy in the rotating 
system constitutes a fundamental unit 
in acederation problems. The stored 
energy is 3.87 X 10“® (WR^) (rpm)® watt 
minutes. WR^ is in pound feet squared. 
Each time a motor is started one of these 
units is supplied to the rotor in the form 
of heat There are additional losses in 
the stator. Total losses for starting class 
A and B motors will average 2 to 2 V 2 
times the rotor loss. With dass D 
motors total losses will be IV 4 to IV 2 
times the rotor loss. Class C motors 
have intermediate values. 

In our hydraulic picture, figure 7, each 
time the motor is started, valve D is 
tripped, thus increasing the average in¬ 
flow, analogous to increasing the average 
loss. Of course, valve B must be closed 
part of the time or the water will rise 
higher in the tank, that is, the ordinary 
load must be decreased to keep the tem¬ 
perature down to what it is for normal 
operation. Figure 8 shows a picture for 
reversing a motor. It differs from figure 
7 in that the sudden inflow is four times 
as much. 

The acederating or reversing loss is 
proportional to the total WR^ of the 
rotating system, induding the motor and 
its load and proportional to the number 
of equivalent reversal per minute count¬ 
ing a start as one-quarter reversal. 

We have not shown a picture for opera¬ 
tion of a short-time motor, say one hour, 
on a reversing job. In fact, the terms 
become ambiguous. The motor is seldom 



Figure 8^ Hydraulic analogy illustrating 
extra losses due to reversing 
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Table I 


Assumed 

3,600 RPM 


1,800 RPM 




1,200 RPM 




Assumed 

(WR*)N 

Assumed 

(WR*)N 

Assumed 

(WR*)N 

Assumed 

Horse¬ 

power 

Effi¬ 

ciency 

<WR3)N 

WR* 

N 

WR2 

N 

WR* 

N 

WR» 

N 

2.... 

...82... 

....0.84.... 

,...0.2.... 

...4.2... 

.... 3.4... 

....0.6.... 

...6.6... 

.... 7.6.... 

... 1.6.... 

...6.0... 

_18_ 

... 2.... 

...6.7 

6.... 

...85... 

....1.7 .... 

...O.6.... 

...3.4... 

.... 6.8.... 

....1.6.... 

...4.6... 

....16 .... 

... 8.8.... 

...4.0... 

-26_ 

... 6.... 

...6.2 

16.... 

...88... 

....8.9 .... 

...2.0..., 

...1.9... 

....16 .... 

....6.0.... 

...2.6... 

.,..36 .... 

...16 .... 

...2.4... 

-62_ 

...20.... 

...3.1 


if ever operated for only one hour as the 
rating implies. It is in fact used for an 
all-day job. The load may be light and 
variable but the operation is continuous. 
Hence, reversing service should be speci¬ 
fied in terms of ultimate temperature. 

What is the magnitude of these extra 
losses due to reversing? No reasoning 
based soldy on the implications of the 
rating will indicate the reversing ability 
of a particular motor without knowledge 
of some of the details of design. We can 
assume that if the reversing losses are 
greater than the normal losses at full 
load, the motor is carrying the equivalent 
of an overload and normal temperature 
margins are reduced. 

Let us work out a specific case, say 
of a class A five-horsepower, 1,800-rpm 
motor with 85 per cent full-load efficiency 
and with total WR^ including load, 1.6 
pound feet squared. Assume that the 
total reversing losses are 2 V 4 times the 
rotor losses. The loss in watt minutes for 
one reversal is: 

4 X 3.87 X 10“« X 1.6 X 

(1800)* X 27. » 168 

The loss due to normal operation at 
1.16 load, as permitted by the service 
factor is: 

6 X 1.15 X 746 X 0.15/0.86 = 767 watts 

Thus one interpretation of the rating 
indicates that the motor can be reversed 
with this inertia, 767/168 = 4.6 times 
per minute without exceeding normal 
temperature. 

A general formula based on this reason¬ 
ing is: 

{WR?) (tpm)W « 

4.82 X 10^ (service factor) (horsepower 

_ rating) (1 — eff.) 

jK: Xeff. 

K is the factor dependent on design, 
mentioned above. Note that for a given 
speed that is, the product of 

the moment of inertia and the number of 
reversals is a constant. This is well 
verified by many tests. Note also that 
this is an optimistic estimate of reversing 
ability. We have assumed that the motor 
will dissipate as much loss due to revers¬ 

482 Transactions 


ing as the losses due to continuous 
operation. If reversed very frequently, 
the ventilation is impaired as the average 
speed of the ventilating fan is decreased. 
This is analogous to continually opening 
and dosing outlet valve C, figure 8. In 
deriving the formula for losses due to 
reversing, we have neglected friction and 
windage losses, core loss, and magnetiz¬ 
ing current together with extra PR loss in 
the stator caused thereby. This is 
analogous to dosing permanently spigot 
JS, figure 8. For high-speed motors, 
this is not serious. However, it is 
a considerable factor for slow-speed 
motors. In our analogy the tank is 
already partly filled by these neglected 
losses. Only the remainder is available 
for reversing losses. Thus while the 
number of reversals with a given WR} is 
increased with lower speeds, the increase 
is not proportional to the square of the 
speed ratio as suggested by the above 
approximate formula. 

Table I shows reversing ability of a 
variety of class A motors in accordance 
with the assumptions above. 

The assumed WR^ includes both motor 
and load. 

N is the number of reversals per minute 
to give the same losses as normal opera¬ 
tion at 115 per cent load. 

This table has been prepared primarily 
to indicate that frequent reversing of 
standard general-purpose motors con¬ 
stitutes an overload beyond the im¬ 
plications of the name plate. There is 
not a general recognition of how much 
this overload is. Of course more re¬ 
versals than tabulated can be obtained 
if the inertia of the load is small, thus 
reducing the total WRK Other kinds 
of motors are better adapted to frequent 
reversing. The class C motor will give 
distinctly more reversals and still main¬ 
tain good efficiency in the operating range. 
Class D motors will give m aximu m 
number of reversals but the efficiency is 
lower at normal speed. 

Of course, special motors can be made 
primarily for reversing service to give 
many more reversals. The principles in¬ 
volved are well knoiim to designing 
engineers. No discussion of these is 
included here, as this paper is primarily 
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concerned with the use of general-purpose 
motors. 

It should be noted that horsepower 
rating as generally understood is an 
unsatisfactory criterion of reversing abil¬ 
ity. In fact, it may be distinctly mis¬ 
leading. A small motor will give more 
reversals than a larger homologous motor 
if the load WR^ is small. In general, 
those factors which are conducive to 
obtaining high reversing ability are ex¬ 
actly contrary to maintaining the normal 
margins for normal operation usually 
associated with a given horsepower rating. 
In fact, strange as it may sound, a lower 
horsepower rating is frequently consistent 
with greater reversing ability. One such 
case is associated with the reversing of 
slow-speed motors. See figure 8. The 
tank is already partially filled by no-load 
losses from spigot E. If no-load loss 
fills the tank three-quarters full, only 
one-quarter is left for reversing. Now if 
the torque ability is decreased to two- 
thirds of its former value, the tank is 
only half filled by no-load loss leaving 
half a tank for reversing. Thus, the 
reversing ability from a temperature 
standpoint is doubled, but the normal 
margin in torque ability is sacrificed. 

Starting High-Inertia Loads 

We have discussed frequent starting 
and reversing where the instantaneous 
temperature is close to the average. 
Starting high-inertia loads siich as ex¬ 
tractors imposes extra transient tem¬ 
peratures higher than the average. The 
average temperature rise is determined by 
the same considerations as for rapid 
reversing jobs. Figure 9 shows a hy¬ 
draulic analogy. It differs from figure 
7 in that the tank is divided into three 
compartments to simulate the separate 
heat storage capacity of the stator and 
rotor windings and core. The three 
compartments are connected by ports so 
that ordinarily no great difference in 
level can exist, that is, the temperatures 
of the parts of a motor are quite uniform 
for orffinary operation. 

In figure 9 the extra inrush of water 
into the stator and rotor compartments 
simulates the extra starting loss in the 
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motor due to starting a high-inertia load. 
The rotor losses flow into the rotor reser¬ 
voir and the stator losses into the stator 
compartment. The loss is proportional 
to the load WR^ hence high. All com¬ 
partments are already partially filled. 
The extra inrush may cause one to over¬ 
flow before the water can run into tlie 
others or be dissipated. Consider for 
example, the rotor losses which are: 
3.87 X 10“®(Trj?*)(rpm)* watt minutes. 
The size of the rotor reservoir is (weight 
of rotor windings) X (specific heat) X 
(safe temperature). What is a safe rotor 
temperatirre? Some of the factors which 
must be considered are melting point, 
latent heat of fusion, tensile strength at 
high temperatures, deterioration of alloys 
by change in composition or crystalline 
structure. It is a coincidence that the 
size of the rotor reservoir is about the 
same for the different commonly used 
materials. Copper will stand high tem¬ 
peratures but the weight for satisfactory 
characteristics (high resistance) is low. 
Aluminum melts at a lower temperature 
but it has outstandingly high specific 
heat and latent heat of fusion. Brass is 
heavy for a given resistance but it will 
not stand repeated high temperatures. 

The transient stator temperature is 
determined by similar details of design. 
Of coxurse, even transient temperatures 
must be held to values which will not 
wear out the insulation too rapidly. It 
is quite difl&cult to determine the peak 
transient temperature. In figure 9 we 
indicate the analogy to a thermometer 
inserted on the stator winding. A ther- 



Fisure 9. Hydraulic analogy illustrating 
extra losses due to starting a high-inertia 
load 
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mometer reads a temperature because its 
mercury gets hot and expands. Thus 
there must be a thermal lag in reading 
with rapidly changing temperatures as 
illustrated by the small passage between 
the thermometer and stator reservoirs. 

These details have been discussed to 
indicate that design details rather than 
horsepower rating determines the ability 
of a motor to start and operate machines 
with high inertia. Standard motors are 
not ordinarily used for such service. 
Standard motors are designed for good 
characteristics at normal speeds. What 
ability they have to reverse frequently or 
to start high-inertia loads is a variable 
by-product of design. 

Built-in Motors 

A short statement is necessary regard¬ 
ing the operation of any motor on any 
job when that motor is built in as a part 
of a complete machine. In our hydraulic 
picture, the motor designer controls the 
size of the inflow spigots, A, B, and jD. 
The machine designer controls the size of 
the outflow spigot. The user determines 
how frequently and how much the valves 
are opened. No one of the three can 
say how full the tank will be. This 
indicates that the performance of such 
motors from a temperature standpoint is 
a matter of divided responsibility. 

Summary 

1. When selecting motors for duty-cycle 
jobs, the two concepts, torque ability and 
temperature rise should be considered 
separately. The class or type and the rat¬ 
ing should be such that there is no de¬ 
ficiency or undue extravagance in starting, 
accelerating, or breakdown torque ability. 
If the root-mean-square load is appreciably 
less than the motor rating required from a 
torque standpoint, a proper short-time¬ 
rated motor is economical. 

2. Frequent starting and reversing or 
starting high-inertia loads frequently im¬ 
poses the equivalent of an overload from a 
temperatinre standpoint. 

3. The data and ansdogies given in the 
paper show that performance of a motor 
on starting, reversing, or other duty cycles 
is not clearly evident from the horsepower 
rating atone. The usual method of giving 
a motor a short-time rating is also inade¬ 
quate for determining its performance on 
duty-cycle jobs. 

4. It is suggested, therefore, that motors 
for duty-cycle service be given horsepower 
ratings representative of their over-all 
torque ability regardless of heating. It is 
suggested that service factors be used to 
indicate the load they can carry continu¬ 
ously within their proper temperature limits. 
Under this plan, a motor now rated one 
hour 50 degrees, would become a motor 
with the same horsepower rating but with, 
say, 0.8 service factor. This proposal forms 
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extension of the present plan of 
Saving service factors higher than unity to 
general-purpose motors applied in continu¬ 
ous service on special applications. 

Appendix A 

Rotor loss during speed transients 
dt 

Tdt » Jdo) 

Rotor power loss « ^(w, — w) 

Rotor energy loss 



If 0)1 B 0 , (02 — o)s, that is, start from rest 
and accelerate to full speed, rotor energy 
loss =» /O),*/^. 

If coi o)«, 0)2 » — o>A, that is, a complete 
reversal, rotor energy loss « 2 /o),*. 

Converting to watt minutes, WR^ in 
pound feet squared and revolutions per min¬ 
ute, watt minutes rotor energy loss for one 
reversal is 

Watt 

minutes = 1.65 X (rpm)® 

T 5 = torque in pound feet 

J « moment of inertia in pound 

(gravity) feet® 

0 ) B angular velocity in radians per 

second 

( 1)4 B synchronous angular velocity 

B i?® B poimd feet* 

t B time 

Ti and T 2 » initial and final time 


Discussion 

C. G* Veinott (Westinghouse Electric 
and Manufacturing Company, Lima, Ohio): 
Mr. Hildebrand’s paper showing how diffi¬ 
cult it may be to predict the temperatures 
in a motor of varying duty cycle suggests 
how fortunate indeed is ^e builder and 
user of fractional-horsepower motors. The 
maker of refrigeration or air-conditioning 
equipment invariably builds one or more 
samples of his appliance which can be sub¬ 
jected to all kinds of tests in the laboratory, 
both at elevated and at subnormal ambient 
temperatures. Usually these tests involve 
the use of a large number of thermocouples 
and one more can readily be added to the 
motor winding. Thus it is possible to 
determine by laboratory test, just what the 
winding temperatures of the motor will be 
in service. The problem is even simpler 
for the refrigeration manufacturer if he uses 
a motor properly equipped with an inherent 
overheating protector which allows the 
maximum useful output to be obtained 
from the motor windings, without en¬ 
dangering the windings whatsoever. 
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Temperature Limits Set by Oil and 
Cellulose Insulation 

CHARLES F. HILL 

MEMBER AIEE 


the research and the improvements in the 
materials, is somewhat discouraging. 
Their limitations remain the same. The 
conclusion is again, that improvements 
in their behavior in transformers will be 
gained largely by providing better condi¬ 
tions under which they are to operate. 

All of the materials to be considered 
here are organic in nature, but they differ 
somewhat in their behavior toward 


Sjrnopsis: The life of cellulose insulation 
in oil has been investigated as a function of 
temperature under conditions of free access 
to oxygen and also in an inert atmosphere. 
Temperatures up to 140 degrees centigrade 
have been used. An attempt has been made 
also to study the life of oils as a ftmction of 
oxygen concentration in an actual trans¬ 
former at various temperatures. The 
amount of oxygen to produce a given acidity 
was also determined. On the basis of these 
data on oils, an attempt has been made to 
calculate rates of oxygen absorption by oil 
which may be used to estimate the relative 
deterimration in transformers of other di¬ 
mensions. The results show cellulose de¬ 
teriorates only mechanically, retaining its 
electrical properties. It is subject to both 
temperature and oxidation effects, the tem¬ 
perature effect, of course, taking place 
above 105 degrees centigrade. 


T he continuous rating and also the 
overload rating of electrical appara¬ 
tus is largely determined by the insu¬ 
lation. Fortunately, in transformers the 
very large heat capacity of the cooling 
liquid plus a high rate of heat transfer to 
the liqtdd from the metal parts permits a 
high overload for short periods of time, 
but even there, the solid insulation should 
be protected from too excessive tempera¬ 
tures. It must be recognized that a large 
fraction of the strength of the solid 
insulation can be lost in a short time at 
temperatures which can exist under over¬ 
load condition. This has been recognized 
in some instances by the addition of pro¬ 
tective devices, thermally operated. 

The temperature at which these de¬ 
vices should operate and also the continu¬ 
ous operating temperatures, which would 
permit a reasonable life of the insulation, 
are as yet rather arbitrarily fixed by ac¬ 
cumulated experience and short-time 
tests. Conclusions from operating ex-* 
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perience are not based on ideal conditions. 
The amount of insulation deterioration 
permissible is also an undetermined factor 
in predicting insulation life. Montsinger^ 
and Bush^ have attempted to determine 
rates of deterioration which could be 
extrapolated with time to predict the 
life of insulation as a function of tempera¬ 
ture. A recent paper by Putman and 
Dann® will also be of interest, particularly 
from the standpoint of overload tem¬ 
peratures. 

It is not the purpose of this paper to 
draw very definite conclusions as to 
temperatures permissible, but rather to 
separate the deterioration processes which 
affect oil and cellulose insulation. Some 
idea of the temperature limits imposed 
by these separate processes may be ob¬ 
tained and possibly some conclusions can 
be drawn from the combined effects. An 
attempt has been made to cover both ideal 
and adverse conditions of operation. 

Insulating oils and cellulose have been 
used almost exclusively in transformer 
equipment as insulation. Because of 
this and because of their very well-known 
limitations, an enormous volume of re¬ 
search has been done on these materials, 
which, when we consider the extent of 


conditions existing in transformer opera¬ 
tion. For example, the cellulose mole¬ 
cule contains hydroxyl groups which 
under severe temperature conditions, may 
be split off as water. '‘Chemically com¬ 
bined water** is the term usually applied 
to such hydrogen-oxygen combinations. 
Oils, on the other hand, are not subject 
to such deterioration as they do not con¬ 
tain oxygen in their pure state. They 
contain only hydrogen and carbon, but 
are capable of reacting with oxygen to 
form peroxides and organic acids and 
other deterioration products. Some of 
these oxidation products may also polym¬ 
erize and sludge, a final product, is the 
result. The peroxides in particular and 
perhaps some of the low-molecular- 
weight adds, react with cellulose to cause 
its decomposition. 

Oils in the absence of oxygen can with¬ 
stand temperatures far in excess of any 
permissible operation conditions, but the 
presence of oxygen becomes a serious 
handicap. The results to be presented 


Figure 1. Aridity of transformer oil at 85 
degrees centigrade—^allowed to breathe once 
per week 




484 Transactions 


Hill—Temperature Limits 


Electrical ENoiNBERiNa 






are given with the intention of emphasiz¬ 
ing the oxygen hazard. 

The experiments which concern oil 
alone are of interest in that they show a 
new method of attacking the problem of 
determining rates of oxidation. They 
also apply directly to oil in transformers 
which is somewhat more convincing than 
laboratoiy tests. The oxidation also 
takes place by contact of oil with air as it 
exists in the transformer. Two trans¬ 
formers were operated with the same 
conventional transformer oil. Figure 1 
shows the acid accumulation in a 100-kva 
unit containing 93 gallons of oil, for 
19.6 months with approximately one day 
per week off load. The one milligram 
KOH acidity was thus produced in 
approximately 16 to 17 months actual 
time at 85 degrees centigrade. Its oxy¬ 
gen absorption was 0.48 cubic foot per 
week or per cycle. The surface of the 
oil had an area of 3.47 square feet, or an 
average of 0.138 cubic foot of oxygen per 
square foot of oil area per week. 

The second transformer was operated 
until the oil had passed its initial latent 
period when the gas space was blown out 
and sealed with a fresh air supply. It 
was then operated for several days, the 
residual oxygen in the gas space being 
determined periodically. 

Figure 2 shows the data for 50, 60, 
70 degrees centigrade for 120 hours and 
figure 3 is the same data graphed in terms 
of oxygen absorbed. The 85-degree- 
centigrade curve was obtained by extra¬ 
polation of the intercepts of the other 
curves. The rates of oxygen absorption 
of figure 4 are obtained by taking the 
average at points on the curve for a 20- 
hour period, 10 hours on each side of the 


Figure 4. Rate of O 2 absorption 
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Figure 5. Breakdown tests 

point in question. The data of figure 4 
are not to be considered highly accurate, 
but are approximate values which may be 
used in estimating oxygen absorption as a 
function of oxygen concentration. This 
transformer was operated until the aver¬ 
age oxygen consumption could be de¬ 
termined which would produce a definite 
acidity. This amounts to 0.4 cubic foot 
of oxygen per gallon of oil for one milli¬ 
gram KOH acidity. 

An interesting calculation can be made 
by assuming the oxygen absorption in the 
larger transformers takes place chiefly 
at tlie oil surface or is proportional to the 
area. It is recognized that much oxygen 
absorption takes place in the oil condensed 
on the tank waUs, but in general these 
will be proportional to the oil area. The 
hourly rate in the large transformer was 
0.138 cubic foot per square foot per six- 
day week or 0.0009 cubic foot per square 
foot per hour. Calculating the rates on 
the vertical axis of figure 4 in terms of 
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MONTHS 

Figure 6. One-eighth-inch fullerboard in 
oil at 95 degrees centigrade—in air 

cubic feet per square foot per hour it is 
found that the intercept of 0.0009 from 
this axis on the 85-degree curve is at 



about six per cent oxygen concentration. 
The conclusion is that a six per cent 
oxygen concentration continuously will 
give a one milligram KOH acidity in such 
a transformer in 16 or 17 months. A one 
per cent concentration at the same tem¬ 
perature would give an absorption of 
0.000168 cubic foot per square foot per 
hour. This will reqixire 6.4 times as 
long or about 86 months to give the one 
milligram KOH in the same transformer. 
The ratio of oil volume to surface deter¬ 
mines the rate at whidbi acidity builds up 
in the oil for any otherwise constant con¬ 
dition. 

Life Tests on Cellulose 

Cellulose, like oil, is subject to o}dda- 
tion. Unlike oU, it shows deterioration 
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O—Untreated cotton tape 
X—^Yellow varnished tape 
□—Number 3 varnished tape—one dip 
A—Number 3 varnished tape—two dips 

from temperatixre alone and at tempera¬ 
tures which may easily exist in trans¬ 
formers. Further, rapid deterioration 
sets in at rather fixed temperatures. This 
is due to the removal of what is generally 
called chemically combined water which, 
if carried to the limit, leaves only carbon. 
If cellulose is heated in a perfectly tight 
transformer to such a deteriorating tem¬ 
perature, this water of decomposition 
becomes a problem. Some measure of 
the deterioration might be obtained by 
the amount of this water given off, but 
in the end such data would have to be 
correlated with the properties of cellulose 
which are important to its use; namely, 
its mechanical and electrical properties. 

In the present study, some impregnated 
cellulose materials have been included as 
well as untreated cellulose. The samples 
were immersed in oil, and the combina¬ 
tion exposed to various temperatures and 
conditions as shown. The data are 
recorded in figures 6 to 12. Some samples 
were heated in contact with oil in air 
while a special large group was tested in 
oil in a nitrogen atmosphere, by placing 
them in small containers which in turn 


materials for containers. Some attempt 
was made at embrittlement measurement 
and it is believed more emphasis should 
have been placed on such tests, particu¬ 
larly on treated fabrics. The compres¬ 
sion test on shellac Micarta tubes (figure 
10) demonstrated this to some extent. 
Electrical breakdown and resistance con¬ 
stituted the electrical tests. 

The conclusion from this set of life 
tests is demonstrated by a few sample 
data. Electrically, both treated and 
untreated cellulose maintain their initial 
characteristics and may even improve. 
This is true up to 140 degrees centigrade 
in the inert-gas tests. By the mechani¬ 
cal tests, however, the untreated cellu¬ 
lose is shown to deteriorate rapidly above 
100 degrees centigrade. The deteriora¬ 
tion is rapid at 95 degrees centigrade with 
the oil exposed to the air. 

A further example of this mechanical 
deterioration is found in figure 12 where 
paper tape is tested at 90 degrees, 120 
degrees, and 140 degrees centigrade in a 
nonoxidizing insulating liquid. The tests 
were made in sealed containers. Figure 
10 gives data on varnished tape under 
inert gas conditions and is to be con¬ 
trasted with the 125-degree test in air, 
figure 7. Figure 11 demonstrates the 
heat resistance of the varnish and possibly 
that varnish retards the cellulose de¬ 


Ns atmosphere 


terioration under heat. At any rate, 
the combination retains its me^anical 
strength. 

Figure 5 and figure 11 demonstrate 
the type of results on electrical test; 
namely, that electrically, the insulations 
retain their properties and even improve. 

Figure 6 and figure 7 show the very 
rapid deterioration of materials in oil 
exposed to air. This deterioration takes 
place on the untreated cellulose even 
before serious acidity is developed in the 
oil, due, we believe, to the effect of 
oxygen carried to the cdlulose by the oil 
itself through the formation of peroxide. 

Figure 8 is a further demonstration of 
the mechanical deterioration of cellulose 
under heat and shows the existence of 
the critical range of temperature be¬ 
tween 90 degrees and 110 degrees centi¬ 
grade. This is further borne out by the 
data of figure 12 when the cellulose was 
again exposed to temperature in a non¬ 
oxidizing liquid in sealed containers. 
There was a small amount of oxygen 
available in the test of figure 12 as the gas 


Figure 9, Shellac Micarta tubes-^compression 
test; N 2 atmosphere 


were in large, gas-tight tanks. The 
nitrogen atmosphere was obtained by a 
small constant flow from a tank, the 
oxygen content kept to a low value of 
the order of 0.1 per cent. The tank at 
110 degrees centigrade gave erratic results 
due to lack of temperature and oxygen 
control early in the test, but some of the 
data are shown. 

Several mechanical tests were used on 
the insulations with the most emphasis 
on the tensile strength. The Mullen 
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above the liquid was air in about the same 
ratio to oil volume as is found in a sealed 
transformer. 

The data of figure 9 obtained by the 
force to collapse shellac-paper tubes and 
also some bending tests in which strips 
of treated materials were bent to rupture, 
showed definitely the hardening and em¬ 
brittlement of impregnating material. 

The conclusions from these tests on 
cellulose and impregnating materials 
when these tests are combined with ex¬ 
perience at lower temperatures, can be 
condensed into a rather general state¬ 
ment; namely, that up to approximately 
90 degrees centigrade, the life of such ma¬ 
terials is satisfactoiy. Above that tem¬ 
perature, mechanical deterioration on 
bare cellulose becomes rapid, but im¬ 
pregnations protect cellulose to some 
extent at the elevated temperatures. 
It is also to be concluded that oxygen 
restriction is very important to cdlulose 
as well as to oil, and that, while heat 
alone will medianically deteriorate the 
solid insulations at 100 degrees centi¬ 
grade and above, the presence of oxygen 
produces deterioration of both oil and 
cellulose below this temperature. 

The method by which oxidized oil 
affects cellulose is not well understood. 
The usual impression is that the organic 
adds are the cause of deterioration and no 
doubt they have some effect. Stager* 
and Frances and Gairett® have discussed 
this and oil oxidation in more detail, but 
it now appears the earlier stages of oil 
oxidation are the more effective. 

Predicting the life of a transformer on 
the basis of the rate of mechanical de¬ 
terioration is somewhat diflSicult. How¬ 
ever, the insulation is usually used in 
compression and not for mechanical 
binding and experience shows that trans¬ 
formers continue to operate after the 
insulation has reached the very serious 
apparent deterioration of one-fourth or 
less than one-fourth of its initial value. 
This last statement is true for even the 
best varnished insulations in which the 
varnish is largely a surface coating. 


that untreated cellulose seems to reach 
a minimum strength of about 25 per cent 
at 140 degrees centigrade. Further, the 
decrease took place largely in 100 days. 
It has since been suspected that the resid¬ 
ual oxygen absorbed in the oil may have 
played a part in this early deterioration, 
but that is yet to be proved. Our con¬ 
clusion would be that several hundred 
hours of operation at 120 degrees to 
140 degrees could be permitted for the 
conditions of an oxygen-free space which 
may be sufficient to take care of overload 
periods. Figure 12 gives somewhat the 
same type of results for the fireproof 
liquids except that the deterioration was 
somewhat more. There, however, a 
small amoimt of oxygen was present. 
The leveling off of the mechanical de¬ 
terioration is largely a dehydration effect 
in the nitrogen-atmosphere tests. 

The extrapolating of such data on solid 
insulation would seem questionable since 
it is believed conditions and rates of 
deterioration change from time to time. 
It is also uncertain what limits should be 
reached in an extrapolation of mechanical 
deterioration. It is the author’s opinion 
that a very large numb^ of transformers 
in service for a period of years con¬ 
tain fibrous insulation with mechanical 
strength reduced to 60 per cent of the 
initial value and in some cases, less 
than 25 per cent, but function satis¬ 
factorily. Some of the insulation from 
the tests at 140 degrees centigrade in oil 
with an inert atmosphere would no 
doubt operate satisfactorily. Such insu¬ 
lation retains good electrical properties. 
The intrusion of moisture is not to be 
considered a deterioration, but rather a 
contamination. 

Sumxnary 

The experimental data given attempt 
to show two types of deterioration of 
cellulose or other organic insulations in 
transformers. Below 90 or 95 degrees 
centigrade, such solid insulations would 
have a very long life tmder an inert 
atmosphere. 



Figure 12. Ninety-six-day tests 2 */ 2 «mil paper 
tape in nonoxidizing liquid 
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Discussion 

V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass): I shall confine my 
remarks to the life tests on cellulose. The 
author has reported some very interesting 
results, the most important of which are 
(1) that if oxygen is not present cdlulose 
will imdergo very little deterioration either 
mechanically or dectrically up to approxi¬ 
mately 90 degrees centigrade or 95 degrees 
centigrade, and (2) that it retains a fair de- 
gree of its mechanical strength for many 
months even at 140 degrees centigrade.. 
The peculiar thing about the results of Doc¬ 
tor Hill’s tests is that after approximatdy 
100 days there is apparently no further weak¬ 
ening of the insulation up to 650 days even 
at 140 degrees centigrade. This is difficult 
to understand, because we have been led to 
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Figure 1. Mechanical deterioration of class 
A insulations as indicated by tensile, burst, 
stretch, tear, and folding strengths 

bdieve tliat all class A insulations deteri¬ 
orate with both time and temperature. 

As I see it, there are two phases of this 
old question of aging of insulation that need 
further consideration. 

The first question is, what causes insula¬ 
tions to age? Just to say that it is due 
mostly to oxidation does not go far enough. 
I recently showed, in my discussion of the 
paper on ''Loading Transformers by Copper 
Temperature,” by Messrs. Putman and 
Dann, the results of aging tests made in 
oil (1) with nitrogen atmosphere and (2) 
exposed to air, with practically no difference 
in the rate of deterioration, which was fairly 
rapid under both conditions. I do not feel 
that the mechanism of aging has ever been 
satisfactorily explained. 

Then second, having determined the real 
mechanism of insulation deterioration, the 
next problem is to adapt the condition 
showing the least aging effects to apparatus 
under service conditions. 

If, as shown in this paper, by merely 
keeping oxygen away from class A insula¬ 
tion its temperature can be increased to say 
120 or 140 degrees centigrade, it might 
change materially our present practice of 
rating and loading apparatus. I do not 
believe that we are in a position yet to 
make any radical changes in temperature 
limits for class A insulations, and I believe 
that Doctor Hill will agree with me on 
this point. We need further confirmation 
of these new and very interesting results. 

I note that the author^s findings on two 
points agree with what I have found in the 
past, namely (1) that dielectric strength 
is no criterion by which to judge the degree 
of mechanical aging of insulation and (2) 
that the best method of measuring lie 
amount of mechanical deterioration appears 
to be in comparing its tensile strength. 
My experience is that the effect of aging 
on mechanical strength is least upon the 
tensile strength. The order of magnitude 
of the effect ranges from tensile, to burst, 
to stretch, to tear, and is greatest for the 
folding test. This takes into account tests 
made on the principal kinds of transformer 
insulations including varnished and un¬ 
varnished papers, cloths, and pressboards. 
The wide variations obtained by these dif¬ 
ferent methods of testing are shown in 
figure 1 which shows that folding tests 
indicate a very short life as compared with 
the life as indicated by tensile tests. It 
might appear that we should use the method 
which shows the greatest amount of de¬ 
terioration—^folding test. Experience, how¬ 
ever, indicates that tensile strength comes 
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more nearly representing the actual life of 
insulation as used in apparatus. 

The question of the kind of test that 
should be used to determine the life of 
insulation in apparatus is only one of the 
many problems confronting an investigator. 
Generally speaking, no two investigators 
use the same methods and the results are so 
contradictory that no definite conclusions 
can be drawn. 

The problem of investigating the aging 
of insulation is so important to the industry 
that I would like to suggest that the In¬ 
stitute set up the proper technical com¬ 
mittee whose duty would be to correlate the 
work on the aging of insulation, and recom¬ 
mend standard methods of carrying on the 
work. 


F. M. Clark (General Electric Company, 
Pittsfield, Mass.): The paper by Doctor 
Hill constitutes another important con¬ 
tribution to the problem of dielectric de¬ 
terioration. Data in this field are rapidly 
accumulating and despite the wide dif¬ 
ferences noted at times, a clearer under¬ 
standing is being obtained with respect to 
those factors which are important for the 
successful operation of commercial ma¬ 
chines. Unfortunately, the problem of 
setting up temperature limits covering 
commercial operation of oil or cellulose or 
oil-treated insulation involves carefully con¬ 
trolled studies over long periods of time. 
I am, however, inclined to disagree with 
Doctor Hill when he states that data ob¬ 
tained in commercial equipment is somewhat 
more convincing than laboratory tests. 
Oxidation and pyrolysis tests are so affected 
by factors which are controlled only with 
difficulty even when known to be present 
that data obtained on large scale tests can 
be accepted as reliable only when supported 
and explained by accurately determined 
laboratory results. This is especially true 
for tests on mineral oil and cdlulose. 

Oxidation is, of course, an important 
factor in the successful operation of elec¬ 
trical apparatus and is an ever present 
threat which must be included in the life 
evaluation of organic insulation despite the 
varied methods which have been suggested 
for its dimination. But oxidation is not 
the only threat to the successful operation 
of cellulosic insulation at the higher tem¬ 
peratures of operation. This has been 
pointed out by Doctor Hill but I believe 
that the effect of nonoxidizing high-tem¬ 
perature exposure warrants greater con¬ 
sideration. Doctor Hill states that "heat 
alone will mechanically deteriorate the solid 
insulation at 100 degrees centigrade and 
above.” This is true. In a paper which I 
presented before the Institute a few years 
ago entitled "The P 3 n:ochemical Behavior 
of Cellulosic Insulation” (Electrical En- 
GiNEBRiNG, volume 64, October 1936, pages 
1088-^) it was demonstrated that cellu¬ 
losic insulation when exposed to high tem¬ 
perature bears the stamp of that exposure 
even though the high-temperature treat¬ 
ment be carried out under nonoxidizing 
conditions. The effects of this exposure 
fundamentally are chemical, and result in 
the chemical degradation of the cellulose, 
gas evolution, and deteriorated dielectric 
properties. These dielectric effects are 
especially noticeable for tests carri^ out 
on what are usually considered the highest 
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t 3 rpe of dielectric materials such as cable 
and papers. I suggest that the reason the 
breakdown tests presented by Doctor Hill 
in figure 6 do not show such deterioration is 
that the breakdown examined is a function 
of the preceding corona discharge. This 
corona discharge usually occurs in tests 
such as those cited by Doctor Hill and its 
effect very largely determines the breakdown 
value, masking other factors which may be 
present. 

Doctor Hill differentiates between the 
thermal aging of insulation at temperatures 
above 100 degrees centigrade and the oxida¬ 
tion aging of cellulose below 100 degrees 
centigrade. The part played by mineral oil 
in the aging of cellulosic insulation at 100 
degrees centigrade and below has been a 
debatable question. Doctor Hill apparently 
agrees with those who claim that adds 
formed in the oil as a result of oxidation 
are factors contributing to the mechanical 
weakening of the insulation. Doctor Hill 
goes further and suggests that the "de¬ 
terioration takes place on the tmtreated 
cellulose even before serious addity is 
developed in the oil, due, we believe, to the 
effect of oxygen carried to the cellulose by 
the oil itself through the formation of 
peroxide.” This is important if true. 
From the data submitted by Doctor Hill 
it is impossible to dedde the validity of this 
assertion. That it may be true is indicated 
by a comparison of figures 6 and 12. Figure 
12 concerns itsdf with paper tape immersed 
in a nonoxidizing and noninflammable 
liquid in a sealed container in contact with 
air, and figure 6 describes tests on fuller- 
board immersed in oil presumably with 
free exposure to air. However, Doctor 
Hill presents no data concerning tests on 
paper tape under oil similar to the tests 
described in figure 12. Presumably the 
amount of air in the sealed container of 
figure 12 constituted about 10 per cent to 
16 per cent of the total volume of the con¬ 
tainer so that enough oxygen was present 
to give some oiddation effects if oxidation 
were an important factor with cellulose 
immersed in noninflammable type of in¬ 
sulating liquid. In such a material peroxide 
effects are definitely absent. The oxygen 
caimot be used up by the oxidation of the 
liquid which is chemically inert. There¬ 
fore, the effects of cellulose oxidation can 
be obtained only by the migration of the 
oxygen through the inert noninflammable 
liquid. This might be expected to retard 
the mechanical deterioration due to oxida¬ 
tion. Figure 12 confirms this expectation 
and shows that the paper tape under the 
notiinflammable liquid shows no substantial 
change in mechanical strength after 96 
days at 96 degrees centigrade. Figure 6 
shows that the mechanical strength of the 
fuUerboard in oil fell about 76 per cent 
during the same interval. These data may 
well indicate that the noninflammable 
liquids because of their chemical stability 
and nonoxidation characteristics effectivdy 
reduce the tendency of cellulosic insulation 
to deteriorate medi^cally at temperatures 
of operation bdow 100 degrees centigrade 
where oxygen-free atmospheres have been 
shown by Doctor Hill to be of value for 
mineral-oil-immersed insulation. 

There can be but little doubt that oil adds 
must not be ignored in the evaluation of the 
mechanical characteristics of oil-immersed 
cellulose. Mineral oil when oxidized pro- 
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duces oil-soluble products which are capable 
of absorbing alkali. These materials are 
usually classed as oil acids. Total oil 
acidity as illustrated by Doctor Hill in 
figure 1 does not appear to me to be of 
major importance. What does appear of 
importance is thci formation of water- 
soluble organic acids. These are present 
to an extent dependent on the type of oil 
base and on its refining treatment. With 
the highly refined (white) oils the water- 
soluble corrosive acids predominate. With 
a carefully selected oil whose refining 
treatment has been properly supervised 
these water-soluble corrosive acids are 
present in only negligible amounts. The 
variation in the formation of these water- 
soluble corrosive acids may account for the 
wide differences which are at times reported 
in the literature covering the mechanical 
aging of oil-immersed cellulose. 

Acetic add is one of the corrosive organic 
acids evolved by the oxidation of highly 
refined white oils. It is this type of acid 
which is formed by the exposure of cellulose 
to high temperatures even in the absence of 
oxygen. Cellulose evolves a variety of 
degradation products whose formation be¬ 
gins slowly at relatively low temperature. 
These are in general poor didectrics and 
of strong chemical reactivity. The pres¬ 
ence of these products retained in contact 
with the cellulose accderates further de¬ 
terioration, a weakening in mechanical 
strength, and a decrease in dielectric 
effidency. For high-temperature opera¬ 
tion these effects appear to predominate. 
For lower temperature operation (80 de¬ 
grees centigrade to 90 degrees centigrade) 
the most important factor affecting the 
mechanical life of cdlulose based on the 
data of Doctor Hill appears to be one of 
oxidation. This apparently can be reduced 
and possibly diminated by the use of 
nitrogen atmospheres to replace air or 
oxygen or by the use of a nonoxidizing, 
noninflammable liquid. 

H. V. Putman (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
The thing which strikes me as most sig¬ 
nificant about Doctor Hill's results is the 
•extremdy wide range in the effectiveness 
with which the oil and insulation are pro¬ 
tected against deterioration in different 
types of transformers. Using Doctor Hill's 
data, Mr. Vogd has shown that the life of 
the oil in transformers under nitrogen may 
be 60 times as long as with open-air breath¬ 
ing. 

If we examine Doctor Hill's figures 7 and 
10, we see that yellow treated tape in oil 
under air deteriorates as much in a month 
ras it does in oil tmder nitrogen in two years. 

And yet our present standards establish 
the same maximum temperature limits and 
rshort-time overload capacities for all types 
of transformers. Obviously those having 
effective means for protection of oil and 
insulation can stand higher temperatures 
:and more severe overloads than those not 
having such means. 

I am not prepared to say that we should 
increase the standard temperature rise of 
.65 degrees centigrade for transformers. 
Perhaps we should outlaw open-air breath¬ 
ing. Mr. Hellmund has pointed out that 
perhaps the reason European manufac¬ 
turers are successful with a higher tempera- 
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ture rise is because all their transformers 
large and small are protected by some kind 
of a conservator. 

It does appear in order to suggest that the 
AIEE transformer subcommittee undertake 
a review of our present rules affecting maxi¬ 
mum temperatures and overloads with a 
view to bringing them into harmony with 
the engineering facts established in Doctor 
Hill’s paper. 


H. C. Louis (Consolidated Gas Electric 
Light and Power Company of Baltimore, 
Md.): The paper by C. F. Hill, presents 
the results of some very elaborate labora¬ 
tory tests showing the effects of temperature 
and aging on the electrical and mechanical 
qualities of insulation. The results add 
much information useful in the design, 
rating, and operation of electrical apparatus 
as related to insulation. They contribute 
fundamental data of value in the important 
and much debated subject under considera¬ 
tion, the allowable temperature limits of 
insulation, and whether those in existing 
standards should be modified. 

We note with particular interest that in 
these carefully controlled laboratory tests, 
in some cases of definitdy marked deteriora¬ 
tion of mechanical characteristics of insula¬ 
tion the electrical characteristics did not 
deteriorate correspondingly, and continued 
to be apparently fairly good. This checks 
with a condition sometimes experienced in 
actual operation in cases where apparatus 
seems to be able to operate satisfactorily and 
reveals no weaknesses on electrical tests, 
although inspection may show the insula¬ 
tion to be in very questionable mechanical 
condition. 

This question of determining the condi¬ 
tion and expected additional life of insula¬ 
tion of used apparatus is one of practical 
operating concern, involving reliability of 
service and economics. Development and 
investigations of field methods for checking 
the condition of insulation by special tests 
and inspections should continue to be en¬ 
couraged. 

The corrdation of the data from the paper 
under discussion with others relating to the 
same subject, as recommended by Mr. 
Montsinger, should therefore serve not 
only the primary purpose of the question 
of temperature limits and ratings, but should 
also contribute useful information in the 
problem of judging by tests and inspection 
the condition of insulation of apparatus 
in use, and the possible additional life of 
same. 


R, E. Helhntmd (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.); As already brieffy stated by Mr. 
Putman, the data presented by Doctor Hill 
in his paper and other calculations given 
by Mr. Vogel in his written discussion seem 
to explain a controversy of long stan<hng 
with the International Electrotechnical 
Commission regarding permissible tem¬ 
perature ratings of transformers. The 
European countries wish to standardize on 
temperature-rises somewhat higher than 
those coxisidered safe by the American 
representatives. The early assumption that 
the European, practice might be less con¬ 
servative hardly be considered correct, 
because the scarcity and high price of oil 




in Europe make it necessary for them to be 
more economical in the use of oil than it is 
in this country. A slight difference in 
climatic conditions might, of course, have 
some influence on their service experience. 
However, it seems that on account of the 
greater need for preservation of materials, 
expansion tanks have been used in Europe 
to a great extent for transformers of even 
the smallest sizes. In contrast to this, 
in this country the distribution transformer 
has been used until fairly recently without 
such tanks and with the surface of the oil 
freely exposed to air and oxygen. It seems 
from these newly available data that they 
may have obtained service results as good 
as or even better than those we have ob¬ 
tained in the past, even though their rating 
standards include higher temperature-rises. 
Although it may be premature for us to 
change our rating standards at this time, it 
seems advisable in our international con¬ 
tacts to recognize these differences and to 
make some concessions in connection with 
the work of the lEC. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): This paper adds 
considerably to our knowledge of oil- 
impregnated insulation. The effects of 
temperatmre are shown to vary appreciably 
depending on the conditions of test and 
test procedure. Nevertheless the paper 
brings out again the point that when class A 
insulation is operated continuously at tem¬ 
peratures of 90 or 96 degrees centigrade or 
higher the rate of deterioration increases 
fairly rapidly. In other words, a short 
life will obtain when the insulation is 
operated continuously at the present '*hot 
spot" temperature limit of 106 degrees 
centigrade of the AIEE rules. 

Doctor Hill’s data show that when test¬ 
ing paper under oil which is exposed to air 
the oxidation products of the oil will affect 
the strength of the paper. This test pro¬ 
cedure is satisfactory, I presume, if it 
simulates the service condition. For some 
equipment, such as capacitors and cable, 
the oxygen, however, is pretty well removed 
from the insulation in manufacture and kept 
so during operation. 

In connection with his figure 12 showing 
the decrease in tensile strength with tem¬ 
perature, it seems to me that the criterion 
of tearing strength is most valuable to use 
in such tests. This test gives a large range 
in results of tests of deteriorated material 
and the results seem to be most consistent. 
Probably the folding endurance test, as 
developed in the research at Massachusetts 
Institute of Technology about 15 years ago, 
is too much influenced by moisture, both 
free and combined, to be r^able. 


F. J. Vogel (Westinghouse Electric and 
Manufacturing Company, Sharon, Pa.): 
Doctor EGU's paper shotdd be of consider¬ 
able interest to all users of transformers 
because it gives basic data which can be 
used to estimate the life of oil and insulation 
under various conditions of operation. It 
shows how extremdy important it is to 
protect transformer oil against oxidation, 
particularly when the oil is operated at high 
temperatures. It shows that even small 
amounts of oxygen continuously admitted 
to the transformer tank over long periods of 
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time can seriously shorten the life of the 
transformer oil. Consequently, it is im¬ 
portant that gasketing be done in the best 
possible and most permanent manner. A 
positive pressure of nitrogen ranging from 
one-half pound upward is further assurance 
against the possibility of oxygen or air 
entering the transformer tank. 

Doctor Hill has shown that deterioration 
of insulation is a function both of tempera¬ 
ture and oxidation, while the deterioration of 
the oil is primarily a function of oxidation, 
which, fortunately, can be eliminated 
almost completely by the use of nitrogen 
above the oil levd. 

For example. Doctor Hill shows that 0.4 
cubic foot of oxygen per gallon of oil will 
produce an acidity of one milligram of KOH. 
Sludging is usually considered to begin 
when the acidity reaches 0.6 milligram of 
KOH, which would correspond to 0.2 cubic 
foot of oxygen per gallon of oil. For com¬ 
parative purposes it is interesting to calculate 
the time required to produce this amount of 
acidity in the oil imder various conditions of 
breathing in a typical transformer. As an 
example, we have used a 2,600-kva unit 
containing 680 gallons of oil, having an 
88-inch oil level, with 10-inch gas space 
and 16.4 square feet of oil surface. This 
transformer would require 136 cubic feet 
of oxygen to produce 0.6 milligram of KOH 
acidity in the oil. We know from experi¬ 
ence that a transformer of this size would 
use from 1 to 1^/2 cylinders of nitrogen per 
year, or, roughly, 275 cubic feet. This gas 
is purc^sed under specification limiting 
impurities to 0.6 per cent, and for the pur¬ 
poses of calculation it may be assumed that 
the impurities are entirely oxygen—or 
1.37 cubic feet. It may further be assumed, 
for the purpose of calculation, that the 
transformer is opened up once per year for 
inspection, and when closed up the gas 
space is blown out to five-per cent oxygen 
concentration, which would leave an addi¬ 
tional 0.68 cubic foot of oxygen in the gas 
space annually. The total amount of 
oxygen in the gas space available for oxida¬ 
tion of the oil would therefore be 2.05 cubic 
feet per year, which would require 67 
years before any sludging would appear— 
and most important, this would not be 
dependent upon the temperature of the oil. 

If the transformer tank were bolted up 
tight with no breathing but were opened 
once a year for inspection and the gas 
space filled with air upon closure, 60 years 
would be required for sludge to appear. 

In making calculations for various types 
of breathers, it is necessary to assume some 
daily load cycle and also to establish an 
average oil temperature. Seventy-five de¬ 
grees has been assumed for the oil tempera¬ 
ture with a temperature fluctuation of 20 
degrees daily. Under this condition the 
transformer would breathe in approximately 
612 cubic feet of air per year containing 
approximately 123 cubic feet of oxygen. 

Let us assume, at this point, that the 
transformer is equipped with a single 
breather which takes in air when the trans¬ 
former cools and breathes it out during the 
heating-up part of the cycle. Very ap¬ 
proximately we can say that the amount of 
air breathed in equals the amount of air 
breathed out. This is not quite true due to 
the fact that there is some gas absorption 
in the oil. More exactly, we can say that 
the amount of oxygen breathed in is equal 
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to the amount of oxygen breathed out plus 
the amount of oxygen absorbed by oxida¬ 
tion in the oil. To fulfill this latter equa¬ 
tion, it is necessary to assume an average 
oxygen concentration and refer to figure 4 
of Doctor Hill’s paper to see if the amount 
absorbed plus the amount breathed out will 
equal that taken in. Assuming approxi¬ 
mately 5 V 2 ‘Per cent average oxygen concen¬ 
tration, 34 cubic feet of oxygen would be 
discharged in the out breathing. From 
figure 4 the rate of oxygen absorbed per 
square foot of oil surface per year would be 
0.00062. At this same concentration the 
amount absorbed in a year would be 0.00062 
X 16.4 X 24 X 365 or 89 cubic feet. The 
conditions of the equation regarding oxygen 
are fulfilled, since 123 cubic feet breathed in 
equals 34 cubic feet breathed out plus 89 
cubic feet absorbed. Since 136 cubic 
feet of oxygen are required for the oil to 
reach 0.5 milligram of KOH acidity, and 
89 cubic feet would be absorbed axmually 
under the conditions described, it would 
only take about a year or a year and a half 
for the oil in a transformer with a single 
breather to reach a condition where it would 
begin to sludge. 

Similar methods of calculation may be 
used for other breather arrangements. 

Occasionally double breathers are used 
which provide a constant circulation of air 
through the gas space above the transformer. 
This arrangement is quite advantageous 
from the point of view of preventing mois¬ 
ture condensation on the cover. However, 
it does provide a high oxygen concentration 
above the gas space with consequent short 
oil life. Assuming the same average oil 
temperature (76 degrees centigrade) and 
only 16 per cent oxygen concentration 
(which seems conservative) the oil in the 
transformer should require only 0.6 of a 
year to reach 0.5 milligram of KOH acidity. 

The case of the simple expansion tank 
can be calculated with less assurance from 
the data presented by Doctor Hill because 
the oil in the conservator tank might be 
somewhat more quiescent than in the main 
tank and therefore less accessible to oxida¬ 
tion. Also the temperature of the conserva¬ 
tor tank varies widely depending on the 
type of connection to the main tank. 
However, in an actual heat run the tem¬ 
perature of the oil in the conservator was 68 
degrees, when the oil in the main trans¬ 
former was 75 degrees. Assuming the same 
daily load cycle as previously and applying 
the calculation to the surface of the oil in 
the conservator, which was 7 V 2 square 
feet, it was found that of the 123 cubic feet 
of oxygen breathed in, 86 w^e breathed 
out and 38 absorbed, with the result that 
3.6 years would be required before sludging 
would appear. With types of construction 
which tend to reduce the oil circulation and 
the temperature of the oil in the conserva¬ 
tor, the time might be considerably longer— 
perhaps even 6 or 7 years. 

The merit of nitrogen protection or 
tightly sealed tanks is apparent from the 
above calculations from the standpoint of 
oil deterioration. 

In interpreting the insulation deteriora¬ 
tion results which Doctor Hill presents, 
in terms of actual transformer construction, 
it should be recognized that the insulation 
in the transformer, which is subjected to 
appreciable mechanical stress, is actually 
at the oil temperature rather than at the 
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copper temperature. In fact, it is only the 
insulation covering the copper conductor 
itself which reaches the maximum copper 
temperature, and here a deterioration in 
tensile strength of 60 to 76 per cent is 
probably not serious once the insulation is 
in place in the transformer. Doctor Hill’s 
data on insulation deterioration in nitrogen 
indicate that the deterioration due to tem¬ 
perature takes place relatively quickly— 
that is, in 100 to 160 days. After that 
there appears to be little further deteriora¬ 
tion, and the loss in tensile strength even 
at temperatures as high as 120 degrees 
would not appear to be a serious matter. 
This is particularly true since most of the 
insulation is used in compression rather 
than in tension, and the decrease in tensile 
strength is probably not accompanied by a 
^Dmmensurate decrease in compression 
strength. 

It can be concluded from Doctor Hill’s 
data that the maximum safe temperature 
limits, particularly for short periods of time, 
can be considerably higher in types of 
transformers having effective protection of 
the oil and insulation against oxidation. 

The proposed recommendations of the 
American Standards Association for short- 
time overload capacity of transformers 
appear to be extremely conservative when 
applied to transformers having protection 
against oxidation. With such transformers, 
continuous operation at rated load, 65 
degrees rise, and at 40 degrees ambient, is 
possible without measurable deterioration. 


Charles F. Hill: Mr. Putman and Mr. 
Hellmund have called attention to European 
practice of higher temperatures in dis¬ 
tribution transformers than permitted in 
America, and the fact that my results ex¬ 
plain and justify the argument for this 
European practice. As Mr. Putman points 
out, it is illogical to use devices to keep out 
oxygen and then limit the transformer to 
the same temperature as a free-breathing 
unit. 

Mr. Montsinger points out the apparent 
flattening off of the deterioration rate of 
cellulose in my results, after a relatively 
few months. The flat part of the curve 
could have been given a slight slope and 
still fit the data, but the rapid initial effects 
were rather striking. I suspect some initial 
oxidation due to residual oxygen in the oil 
with more frequent opening of the appara¬ 
tus could have distorted the early results in 
this respect. The important point is that 
the mechanical deterioration at the end of 
two years is not nearly so great as normally 
expected. The shape of the curves points 
out the difference in conclusions to be 
reached, depending upon the length of the 
life test as emphasized by Smith and Scott 
in their paper. 

As to the rate of deterioration and the 
”8 degree” rule or ”10 degree” rule now 
imder consideration, I believe this is too 
conservative for this case, but this subject 
is analyzed in more detail in my discussion 
of the paper by Smith and Scott (page 444). 

My results emphasize again the accepted 
conclusion that deterioration of the organic 
materials (solids) is primarily mechanical 
and not electric^. The choice of tests to 
measure this deterioration is somewhat a 
problem, but we have concluded tensile tests 
are most dependable. 
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Referring to Mr. Halperin’s comment, it is 
true as he points out that these results as 
wdl as previous experiments and experience 
show a critical temperature for cellulose 
around 100 degrees centigrade, but to get 
100 per cent deterioration, even at higher 
temperatures, requires a long time. Our 
results also show, as he mentions, that oxy¬ 
gen has a very marked effect when both 
high temperature and oxygen are applied 
to oil-immersed cellulose. 

Mr. Halperin has also raised the question 
of type of test and suggested a tearing test. 
I believe embrittlement measurements for* 
this case would be more in order. We have 
had some degree of success with these, 

I agree in general with F. M. Clark's 
statements concerning the relative value 
of controlled laboratory tests and *'com¬ 
mercial" tests. The data on oils in my 
paper, figures 2 to 4, inclusive, are more 
nearly laboratory experiments than com¬ 
mercial in that conditions were rather 
closely controlled. 

It is not clear to me just what Mr. 
Clark's explanation of the apparent lack of 
electrical deterioration may be. The oil- 
soaked fullerboard remains good electrically, 
as also did the oil in the inert gas tests. 

Mr. Clark has also discussed the mecha¬ 
nisms by which oil or oxidized oil deteriorates 
cellulose. It was not the intention to add 
data to the paper to prove a theory of these 
mechanisms, but from other results we do 
believe peroxide stages of oil oxidation are a 
serious factor. Concerning the ability of 
oil to carry oxygen to cellulose, we believe 
that is generally accepted and it is probable 
that in the presence of an oxygen atmos¬ 
phere, the nonoxidizing fireproof liquids may 
show less effect upon c^ulose at 80-86 
degrees centigrade than does oil. As 
Mr. Clark states, also, the lighter water- 
soluble acids formed in oil oxidation are the 
more active. 

Our experiments were so selected as to 
show the deterioration effects and their 
degree within the various temperature 
ranges and so far as I can see from Mr. 
Clark's discussion, he agrees in a general 
way with our results. We recognize, of 
course, that some of the mechanisms of 
deterioration are not as yet explained. 

Mr. Vogel has used the oil data to deter¬ 
mine the life of a transformer oil under 
various conditions of operation, that is, 
under various amounts of available oxygen 
for oil deterioration. I believe our results 
will be of considerable value to the user of 
transformers in determining what he should 
demand in the way of protection agaitist oil 
oxidation. 

The data on oil and cellulose deterioration 
both should be of value to the operating 
engineer in determining what to do with 
transformers in service. Mr. Louis points 
out in his discussion that the operating 
engineer needs such information. I believe, 
as Mr. Louis suggests, that the data given 
will be found of considerable value. No 
doubt more experiments may be necessary 
to give a complete and accurate picthre and 
I hope operating engineers will attempt to 
utilize the data enough to evaluate the 
results. 

3o far as temperature limits and standards 
are concerned, the paper raises some very 
important questions, but these have been 
pointed out by Mr. Putman and need no 
further discussion. 


Synopsis: Analysis of operating charac¬ 
teristics shows tha^ fixed shunt capacitors 
may be used to provide voltage correction 
up to approximately three per cent on a 
typical four-kv distribution circuit. In¬ 
stallation of capacitors up to this limit, or to 
unity power factor on the feeder if that oc¬ 
curs with less capacity, generally gives 
voltage improvement at minimum cost. 

Additional correction can be secured with 
a set of automatic voltage boosters beyond 
the shunt capacitors, except that single¬ 
phase taps from near the feeding point 
should have the other phases extended first 
to secure lowest cost. This procedure re¬ 
quires only three different devices, a 30-kva 
single-phase capacitor, a 90- to 180-kva 
three-phase capacitor, and a 6-kva auto¬ 
matic booster with two 1.33-per-cent steps, 
to secure appreciable economies in distribu¬ 
tion cost. 


R ecent years have seen the intro¬ 
duction and promotion of three 
additional types of equipment to correct 
abnormal voltage conditions on distribu¬ 
tion circuits, namely: (1) the automatic 
voltage booster, (2) the shunt capacitor, 
and (3) the series capacitor. Each one 
functions in a dififerent way to regulate 
voltage, and has certain other effects, 
which make direct comparison of price an 
unfair test of true economic value. This 
paper undertakes to compare them as 
they might be applied to the system of the 
Duquesne Light Company, subject to the 
voltage limitations and other conditions 
of that system, and to ascertain which de¬ 
vice or combination of devices should be 
used to maintain the voltage at consum¬ 
ers* service switches within the prescribed 
limits. Inasmuch as the Duquesne Light 
system is generally similar to those oper¬ 
ating elsewhere in areas of similar popula¬ 
tion density, it seems probable that the 
conclusions will be fairly representative. 
The t 3 rpical circuit is three-phase, four- 
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wire, four-kv, regulated at the substation 
by single-phase induction regulators. 
By means of line drop compensators, the 
regulators are made to correct for voltage 
drop in the main feeder, and it is assumed 
that they regulate the primary voltage 
directly at the first tap or transformer 
(called the "feeding point”). This feed¬ 
ing-point voltage normally varies be¬ 
tween 102.0 per cent at light load and 
104.0 per cent at peak load, always with a 
tolerance of =*= 1.0 per cent for the margin 
between “raise” and "lower** in the con¬ 
tact-making voltmeters controlling the 
regulators. These values have been 
established to give as good voltage as 
possible as much of the time as possible to 
as many consumers as possible without 
sacrificing the economic advantage of rais¬ 
ing the feeding-point voltage close to the 
105.0 per cent limit during peaked load. 
With voltage drops at peak load of up to 
3.0 per cent in the primary system, 2<5 
per cent in distribution transformers, 2.0 
per cent in secondaries, and 0.5 per cent 
in services, the delivered voltages will 
range from nearly 104.0 =*= 1.0 per cent 
for a consumer fed by a very lightly 
loaded transformer at the feeding point 
down to 96.0 =*= 1.0 per cent for a second¬ 
ary consumer at some distance from a 
heavily-loaded transformer at the end of 
the primary. This circuit is discussed 
more fully in the paper "Automatic 
Boosters on Distribution Circuits*** from 
which figure 1 is taken. 

Attempts to benefit by the assumption 
that consumers near the feeding point 
alwa 3 rs have at least the voltage drop of a 
50-per-cent-loaded transformer below the 
primary voltage at the feeding point 
during the circuit heavy-load periods, 
accordingly raising the feeding-point volt¬ 
age an extra 1.0 per cent to 105.0 ^ 1.0 
per cent, have not been successful on the 
Duquesne Light system and have been 
abandoned because of complaints. The 
conditions shown in figure 1 represent the 
maximum voltage drops with which 
service voltage can be maintained within 
the established Umits, and are typical of a 
1,600-kva fouT-*kv open-wirecircuitfeeding 
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three or four square miles of fairly uni¬ 
form suburban load with an extreme 
length from the feeding point to the end of 
the longest primaiy branch of around two 
miles. 

But load increases both in density and 
in area, and the tendency is to extend the 
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Figure 1. Voltage regulation of typical dis¬ 
tribution feeder by induction regulators at 
substation 


variation of 5 per cent. The effect of 
such a booster is shown in figure 2; with a 
primary voltage drop 89 per cent greater 
than could be permitted in the original 
circuit, figiue IB, the voltage delivered to 
consumers is held within the same limits 
by means of the automatic boosters. 
Analysis showed that automatic boosters 
were economically applicable where satis¬ 
factory regulation could be secured with¬ 
out boosters only by extensive installation 
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long branches and to carry more and more 
load on the circuit Immediately the 
voltage drop increases, and before long it 
becomes necessary to provide some 
means to bring the voltage back within 
the established limits. When the circuit 
has ample current-carying capacity, an 
advanced feeding point is established 
nearer the center of load and a back feed 
is built to serve load along the feeder. 
Sometimes that does not suffice, and a 
new feeder or substation may be built to 
share the load. Both methods ordinarily 
are expensive, and frequently can be de¬ 
layed for a number of years by the use of 
voltage corrective devices,* sometimes 
with considerable savings in annual cost, 

Autoxnatic Voltage Boosters 

About six years ago leading power com¬ 
panies started to use automatic voltage 
boosters to correct low voltage on long 
circuits, particularly for rural districts 
where rather coarse voltage steps were 
adequate. The size of step is directly re¬ 
flected in the output voltage, however, 
and the earlier paper^ indicated a two- 
step booster having 2.66 per cent total 
range as the most economical design for 
operation within a total primary voltage 


Figure 2. Voltage regulation of typical dis¬ 
tribution feeder by induction regulators at 
substation and automatic boosters on poles 

of 1/0 or 4/0 conductors on the three- 
phase portion of the circuit. 

Shunt Capacitors 

In 1930 a number of four-kv shunt 
capacitors were installed by the Duquesne 
Light Company on circuits in industrial 
areas to correct for the low power factor 
then existing. The depression which 
came even before these installations were 
complete had the triple effect of reducing 
the industrial load, making industrial 
consumers more anxious to benefit by 
allowances for good power factor, and re¬ 
tarding the expenditures required to serve 
adequatdy the continually growing do¬ 
mestic load particularly in areas only re¬ 
cently developed. As early as 1932, 
capacitors were being moved from indus¬ 
trial circuits to suburban areas to reduce 
the voltage drop in overextended circuits. 

The voltage corrective effect of the 
shunt capacitor is due to the leading re¬ 
active current which, flowing through the 
circuit from the regulated source at the 
feeding point to the capacitors out in the 


load area, produces a rise in voltage equal 
to the product of the capacitative current 
and the line reactance. This voltage 
correction varies with the distance, from 
zero at the feeding point to full value at 
the capacitor. Ordinarily the capacitor 
is permanently in service, and so raises 
the voltage by the same amount at light 
load on the circuit as at full load,^ 

The maximum correction which can be 
secured by use of fixed shunt capacitors 
can be determined very readily from 
charts of voltage at the proposed location, 
the limit being that capacity which 
raises the voltage during light-load peri¬ 
ods to the upper limit of 105.0 per cent. 
Usually the light-load voltage along a cir¬ 
cuit is practically constant along the en¬ 
tire length, substantially equal to the 
contact-making voltmeter setting of 102.0 
=•= 1.0 per cent. With these voltage 
conditions only 2.0 per cent voltage cor¬ 
rection can be secured by means of shunt 
capacitors. More correction can be used, 
however, by balancing the voltmeter at 
101.0 per cent and increasing the line drop 
compensation, which would permit as 
much as 3.0 per cent correction by 
means of shunt capacitors.* 

It is seldom possible or desirable to 
locate the capacitors directly at tlie end 
of the circuit, as this would give the maxi¬ 
mum voltage correction at one point only 
and less correction at the ends of other 
branches of the circuit where full correc¬ 
tion is as much needed. Generally they 
are installed at some such point as the end 
of the three-phase! circuit or a branch 
point of the three-phase circuit, in either 
case leaving Some drop in the primary 
laterals beyond tlie capacitor to the last 
transformers. A circuit embod3dng tliese 
characteristics is shown as figure 3, which 
indicates that full advantage has been 
taken of the permissible variation in 
voltage and that it is not feasible to cor¬ 
rect the primary voltage more than 3.0 
per cent with fixed shunt capacitors. 

If more than 3.0 per cent correction is 
desired, then additions! capacitors can be 
installed with a switch controlled by a 
contact-making voltmeter to cut them 
into service when the voltage drops be¬ 
low the desired level. With voltage 
limits at the point of installation of 101.0 
per cent to 106.0 per cent, automatic 
voltage-controUed shunt capacitors could 


*•* Usually the light-load voltage can be lowered 
somewhat more, which would permit some addi¬ 
tional voltage correction by shunt capacitors. It 
must be borne in mind, however, that a circuit hav¬ 
ing good phase balance at peak load may have ap¬ 
preciable unbalance at light load, and that this un- 
b^ance added to the voltage rise caused by fixed 
shunt capacitors might cause excessively high volt- 
age on the lightest loaded phase during light load. 
Accordingly, the limit to voltage correction by 
fixed capacitors has been set at three per cent. 
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be applied to give up to 3.0 per cent addi¬ 
tional voltage correction. A circuit with 
both fixed and automatic capacitors could 
have a total of 9.0 per cent primaty drop, 
of which 6,0 per cent would be corrected 
by the capacitors. The automatic ca¬ 
pacitors would require individual phase 
control to compensate for neutral shift, 
and might as well be single-phase installa¬ 
tions. Voltage regulation on a typical 
circuit with both fixed and automatic 
shunt capacitors is shown in figure 4. 

The shunt capacitor raises voltage by 
drawing capacitative current. Inasmuch 
as the typical distribution feeder has a 
peak-load power factor approximately 90 
per cent lagging, the shunt capacitor 
tends not only to improve voltage but 
also to improve the circuit power factor. 
This results in lower kilovolt-ampere de¬ 
mand for the same peak load, and re¬ 
leases carrying capacity in the circuit and 
in all of the supply system. On systems 
having low power factor this improvement 
in power factor is most desirable; the 
system capacity released is available to 
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Figure 3. Voltage regulation of typical dis¬ 
tribution feeder by induction regulators at 
substation and fixed shunt capacitors on poles 


carry increased load and has the same 
value per kilovolt-ampere as an addition 
to tlie system.® When the system power 
factor already runs higher than the rating 
of the generators, then the only value 
creditable to improved power factor is 
the capacity released in main feeder, sub¬ 
station, and transmission system. The 
latter is true of the present analysis, and a 
value of $50.00 pear kilovolt-ampere has 
been assumed for the reduction in de¬ 


mand. With the present price of 2,400- 
volt capacitors running under $8.00 per 
capacitative kilovolt-ampere, it is evident 
that credit for reduction in peak demand 
might pay a large portion of the cost of 
capacitors, leaving a rather small charge 
for the voltage improvement for which 
they are installed. 

For example, a circuit carr 3 ring 1,500 
kva at 90 per cent power factor might 
require the installation of 360 kva of 
shunt capacitors for voltage correction. 
The capacitors would raise the circuit 
power factor to 98 per cent and reduce 
the circuit demand measured at the sub¬ 
station from 1,500 kva to 1,385 kva. 
This reduction in demand of 115 
kva, evaluated at $5,750, is secured 
from shtmt capacitors having a purchase 
price of approximately $2,700. With the 
cost of the capacitors more than covered 
by credit for reduction in demand, the 
voltage correction is secured free of 
charge. 

Series Capacitors 

Capacitors of proper rating inst^ed in 
series in a circuit also tend to reduce the 
voltage drop.^ The effect is computed 
readily as the product of the capacitative 
reactance and the reactive component of 
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fOVQLTAGE REGULATION OF TYPICAL CIRCUIT 


Figure 4. Voltage regulation of typical dis¬ 
tribution feeder by induction regulators at sub¬ 
station and shunt capacitors, partially con¬ 
trolled by voltage, on poles 


the current flowing through the capacitor. 
Installed at the point where the primary 
voltage reaches the lower limits 101.0 ^ 
1.0 per cent, it should have such an im¬ 
pedance as would, with the .mo-ximum 


load current flowing through it, raise the 
voltage 3.0 per cent, or to 104.0 =>» 1.0 per 
cent. As the load decreases, the power 
factor drops, and the out-of-phase com¬ 
ponent tends to decrease but little. The 
voltage boost of the series capacitor, 
therefore, is nearly as great during light 
load as during heavy load, and it is neces¬ 
sary to check several different load condi¬ 
tions to avoid excessively high voltages on 
the output side. For present purposes, 
however, it is assumed that the capacitor 
selected to give 3.0 per cent rise at peak 
load is satisfactory. The voltage regula¬ 
tion of the typical circuit with this series 
capacitor is shown in figure 5. 

Economic Comparison 

There are now five different methods 
for correcting the voltage regulation of a 
circuit, namely: 

1. Rebuild for greater current-carrying 
capacity, by changing single-phase to three- 
phase, replacing present conductors with 
larger conductors, or building a new circuit 
to divide the load. 

2. Extend the feeding point farther into 
the load area, back feeding the load along 
the main feeder and regulating voltage at 
the new feeding point by increased use of 
the feeder regulators at the substation, 

3. Correct for excessive voltage drop in the 
existing circuit by installing automatic 
voltage boosters at the proper points. 

4. Correct for excessive voltage drop in 
the existing circuit by installing shunt 
capacitors near the ends of the branches. 
Where fixed capacitors alone do not suffice, 
additional correction can be secured by 
means of voltage-controlled automatic ca¬ 
pacitors. 
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ORIGINAL CONOITlONv BRANCH NEAR FEEDING POINT OF CIRCUIT-3 MILES TO 
FURTHEST TRANSFORMER. LOAD 25 AMPS. UNIFORMLY DISt 

FEEDING r- 3.0 Ml. #6 - 

POINT I-- 

PRIMARY VOLT. l04X)il.O% 96.4fL0H 


ORIGINAL CONDITION:- 10 branch 3 MILES LONG FROM 30 CIRCUIT 3 MILES FROM 

FEEDING POINT. LOAD ON 30-M AMPS PER0. LOAD ON I0.|SA. 
sunj... 3.0 MIki 30 —+ - 3.0 Ml *6 10 - 


PRIMARY VOLT 104.0110% 


•e.411.0% 


SOLUTION A:- CHANGE Z.Z MILES TO 30 
AND BALANCE LOAD ^ 

FEEDING 
POINT I 


PRIMARY VOLT 104.011.0% 


£J^ ADDITIONAL INVESTMENT, 

INCREASED LOSSES 

lOIOnOH CAPITALIZED S|^70 


SOLUTION 0> INSTALL TWO 2.66% TWO-STEP 
AUTOMATIC BOOSTERS 

^ ^ *—3.0 ML ns 10 


PRIMARY VOLT 10404 IO%\ 1014*1.2% 
101.341.OH 


ADDITIONAL INVESTMENT, 
INCREASED LOSSES 
CAPITALIZED 01^60 


SOLUTION E:- INSTALL 90 KVA OF 10 SHUNT CAPACITORS* 

PART CONTROLLPO BY VOLTAGE 
FBEDING r ’I ADDITIONAL INVESTMENT, 

POINT I ^*3: INCREASED LOSSES & 

PRIMARY VOLT 1040*10% 1020*10% CAPITALIZ*S>*^^^ $2,260 

SOLUTION F> INSTALL TWO SERIES CAPACITORS 

rcerviM/.. I* ^0 ML #6 10 - . ,| 

I-11—^_II_ I ADDITIONAL INVESTMENT, 

POINT I I ^1 increased LOSSES 

PRIMARY VOLT I0404LO%\ 101041.0% 1014*1.0% CAPITALIZED $2,460 

101.0*10% 


SOLUTION A}. CHANGE 10 TO 30 INCREASE MAIN FEEDER WIRE SIZE 
SUB-I.cs h'-^ 30-|— 3.0 Ml *3 30 — .| 

|TA.|w:r- ' -r- add investment, 

' ^ INCR. LOSSES 

PRIMARY VOLT. 104.0*1.0% 101.8*1.0% IOIOm% CAPITALIZED $6.67S 

SOLUTION B>- CHANGE 10 TO 30; ADVANCE FEEDING POINT 
0.5 MILE AND FEED BACK 

aua4.es 1—30 Mm 30 — - J— 3.0 M|% 30 —4 


PRIMARY VOLT. 104.0*1.0% 


-! ADD. INVESTMENT, 

) INCR. LOSSES 

/ capitalized S3,100 


SOLUTION 0:- INSTALL TWO 266% TWO-STEP AUTOMATIC BOOSTERS 
SUB-I.ev h- 30 Mm 30 - - 3.0 Ml«e 10 -H 

PRIMARY VOLT 104.0* L0% 101.041.0% 101.5^% CAPITALIZED $1,550 

SOLUTION E^fNSTALL 55 KVA OF 10 SHUNT CAPACITORS; 

PART CONTROLLED BY VOLTAGE 

auB.i.c.h-3OMm30 -J—3.0MI% 10 —- 


SUB-lyeth-3OMm30 -*^—3.0 Ml *6 10 —^ 

STA.KiH:r--i- investment, 

»A.i -p losses S 

PRIMARY VOLT. 104.0*1.0% 102.7*1.0% (i.ONO <lF ^01.0*10% CAp!taLIZK>^^SI420 


SOLUTION F> INSTALL TWO SERIES CAPACITORS 
sua-i .cs I- 3.0 Mm 30 —4r-3.q.Mt % 10 


PRIMARY VOLT 104.0*1.0% 


' ADO. INVESTMENT, 

J INCR LOSSES 

101.4*1.0% <^a»*'Talizeo $2,360 


SOLUTION G:- INSTALL 60 KVA l4> SHUNT CAPACITOR; 

CHANGE 1.2 Ml. TO 2<ll S. BALANCE LOAD 

F I.2 Ml. L8 MI.M 10 

» 6 20 ^1 ^ ADDITIONAL INVESTMENT, 

X i INCREASED LOSSES & 

PRSIARY VOLT. .0A0*10% T 101011.0% 


SOLUTION H:- INSTALL 60 KVA SHUNT CAPACITOR; 

& CNE ^ -StEP AUTOMATIC BOOSTER 

FEEDING I_ ’ r e i ^ ~ 1 ADDITIONAL INVESTMENT, 

. POINT I 3121-j INCREASED LOSSES & 

PRIMARY VOLT. IOAO*LO% IOI.2llA% CAPITAUZ^ST'^^*^ $87' 


CAPITALIZED 


ly IV 11^.3 r\\ 

OF 30 SHUNT CAPACITORS 
- 3.0 Ml % 30 - Jh 3.0 Ml *0 30 


PRIMARY VOLT^I04.0*l.0% 


AOO. INVESTMENT, 
INCR. LOSSES A 
REDUCED DEMAND 
CAPITALIZED $1,835' 


SOLUTION HL !5«TALL^f 

SUB4y«vh- 3.0 Mm 30 -—h--3.0 Ml *0 10 - •* 

STAl^nr---T-ria-- investment, 

I 4= ^ l-OSSES A 

PRIMARY VOLT. I04D*L0% 102J*l.0%(LoSf 0) 101.2*1.2% C?PITff,2H>'^%a7 


Figure 7. Economic comparison of several 
methods of improving voltage on a three-mile 


Figure 6. Economic comparison of several 
methods of improving voltage on a three-mile 
single-phase branch at the feeding point of a 
three-phase four-kv distribution feeder 


5. Reduce voltage drop in the existing cir¬ 
cuit by means of series capacitors* which 
can be selected to give a voltage rise to com¬ 
pensate for the voltage drop in the conduc¬ 
tors. 


for increased construction costs and with 
the new methods added, are presented 
herein as figures 6, 7, and 8. 

Shunt capacitors automatically con¬ 
nected during periods of low voltage and 
disconnected during periods of high volt¬ 
age, used in combination with fixed shunt 
capacitors to secure more voltage correc¬ 
tion than can he secured with fixed ca¬ 
pacitors alone, did not in any case give as 
low a total cost of correction as could be 


single-phase branch at the end of a three- 
phase four-lev distribution feeder 


secured by the combination of several 
methods. The installation of fixed shunt 
capacitors well out on the circuit near the 
point where the peah-load drop from the 
feeding point approaches 5.0 per cent al¬ 
most pays for itself in the value of the sys¬ 
tem capacity released by the reduction in 


Several methods may be used in com¬ 
bination, such as 

6. Install as much fixed shunt capacity as 
circuit conditions permit, advancing the 
feeding point or rebuilding the substation 
end of the circuit to secure the remainder 
of the required voltage correction. 

7, Install as much fixed shunt capacity 
as circuit conditions permit, adding auto¬ 
matic voltage boosters to correct for ex¬ 
cessive drop beyond the shunt capacitors. 

Any of these methods can be applied to 
correct the voltage regulation of a distri¬ 
bution circuit which exceeds the permissi¬ 
ble limits of steady-state voltage. Eco¬ 
nomics now enters as an important factor 
in selecting the one method most appli¬ 
cable to the case at hand. The previous 
paper presented a number of comparisons 
of the first three methods applied to typi¬ 
cal circuits. These examples, corrected 


attained with the combination of auto¬ 
matic boosters and fixed shunt capacitors. 
The automatic shimt capacitor does not 
seem to offer any real advantage and may 
well be dropped from further considera¬ 
tion as a device for general use to correct 
voltage on distribution feeders. 

The series capacitor also is higher in 
total cost than several other methods and 
need not be considered further as a means 
for the correction of voltage drop in dis¬ 
tribution feeders. An exception must be 
made, however, for fluctuating loads 
which require the reduction of circuit im¬ 
pedance either by increasing copper size 
or by the installation of series capacitors 
or proper current rating and capacitance, 
but this is a problem in itself, entirely 
separate from the scope of the present 
paper. 

The. lowest total cost in every case is 


amount of reactive current to be supplied, 
and provides considerable voltage correc¬ 
tion at low net cost. Fixed shunt capaci¬ 
tors may be added until the light-load 
voltage reaches the maximum or the cir¬ 
cuit power factor reaches unity, which¬ 
ever comes first Any additional voltage 
correction required can be secured by 
means of automatic voltage boosters be¬ 
yond the shunt capacitors.* The instal¬ 
lation of shunt capacitors and one set of 
automatic boosters compensates for 5.66 
per cent voltage drop and permits loading 
the circuit to 288 per cent of the limit 
established by voltage drop without any 
of these supplementary devices. Addi¬ 
tional automatic boosters might be in¬ 
stalled, but sooner or later the point is 

* Fixed shunt capscitors should not be installed 
beyond voltage boosters as there are no compen¬ 
sators to overcome undesirably high voltage during 
light-load periods. 
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reached where it is more economical to re¬ 
build the circuit for greater capacity and 
better regulation. This point depends 
largely upon the length of circuit and the 
conductor sizes, but it is doubtful whether 
two sets of boosters in series beyond a 
maximum installation of fixed shunt ca¬ 
pacitors can be justified on four-kv cir¬ 
cuits up to five or six miles long. 

Long single-phase branches connected 
near the feeding point of a three-phase 
circuit also should have fixed shunt ca¬ 
pacitors. Any additional voltage correc¬ 
tion required should be secured by ex¬ 
tending the second and third phases; 
considerable voltage improvement is ac¬ 
complished by a comparatively short ex¬ 
tension of the additional phases and the 
cost generally is less than that of auto¬ 
matic voltage boosters on the single-phase 
circuit. 

Adaptability to Growing Loads 

The final test of any proposal affording 
comparable service is whether its use 
results in lowered total costs over a 
period of years. The earlier paper 
showed the annual cost through a 30-year 
period of growth of two t 3 rpical circuits 
using automatic voltage boosters for 
voltage correction as compared with the 


conventional methods of rebuilding. The 
same two circuits have been analyzed 
using fixed shunt capacitors to the limits 
of unity power factor and 3.0 per cent 
voltage rise, followed by other methods 
of correction. 

In the first case, the circuit originally 
consisted of two nrunber 3 copper wires 
single-phase extending three miles from a 
feeding point having peak load voltage of 
104.0 =*=1.0 per cent. The load originally 
was 20 kva: distributed uniformly along 
this three-mile feeder and the voltage 
drop was entirely satisfactory, but load 
growth at the rate of ten per cent per year 
soon increased the drop to the limit. At 
this point a shunt capacitor is installed 
two miles from the feeding point to cor¬ 
rect the voltage. Continued growth ex¬ 
hausts this means of correction and the 
circuit is then gradually converted to 
three phase. The steps are shown in 
figure 9 along with correction by boosters 
and by circuit rebuilding alone. The 
relative costs are plotted in figure 10. It 
is obvious that the conversion from 
single-phase to three-phase is delayed, 
with a savings of four per cent in ac¬ 
cumulated annual cost. 

In the second case the circuit originally 
consisted of four number 3 copper wires 
three-phase extending three miles from a 


feeding point having three-phase voltage 
of 104.0 =»= 1.0 per cent. The load origi¬ 
nally was 100.5 kva uniformly distributed 
along the feeder and well balanced, and 
the voltage drop was satisfactory, but 
load growth at the rate of ten per cent per 
year soon increased the drop to the limit. 
At this point fixed shunt capacitors are 
installed two miles from the feeding point 
to correct the voltage. Continued 
growth necessitates further correction and 
a set of automatic voltage boosters is 
added, followed by circuit rebuilding and 
additional capacitors. The steps are 
shown in figure 11, along with correction 
by boosters and by circuit rebuilding 
alone, and the relative costs are plotted 
in figure 12. Again it is clear that the 
capacitors and boosters together have 
delayed the more expensive rebuilding 
and have accomplished a substantial 
savings in annual costs. 

Conclusions 

These growing-load comparisons con¬ 
firm the conclusion indicated by the sev- 


Figure 9. Periodic alterations on three-mile 
2;300-volt single-phase branch at the feeding 
point of a three-phase four-kv distribution 
feeder to maintain primary voltage within 


ORIGINAL CONDITION^. 30 CIRCUIT-3 MILES FROM FEEDING POINT TO FURTHEST 

TRANSFORMER. LOAD-150 AMPS. PER PHASE. UNIFORMLY DISTRIBUTED 


^1*10 Ml^ -f&*^iOM|«3-P»i^ 


limits of 105 and 100 per cent for load growth 
of ten per cent per year 


PRIMARY VOLT. lOAOtLOH 0«.6«I.OH 

SOLUTION B:- ADVANCE FEEDING POINT 1.5 MILES 
AND FEED BACK 


PRIMARY VOLT 101.6 »IOK lOAOilGM I 

SOLUTION C:- BUILD SECOND CIRCUIT 
TO DIVIDE THE LOAD 


ADDITIONAL INVESTMENT, 
INCREASED LOSSES 
CAPITALIZED S8/i20 


^ Ml ^ *M*3 


ADDITIONAL INVESTMENT. 

I rW-1 X INCREASED LOSSES 

Hg ) * r - J \ 101.0*1.06* CAPITALIZED $19,750 

I / 1040*1.0 

PRIMARY VOLT. I04X>*|.0H lOIJilOH 

SOLUTION 0> INSTALL TWO SETS OF 2.66X 

TWO-STEP AUTOMATIC BOOSTERS 

SUft.| ADDITIONAL INVESTMENT, 

STA.r®>^-^ INCREASED LOSSES 

' / CAPITALIZED $ew405 

PRIMARY VOLT. I040*LOH lOIOiLOH I0I.4*I.2H 

SOLUTION E> INSTALL 480 KVA OF 3$ SHUNT CAPACITORS, 

PART CONTROLLED B^VOLTAGE 

I ADDITIONAL INVESTMENT, 

Ita r^>f- -pT - INCREASED LOSSES A 

•' T=r I REDUCED DEMAND 


^ l-IOMI6* •T^ >10Ml•3-r*61 

>n- 


PRIMARY VOLT 104.0*106* 1010*106* ' 

SOLUTION F> INSTALL TWO 3$ SERIES CAPACITORS 

SSSJ 

PRIMARY VOLT. I04.0*IOH 1010*1.06* 


additional investment, 
INCREASED LOSSES 
CAPITALIZED $8,700 


SOLUTION G> INSTALL 420 KVA OF 3$ SHUNT CAPACITORS* 

ADVANCE FEEDING POINT 0.6 MILE & FEED BACK 

SUB*LeJlV5 


IOMI«»3 


ADDITIONAL INVESTMENT, 
INCREASED LOSSES A 
REDUCED DEMAND 
CAPITALIZED $2,050 


CONVENTIONAL 


YEAR 0 8.7 AMPS. 

I I- 3.0 Ml»3 1$ - 


2.66N TWO-STEP 


YEAR 0 6.7 AMPS. 

, K-— 3.0 Ml«3 I* ■ 


SHUNT CAPACITORS 


YEAR 0 8.7 AMPS. 

, — 3.0 Ml »3 16 - 


YEARS ‘O^AMPS^TO^ YEARS 185 AMPS. (0 TON) YEAR 8 18.5 AMPS. (6 TO N) 
I ^ 2jOMI* 3 36-—|»3 l» 1 I JP Ml*3 16 ■ { , J — - ■ 3.0 Ml»3 16 —H 


YEAR 12 270AMPSI6TPN) 

^30 KVA 

YEARJ5 36.3AMPS|6JO^ ,e 39SAMP&JJT0J^ 

-ID--ih- f , J—2.0MI-3 36 —1^3 16"i 

r® JbSQKVA 

YEAR 19' 535 AMPS($T0N) 

I -30 M«*3 36 -i YEAR 22^miAMP&(0TO hj) 


YEAR 17 439AMPS(6T0K 
I I—3.0MI«3 36 —' 


YEAR 27 II4S AMPSI0TON) YEAR 27 1145 AMPS.(6 TO N) YEAR 27 1145 AMPS. 16 TO N) 
I ,J— tSMU* 36-r ****^ ^**1 I J- ^Ml«3 36 - { I J 3.0Mi»3 36 —^ 


Figure 8. Economic 
comparison of sev¬ 
eral methods of im- 



15 20 25 30 

YEARS 


SOLUTION H:- INSTALL 360 KVA OF 3$ SHUNT CAPACITORS; 

ONE SET OF 2.66H BOOSTERS 

ADO.TION»L INVeSTMENT. 

STA.r^n-—-^rlS——I increased losses a 

I REDUCED DEMAND 

PRIMARY VOLT. 1040*1.06* I0L0*L0H 1014*1.26* CAPITALIZED $695 


proving voltage on Figure 10. Relative total annual cost of seiv- 
a three-mile three- ing a load growing ten per cent per year on a 

phase four-kv distri- three-mile 2,300-volt feeder Initially single- 

bution feeder phase with number 3 conductors 
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CONVENTIONAL 

-Rg&VILDIN<? 

ye ar O 14.6 AMPS. 

- 3.0 ML M3 - 




2.66X TWO-STEP 

' _boosters 

YEAR 0 I4.6^AMPS; 

I \ -3.0 Ml. ^ ^ 


YEAR 10 M8 AMPS. , YEAR 10 SI 

1 |.c =3 


YEAR 13 50.4 AMPS. 

YEAR 19 . 89.9 AMPS. 


TE^R 23 13 .5 AMPS. iZZaft 

t.)=i=s:r:zl 


OMI^H 

YEAR 23 131.5 AMPS. 

YEAR 27 193.3 AMPS. 

-L3 Mtv fc 
YEAR 30 2574 AMPS. 


YEAR 17 55.1 AMPS. 

I K --—3.0 Ml *3 - 

Hgi—a—a- 


YEAR 21 108.6 AMPS. 

2.0 Ml *3- 


YEAR 30 2574 

, J—w mlh—I 

*rf^S3is!lboi 


YEAR 26 175.5 AMPS. 

•20Mli*— 


SHUNT CAPACITORS 
^ _BOOSTERS _ 


YEAR 0 




YEAR 10 378 AMPS. 

_3.0Mi»3 - .| 


YEAR 10 37.8 AMPS. 

I 1—3.0 ML«»3 - 


YEAR 14 55.5 AMPS. 

' leO KVA*f 

YEAR 18 81.3 AMPS , 

-- 

YEAR 20 98.2 AMPS. 

41lit^2.0MI-3 -1 

—l-T®-•' 

O KVA >|* 

YEAR 23 131.5 AMPS.^_ 

I 340 KVA »j> 

YEAR 26 175.5 AMPS. 


Fisure 11. Periodic 
alterations on three- 
mile four-kv three- 
phase circuit to 
maintain primary 
voltage within limits 
of 105 and 100 per 
cent for load growth 
of ten per cent per 
year 



serving a load growing ten per cent per year on 
a three-mile feeder initially four-kv three- 
phase with four number 3 conductors 


which should have additional phases ex¬ 
tended. Low voltage on the three-phase 
portions of circuits is corrected by means 
of three-phase four-wire shunt capacitors 
of 90 to 180 kva, followed by sets of three 
of the same five-kva automatic boosters. 
The storeroom setup is thereby simplified, 
and there is better opportunity for prompt 
reinstallation of the supplementary regu¬ 
lating devices after they are removed from 
their initial locations. This system pro¬ 
vides worthwhile economies in the cost 
of distribution, and delays major changes 
until more load has developed to give a 
better indication of future needs. 


eral static comparisons that correction of 
voltage on four-kv distribution circuits 
by means of fixed shunt capacitors to the 
Hmit established by power factor and by 
light-load voltage, followed, when addi¬ 
tional correction becomes necessary, by 
one set of automatic voltage boosters be¬ 
yond the capacitors or by extension of 
phases in the case of a single-phase tap 
from near the feeding point, makes pos¬ 
sible substantial savings in the cost of 
maintaming proper voltage at all points 
on the circuit. It was very obvious at 
many points in the comparisons that care¬ 
ful adherence to this policy is essential to 
maximum economies and that it is unwise 
to attempt to use too many auxiliary 
regulating devices before installing 1/0 or 
4/0 conductors in the heavier-loaded por¬ 
tions of the circuit. 

Only three types of supplementary 
voltage-regulating devices are needed for 
suburban four-kv feeders. Single-phase 
shtmt capacitors of 30 kva are used for the 
initial voltage coirection on single-phase 
extensions, followed by single-phase five- 
kva automatic voltage boosters with two 
1.33-per-cent steps except on a single¬ 
phase tap from near the feeding point 
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Discussion 

P. E. Benner (General Electric Company, 
Schenectady, N. Y.): Mr. Olmsted has 
certainly done a very commendable job in 
presenting this straightforward and clear- 
cut method of analyzing the operation and 
evaluating the benefits of using shunt ca¬ 
pacitors in connection with automatic 
boosters. He has shown that by proper 
application of capacitors installed for power 
factor correction it is possible to double the 
primary drop in the load area without in¬ 
creasing the limits of consumer voltage 
variation. This makes possible the use of 
smaller conductors or an increase of the load 


area served by any particular feeder 

The author arrives at a value of three per 
cent as the maximum permissible correction 
by means of shunt capacitors. In this con¬ 
nection it is important to note that this 
three per cent correction is between the first 
transformer and the capacitor installation, 
and does not refer to the voltage rise from 
the capacitor clear back to the substation. 
It should be further noted that this three 
per cent correction or voltage rise does not 
take into account the possibility of using a 
branch feeder regulator with a buck as well 
as a boost range installed between the 
capacitor installation and the first trans¬ 
former. The installation of such a branch 
feeder regulator with line-drop compen¬ 
sator would, of course, double the permissi¬ 
ble voltage rise due to the capacitor, thereby 
raising the limit of three per cent to six per 
cent. 

By limiting himself to the use of a two- 
step booster the author cannot take full 
advantage of shimt capacitor applications in 
that in many cases it would not be possible 
to locate the capacitor as far out on the cir¬ 
cuit as might otherwise be desirable. It is 
believed that the small cost differential 
between the two-step booster and the four- 
step regulator with line-drop compensation 
would easily be offset by the postponement 
of the time of changing a circuit to three- 
phase or installing larger copper. The four- 
step regulator of conventional design can be 
connected for two steps raise and two steps 
lower, and therefore would permit the use of 
a shunt capacitor located further out on the 
line. Such an installation would make it 
possible to double the allowable primary 
drop as shown by the author in figure 3. 

In addition to the author*s five methods 
for correcting the voltage regulation of a 
circuit, it would seem desirable in a com¬ 
prehensive analysis to consider the use of a 
branch feeder regulator of either the four* 
step or the induction type which have a buck 
as well as a boost range and are therefore 
particularly adaptable for use in conjunction 
.with a shunt capacitor. 

Also, in cases where voltage regulation is 
the primary consideration one should not 
overlook the possibility of obtaining the 
desired voltage rise by means of a fixed 
booster installed in the circuit in the load 
area as discussed in the paper, **Voltage- 
Regulating-Equipment Characteristics as a 
Guide to Application” which was published 
in the 1938 AIEE Transactions (Septem¬ 
ber section). It icrf usually possible to obtain 
voltage correction by means of a fixed boos¬ 
ter for only about 10 to 16 per cent of the 
cost of obtaining it by means of a shunt 
capacitor. 


Raymond Bailey (Philadelphia Electric 
Company, Philadelphia, Pa.): The discus¬ 
sion in Mr. Olmsted’s paper relating to 
credit for capacity released in a system by 
the use of static capacitors leads to a more 
general question as to conditions under 
which full credit for such system capacity 
should be allowed. From the point of view 
of sound business, it would seem reasonable 
only to allow full credit on the basis of cost 
per unit of capacity installed in those cases 
where this released capacity permits takmg 
on load where otherwise investment would 
have to be made in the immediate future to 
provide the capacity for this load. For ex- 
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ample, it is questionable how much credit 
should be allowed in a case where the use of 
static capacitors on distribution circuits re¬ 
leases capacity in the step-down trans¬ 
formers in a substation which are at present 
rath^ lightly loaded, as it may be an ap¬ 
preciable number of years until this released 
capacity is actually needed to carry load. 
A more or less parallel case exists in deter¬ 
mining credit for r^eased generating ca¬ 
pacity and here one must consider what 
actual effect this released capacity would 
have on the future investment to provide 
generating capacity. 

It will be found in many cases that it is 
sound business to allow as a credit only a 
certain proportion of the cost per unit of 
capacity in place, depending upon the time 
that will elapse before this capacity is 
actually needed. 

This matter of value of system capacity 
is one that frequently arises in economic 
problems that have to do with public utility 
systems and it is believed that it deserves a 
very s^rching review by public utility engi¬ 
neers in order to avoid balancing on one 
hand an actual expenditure of money against 
calculated credit which may not represent a 
real saving. 


C. £. Arvidson (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Mr, Olmsted's paper shows economic com¬ 
parisons of various methods of correcting 
exwssive voltage drops in distribution cir¬ 
cuits and justifies the use of capacitors 
largdy by capitalizing the released system 
capacity resulting from the capacitor in¬ 
stallations, Does this released system 
capacity have any value during an interim 
when the transmission lines and substations 
involved are not loaded to capacity? In 
cases where the transmission lines or sub¬ 
stations are loaded to capacity, does not the 
installation of capacitors serve to. postpone 
the installation of additional system ca¬ 
pacity rather than replace such additions? 
If capacitors can be considered as a means of 
permanently releasing system capacity, 
should not investigations be made to justify 
their installation on all distribution circuits 
regardless of existing voltage conditions? 

It is the writer’s opinion that the eco¬ 
nomic value of capacitors as a means of 
voltage correction depends upon existing 
conditions and that other methods of volt¬ 
age correction may often be more economi¬ 
cal than capacitors. 


L. H. Hill (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.); Mr. Olmsted 
is to be congratulated on his very thorough 
discussion of various means of regulating 
distribution feeders. It is evident from the 
paper that the elimination of wattless cur¬ 
rent on distribution feeders is highly desir¬ 
able. In this regard the author apparently 
has overlooked the great saving in exciting 
kilovolt-amperes obtained by the use of step- 
type feeder voltage regulators instead of the 
induction t 3 q)e as referred to in the paper. 

For example, induction-type regulators 
used to . regulate the 1,600-kva feeder re¬ 
ferred to in the paper require approximately 
37.6 kva for excitation. On the other hand, 
step-type regulators for this same service 
require only about 7.6 kva for excitation—a 
net saving of 30 kva. This means that 30 
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kva, or almost ten per cent of the capacitors, 
could be eliminated by the substitution of 
step-type registers for the induction type 
now used. Since capacitors are priced at 
about $8.00 per kilovolt-ampere, this 
would result in a direct saving of $240.00. 

If capacitors were not used, an even 
greater advantage can be shown for the step- 
type regulator. The reduction of 30 kva in 
wattless current on this particular feeder 
would result in a decrease in demand of 12.4 
kva. When capitalized at $60.00 per kilo¬ 
volt-ampere according to the paper, this 
reduction in demand would amount to a 
saving of $620.00. 

From these two illustrations it is evident 
that much can be done in the way of select¬ 
ing equipment to release system capacity 
without resorting to capacitors. Even if 
capacitors are found desirable, however, the 
step-type regulator gteatly reduces the 
number reqmred. 


J. .W. Butler (General Electric Company, 
Sch^ectady, N. Y.): In view of my inter¬ 
est in the application of series capacitors I 
would like to comment briefly on their use 
in the circuit regulation picture,, in addition 
to that considered by Mr. Olmsted. 

Admittedly this paper and its presenta¬ 
tion was not required to dwell on this point 
since the objective was to determine the 
most economical way to take care of the 
type of regulation that could be handled in 
several different manners as listed in figure 8. 
Series capacitors, however, are able to 
furnish a type of regulation in addition to 
that type dealt with in the paper that can be 
furnished by no other piece of regulating 
equipment. This discussion is given for the 
benefit of those individuals not intimately 
acquainted with the subject in case then- 
opinion of the series capacitor was formed 
in substance by the account given by Mr. 
Olmsted. 

A series capacitor gives a boost in the line 
voltage at the point of application as deter¬ 
mined by its ohmic value and the power fac¬ 
tor of the current. This boost takes place 
at the capacitor—Whence the circuit on the 
power-source side has the same regulation 
as it had before installation. The voltage 
on the load side, however, is changed and 
for any given power factor and circuit, the 
voltage at a preferred location can be made 
to have practically zero regulation. The 
rest of the circuit, however, will have regu¬ 
lation, either plus or minus, depending upon 
its location with respect to the capacitors. 
Obviously then for a circuit having a dis¬ 
tributed load, two or more series capacitors 
probably would have to be used to give 
satisfactory regulation to the complete cir¬ 
cuit. It is this point that makes the series 
capacitor appear in an unfavorable light 
when considering Mr. Olmsted’s problem. 

Consider however a feeder having sub¬ 
stantially no load taken from it until it gets 
to a bus, where there might be a saw mill, an 
electric dredge, a large motor that is inter¬ 
mittently started, or some other type of 
pulsating load that causes severe voltage 
fluctuations at the bus affecting all other 
connected loads, such as city lightii^. 
Since the series capacitor produces its 
compensation automctticaUy and instantane¬ 
ously, it enjoys a unique position in the 
regulating field in being able to cure this 
type^ of voltage fluctuation. 
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Paul H. Jeynes (Public Service Electric and 
Gas Company, Newark, N. J.): This 
paper deals with a subject that has been 
carefully investigated by Public Service 
engineers, and it can be said that in general 
our experience and conclusions parallel 
closely those reported by Mr. Olmsted. 
Differences in detail may perhaps be ac¬ 
counted for by peculiarities of load condi¬ 
tions on the two systems. 

For example, the statutory voltage toler¬ 
ance in New Jersey is most rigorous, being 
plus or minus three per cent—^not five per 
c^t. In addition, we are acutely con¬ 
scious of the error in supplying unneces- 
sarfly high voltage to the customer, both on 
ethical grounds and for the sake of good 
public relations. Although studies have 
demonstrated that the effect of increased 
voltage (within this three per cent) on cus¬ 
tomers* bills is practically negligible, this 
factor is vastly overrated in the minds of 
many—engineers as well as laymen. The 
use of the shorter-lived Mazda lamps is 
liable to create a suspicion that unduly high 
voltage may be responsible for the increased 
lamp renewals. In either event, it is im¬ 
portant to be able to demonstrate that in¬ 
finite pains are taken to avoid the condition. 

Other characteristics of the Public Service 
S 3 rstem are the high power factors ordinarily 
encountered at time of peak loads, and the 
moderatdy high load density in the territory 
served. While we do have areas that we 
consider to be "rural,” by some standards 
even these would be classified as zones of 
fairly good density. 

One apparent difference which results 
from the above considerations is the matter 
of compensating primary circuits. Maxi¬ 
mum permissible voltage is not maintained 
at the point of feed—that is, the first 
transformer on the circuit—^unless that is 
necessary in order to keep the last customer 
from dropping below the permissible mini¬ 
mum. In other words, circuits are com¬ 
pensated to maintain nominal voltage at 
some point well out on the primary, which 
tends to reduce the voltage improvement to 
be expected from shunt capacitors attached 
at the end of the circuit. 

Another effect of the small voltage toler¬ 
ance is that the range of single-step boosters 
must be limited to five per cent, as a rule, 
while no applications for multistep boosters 
have yet been found. 

AtrroMATic Boosters 

A number of automatic-booster installa¬ 
tions are giving satisfactory service and 
have proved to be cheaper than any alterna¬ 
tive. On a few occasions boosters were 
installed only to have it appear that this 
was the wrong answer. The diflflculty lay 
in the typt of load, which resulted in an 
almost unpredictable daily voltage cyde, 
and too frequent operation of the controls. 
In one case we were able to avoid trouble by 
using a time switch to cut out the automatic 
operation during daylight hours when the 
circuit supplied only power load, which 
caused the difficulty. 

Like Mr. Olmsted we had discovered that 
the combination of booster and shunt ca- 
padtor is ideal for certain situations, but 
refrained from reporting on the subject only 
because we have made no actual installa¬ 
tions. Our nearest approach is a recently 
completed combination of pole-type induc¬ 
tion regulator with capadtors at the end of 
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single-phase branches beyond the regulator. 
T^s has solved a difficult problem and is 
giving almost ideal service. 

Shxjnt Capacitors 

As^ Mr. Olmsted points out, light-load 
conditions usually limit the size of capacitor 
installations for voltage improvement. 
About 1,000 kva of 16-kva units are in¬ 
stalled on I^bltc Service lines, and we are 
enthusiastic about them. They give maxi¬ 
mum relief at the point of attachment, 
where it is most needed, and the effect 
tapers off back to the center of regulation; 
as a result, they minimize the tmdesirable 
overvoltage supplied to customers nearer the 
substation, which is just the reverse of a 
boost applied part way out on the circuit. 

We have not as yet made any mstallatiotis 
switch-controlled by the voltage, though we 
have numerous units on pole-type constant- 
current transformers that cut in with the. 
transformer when the street lights are 
turned on. The proposal for voltage con¬ 
trol of capacitors connected does have ap¬ 
peal, particularly because the voltmeter 
would be located at the point of maximum 
voltage variation. This of course is not the 
case for boosters; the resultant debate over 
voltage versus current control of boosters is 
familiar to all. In any event, it appears to 
be purely a matter of relative costs; we are 
not yet ready to rule out automatically con¬ 
trolled capacitors as a future possibility. 

‘'Released Capactty” Savings 

On this subject of savings from “released 
capacity” in the supply system we are 
forced to differ with Mr. Olmsted—^not in 
criticism of his figures, but of his general 
approach to the problem of evaluating sav¬ 
ings. An important addition to his bibli¬ 
ography is proposed, being a brief comment 
by Alex Dow which appeared in the Elec¬ 
trical World for January 10, 1925. 

Sometimes fantastic savings result from 
power-factor improvement. But unless 
without capacitors we would have to spend 
money that would not be spent with ca¬ 
pacitors, these “released capacity” savings 
are worth zero dollars per kilovolt-ampere. 
Installations of the small amounts of leading 
reactive capacity required for voltage im¬ 
provement very rarely affect the program 
for feeder, substation, or transmission ca¬ 
pacity installations, in our experience. 
Even when capacitors can be justified by 
resultant postponement of capacity installa¬ 
tions, the postponement is only temporary; 
a point is reached where the power factor 
approaches unity, the capacity must be 
installed m any event, and the capacitors 
are for a time of no further use. 

The most fruitful source of savings in our 
experience lies in postponement of incre- 
mentol substation transformers, and tfiij o 
possibility of savings is investigated when¬ 
ever growing loads indicate that additions 
are imminent. Frequently postponement 
for a short period is found justified—usually 
two to four years—^provided immediate use 
can be found for the released capacitors 
when, at the end of that time, the trans¬ 
formers must be installed in any event. 
Usually, also, no coincidental installations 
of transmission or other capacity are on the 
boolp during that period, so that the hypo¬ 
thetical “released capacity” savings beyond 
the transformers are nil. 

The fantastic savings mentioned above 
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were realized when, after a small installation 
of capacitors had made the postponement 
effective for one year, the load unexpectedly 
dropped off. Had the transformers been 
installed we would now be saddled with 
caiTjang charges of perhaps $5,000 annually, 
but the capacitors, having effected that 
saving, have been transferred to other loca¬ 
tions where they are earning their keep and 
compounding the savings. 

To sum up the foregoing argument, it 
seems wise to ignore possible prorata kilo¬ 
volt-ampere savings from “released ca¬ 
pacity” unless their specific source can be 
pointed out. If capacitor installations are 
justified despite this omission, any real 
credit from such a source is “velvet.” 

We have been unable to formulate any 
general rule to indicate the economic prefer¬ 
ence for polyphase, increased wire size, 
boosters, or capacitors; each case requires 
individual study. 

Series Capacttors 

Public Service experience with series 
capacitors is adequately covered by Mr. 
Olmsted's bibliography. At the present 
time another similar installation is being 
considered, and like its predecessors it is 
proving to be a delicate engineering prob¬ 
lem. Series capacitors resemble the well- 
known Uttle girl with a little curl right in the 
middle of her forehead—^when they are good 
they are very, very good. 

L. M. Olmsted: Mr. Butler calls attention 
to the fact that the series capacitor, in addi¬ 
tion. to its ability to correct steady-state 
voltage conditions, has the unique advan¬ 
tage of being instantaneous in effect and 
thereby correcting fluctuating voltage con¬ 
ditions too rapid to be corrected by any of 
the other devices. In a paper specifically 
limited to the correction of steady-state 
conditions it seemed unwise to discuss fluc¬ 
tuating voltage. Consequently the series 
capacitor, foimd uneconomical for steady- 
state conditions, was dismissed with only a 
suggestion as to its other advantages. I 
am glad that Mr. Butler has discussed the 
most advantageous field for the series ca¬ 
pacitor and corrected any impression that 
the series capacitor is never desirable. 

Messrs. Arvidson, Bailey, and Jeynes all 
have commented on the credit for system 
capacity released by the power-factor im¬ 
provement coincident with the correction of 
low voltage by means of shunt capacitors. 
Admittedly the value of this system capac¬ 
ity depends upon the ability to postpone the 
installation of additional system generating, 
transmission, substation, or distribution 
facilities. Every case is different, and the 
true value ranges from almost zero to such 
“fantastic savings” as mentioned by Mr. 
Jeynes. The same question arises in the 
evaluation of losses, in attempting to assign 
a fair increment above the fuel cost to cover 
the use of system investment. iThe figure 
of $50 per kilovolt-ampere of system ca¬ 
pacity released by the capacitors is con¬ 
sistent with the capitalized valuation of 
losses (omitting generating capacity which 
is already operating above rated power fac¬ 
tor). Raising or lowering this credit for 
rdeased capacity to suit some particular 
conditions might affect the choice of shunt 
capacitors for economical correction of 
voltage, might even justify the installation 
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of shunt capacitors where voltage is satis¬ 
factory solely to postpone system expan¬ 
sion, but it cannot affect the economic ad¬ 
vantage which all of the supplementary 
regulating devices hold in common over con¬ 
ventional line rebuilding, the advantage of 
high reclaim value for use elsewhere. 

Mr. Jeynes* comments indicate very 
close similarity indeed between Public 
Service findings and our own. Even 
though the statutory limits in Pennsyl¬ 
vania are more liberal, the many thousands 
of voltage checks made by our troublemen 
on their service calls indicate that 90 per 
cent of our consumers receive voltage within 
s*=2.5 per cent of nominal. We consider it 
advisable to restrict the amount of boost at 
any one location to less than 5 per cent but 
favor two small steps instead of one larger 
step. The apparent difference in the 
method of compensating primary circuits 
for line drop probably is negligible, as we 
have only recently changed from the method 
described by Mr. Jeynes to the one de¬ 
scribed in this paper in order to secure more 
accurate supervision over the voltage actu¬ 
ally supplied to all consumers at their service 
switches; it is designed to check the upper 
and lower limits of voltage instead of testing 
the average consumer. 

All of our automatic boosters are equipped 
with time delay of approximately 50 sec¬ 
onds. This delay has been found desirable 
to permit dose voltage settings without too 
frequent operations of the tap changers. 
No conditions have been encountered where 
this arrangement has permitted excessive 
operations. 

Mr. Benner points out that line-drop 
compensation can be added to pole-mounted 
voltage regulators, after which shunt ca- 
padtors might be installed at the ends of 
the circuit. With this combination, the 
voltage boost of the shunt capacitors bene¬ 
fits the entire circuit during heavy-load 
periods and overvoltage during light load is 
prevented by bucking action in the pole- 
mounted regtilators. This combination was 
not considered in the paper because it was 
thought desirable to keep pole-mounted 
equipment as simple as possible and also 
because of the difference in cost between 
pole-mounted regulators and two-step boost¬ 
ers, but its feasibility is proved by Mr. 
Jeynes* discussion and it may have greater 
economic advantages than I had antici¬ 
pated. 

The fixed booster undoubtedly gives in¬ 
expensive voltage correction and should be 
considered, especially if no value is placed 
upon the released capacity coincident with 
voltage correction by means of shunt ca¬ 
pacitors. In one case fixed boosters have 
been considered to correct for drop in a long 
feeder, but the cost was high because of the 
current to be carried and shunt capacitors 
near the ends of the branches, credited with 
reduction in losses and released capacity, 
gave much lower net cost. 

Mr. Hill points out a very interesting 
advantage which step-type regulators have 
over the induction type. The lower excit¬ 
ing current, in combination with lower 
price, certainly merits some thought. 

All of the discussers have been most 
helpful in adding to the information avail¬ 
able and in indicating various other prob¬ 
lems to consider in the effort to secure neces¬ 
sary voltage correction in the most eco¬ 
nomical way. 
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T his paper outlines briefly some of 
the technical, economic, and psy¬ 
chological aspects of the methods of 
rating electrical machinery and appara¬ 
tus. Some proposed modifications of 
existing standards also are discussed, 
with the idea of bringing the standards 
into better agreement with present-day 
conditions, knowledge, and practices. 

I. Objectives of an Ideal 
Rating Structure 

Before discussing the present structure 
of rating standards and any changes 
therein, it may be well to set forth briefly 
the objectives of an ideal method of 
rating. 

1. The ratings assigned to individual 
machines or devices under any adopted 
sUucture of standards should convey correct 
and useful information to their users. 
Therefore, they should indicate the load 
which can be carried with safety either con¬ 
tinuously or for specified periods, and they 
furthermore should give reasonable assur¬ 
ance of satisfactory and economical opera¬ 
tion from every point of view under typical 
or normal conditions. This might well be 
considered the primary purpose in assigning 
ratings. The information conveyed by the 
method of. rating should, of course, make 
possible a fair comparison of competitive 
commercial products. 

2. The system of standards should tend 
to bring about the most economical all¬ 
round application of electrical machinery 
and devices. 

3. The entire structure of standard ratings 
should be as simple as possible in order to 
avoid confusion and consequent misapplica¬ 
tion. Thus, the various American stand- 
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ards should be as uniform as possible and 
they should be as closely in accord with the 
international standards as they can be with¬ 
out interfering with requirements resulting 
from the particular conditions prevailing in 
this country. 

In any attempt to meet these objec¬ 
tives, the psychologicaT aspects of the 
rating structure should be given as much 
attention as the technical and economic. 
It should be realized that if the stamp of 
approval is placed upon certain values of 
temperature rise and corresponding rat¬ 
ings by experts in the industry, it should, 
and does, carry considerable weight with 
the la 3 anen, the less informed techni¬ 
cians, and the engineers and creates the 
impression that such temperature rises 
and ratings are approximately correct 
for normal operation in actual service. 
The fact that a simple method of rating 
cannot give complete information for aU 
conditions of service is no reason why the 
rating given to a machine should not be 
indicative of typical or normal conditions. 
If, for instance, ratings for class B rail¬ 
way motors are based on a temperature 
rise of 105 degrees centigrade, as has 
been done in one of the International 
Electrotechnical Commisaon standards, 
instead of on a rise of 120 to 130 degrees 
centigrade, which has been demonstrated 
to be both satisfactory and economical 
in the United States, lie operating engi¬ 
neer naturally will not load the motors in 
service so that they operate at the higher 
temperature rises. In other words, the 
lEC method of rating undoubtedly will 
result in uneconomical applications. This 
illustration brings out a point of view 
entirely different from the one frequratly 
expressed, namely, that the method of 
rating is useful merely in facilitating a 
fair comparison between competitive 
products. 

As in many similar cases, it is inipos- 
sible to meet these objectives in full 
because recognition caimot be given to 


some conditions without interfering with 
others. For example, a rating structure 
taking into account the most economical 
application may not at the same time 
have the desired simplicity; in which 
case, a reasonable compromise between 
the conflicting objectives should be 
adopted. 

n. Present Standards 
and Practices 

Almost since the beginning of the 
electrical industry, the basic principle 
of rating electrical apparatus has been 
to specify the temperature rise permis¬ 
sible either for continuous operation or 
for limited periods. The basic considera¬ 
tions, limiting values of temperature, and 
methods of testing are covered in AIEE 
Standard No. 1,^ while standards apply¬ 
ing to specific types of machinery are 
covered in various National Electrical 
Manufacturers Association and Ameri¬ 
can Standards Association rules. Stand¬ 
ards for international use have been 
established by the lEC. Since the maxi¬ 
mum temperatures reached by the insu¬ 
lation cannot be determined by any of the 
present methods of deter m i n i n g tempera¬ 
ture, namely, the thermometer, resist¬ 
ance, and embedded-detector methods, 
values somewhat below the maximum 
permissible temperatures have been se¬ 
lected as standards. The difference be¬ 
tween the maximum temperatures and 
those obtained with the available meth¬ 
ods of test varies with different designs; 
however, values covering conditions found 
in conventional designs have been se¬ 
lected as standards for these differences. 

Although AIEE Standard No. 1 gives 
all three methods of measurement, the 
ASA and NEMA standards recognize 
only one of the three methods for some 
types of machines and their individual 
parts, the thermometer method being 
given in the majority of cases.® In 
other instances, as, for example, the 
tentative standards for traction appara- 
tuSt both the thermoineter and the 
resist^ce method are recognized, but 
“the resistance method is considered as 
the rule.“® Both the ASA and lEC 
transformer standards^ specify the re¬ 
sistance method for windings. The 
international standards for machinery® 
specify embedded detectors for large 
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machines, but in most other instances 
they recognize either the thermometer 
or the resistance method for windings, 
with implied preference for the resistance 
method. The thermometer method is of 
course specified for such parts as cores, 
commutators, etc., where the resistance 
method, is not applicable. The same 
general practice is followed in the in¬ 
ternational standards for traction ma¬ 
chinery,® but recent trends indicate that 
for this application the resistance method 
will practically eliminate the thermometer 
for any windings. (The subject of tem¬ 
perature measurement is discussed further 
in two contemporary papers.^’®) A 
greater degree of uniformity between 
these standards obviously is desirable, 
because with present-day knowledge 
there seem to be no sound reasons for 
some of the differences existing. 

The standard temperature rises for 
continuous ratings usually have been 
sdected with the intent of permitting 
continuous operation without injury to 
the insulating materials under an as¬ 
sumed ambient temperature of 40 degrees 
centigrade. An exception to this is the 
new ASA transformer recommendations 
which specify operation at an average 
ambient temperature of 30 degrees centi¬ 
grade and a maximum of 40 degrees 
centigrade. The tentative standards for 
traction motors assumed, by inference, 
an average ambient of 25 degrees centi¬ 
grade and a maximum of 40 degrees 
centigrade. 

In addition to the continuous ratings 
discussed so far, overload ratings with 
temperature rises higher than those 
specified for continuous load are pro¬ 
vided by some of our national standard 
rules for some t 3 rpes of electrical ma¬ 
chines and apparatus. This is considered 
justified by the fact that deterioration of 
insulation is a question of both tempera¬ 
ture and time and that satisfactory life 


Figure 1. Comparison of a modern traction 
motor and a general-purpose industrial motor 

Left—^Traction motor, 125 horsepower based 
on temperature rise by resistance, 120 degrees 
centigrade In armature, 130 degrees centi¬ 
grade in field; continuous speed, 1,450 rpm; 
weight per horsepower, 8 pounds 

Right—Industrial motor, 125 horsepower 
based on temperature rise by thermometer, 
40 degrees centigrade; continuous speed, 
1,150 rpm; weight per horsepower, 25 
pounds 


can be obtained if higher temperatures 
are maintained only for short periods 
and at not too frequent intervals. Other 
commercial standards specify short-time 
ratings, the most typical among which is 
the one-hour rating for traction motors, 
which like any other short-time rating 
indicates to a certain extent the heat- 
absorption ability of the machine. 
(Short-time ratings are discussed in a 
contemporary paper by L. E. Hilde¬ 
brand.®) 

In some instances the basic tempera¬ 
ture rises specified in AIEE Standard 
No. 1 have been departed from, usually, 
however, for sound technical or economic 
reasons. For example: The temperature 
rise, by thermometer, for general-purpose 
motors has been specified as 40 degrees 
instead of 50 degrees centigrade, the limit 
given in Standard No. 1. This was done 
for the reason that general-purpose 
motors are often applied where the load 
is not exactly known and also by non¬ 
technical users, and a somewhat greater 
margin of safety was therefore considered 
advisable when the 40-degree standard 
was adopted. An extreme in the other 
direction is the temperature rise of 
120 degrees, by resistance, specified for 
the armature and 130 degrees for the 
field in the tentative ASA standards for 
traction motors in comparison with the 


75-degree rise specified in AIEE Stand¬ 
ard No. 1. For traction work, higher 
temperatures and possibly a shorter life 
of the insulation may be justified by the 
economic gains possible through a re¬ 
duction in the weight of and space oc¬ 
cupied by the motors. Those familiar 
with railway problems know how im¬ 
portant a reduction in size and weight 
is, not only in the motor itself but also in 
the resultant reduction in the truck and 
other parts. The use of small motors 
with higher temperatures in locomotives 
often makes it possible to reduce the 
number of driving axles and thus ma¬ 
terially reduce the length and weight of 
the entire locomotive. In class A railway 
motors, armature coils have been found 
to have a shorter life than in industrial 
applications, but the expense for re¬ 
winding more frequently is compensated 
for by other economies gained. There is 
considerable evidence that class B insu¬ 
lation used in railway motors lasts almost 
indefinitely in spite of tlie increased tem¬ 
perature rises over those given in other 
standards. It is thus evident that in rail¬ 
way work a departure from the usual 
limits of temperature rise is fully justified 
by both economic considerations and 
actual practice. 

Figure 1 shows the contrast in size 
which has resulted from tlie two most 
extreme departures from the tempera¬ 
ture rises specified in Standard No. 1. 
At the left is a modem traction motor 
with dass B insulation and designed for 
temperature rises (by resistance) of 120 
and 130 degrees for the armature and 
field, respectively. At the right is a gen¬ 
eral-purpose motor of the same horse¬ 
power rating designed for 40 degrees 
temperature rise (by thermometer). The 
difference in the size of the two motors is 
marked; the weight of the traction 
motor is only about one-third that of the 
industrial motor. The speeds of the 
motors are different, but in both cases 
are in accord with those commonly used 
in the most modem practice for the 
particular applications. The fact that 
the large machine is not appreciably 
higher in cost than the small traction 
motor is surprising, but this is merely 
further evidence that the practices es¬ 
tablished for the two extreme cases are 
justified for the particular conditions to 
be met. While the adoption of the rail¬ 
way practice for general-purpose motors 
would result in reduced dimensions and 
weight, this would be of little value in 
most applications. On the other hand, 
it would mean disadvantages such as 
less accessibility of parts, reduced over¬ 
load capacity on account of reduction 
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in mass, etc. The condition illustrated 
by the particular case cited—namely, 
that higher temperature rises are instru¬ 
mental in reducing weight and size but 
have only a minor effect on cost—is found 
to hold true in many cases, particularly 
with the smaller sizes. The reason for 
this is that under crowded conditions of 
assembly, the expense for labor is likely 
to increase, and also because a change 
from class A to B insulation means an 
additional increase in cost of material 
with the present market prices of the 
class B materials involved. 

The temperature rise of 55 degrees 
specified in the ASA standards for en¬ 
closed ventilated motors is another de¬ 
parture from the value specified in 
AIEE Standard No. 1. The difference 
of 5 degrees was adopted on the ground 
that temperatures within enclosed motors 
are usually more uniform than in open 
motors, resulting in a smaller difference 
between the hot-spot and measurable 
temperature. Furthermore, there is likely 
to be a decreased tendency toward de¬ 
terioration of the insulation in fully 
protected windings. 

It was early realized that the mainte¬ 
nance of safe temperatures was not the 
only condition to be met by commercial 
machines and apparatus. In addition to 
this, generators and transformers must 
have proper regulation; motors of all 
kinds must have sufficient starting and 
pull-out torque to meet prevailing service 
requirements; all commutating machines 
must give satisfactory commutation; 
machines and apparatus of all kinds 
must have efficiencies resulting in eco¬ 
nomical operation; a-c machineiy must 
meet certain power-factor conditions; 
starting currents of motors must be 
limited to tolerable values; etc. In the 
realization of this, various standards set 
up by NEMA and ASA specify standard 
limiting values for the factors just men¬ 
tioned. In arriving at these standard 
values, allowance has been made for 
reasonable variations in the power sup¬ 
ply, particularly with reference to volt- 
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Figure 2. Band indicating actuai temperature 
rises of generai-purpose induction motors— 
four, six, and eight poles 


age. In practically all cases, however, 
the temp^ture rise remains the primary 
basis for rating and the other factors are 
usuaUy looked on as supplementary 
standards. 

In actual practice it frequently happens 
that in order to meet the requirements 
just mentioned, the apparatus has to be 
larger ^an dictated by temperature con¬ 
siderations, which in turn means that the 
actual temperature rises will be consider¬ 
ably below the specified standards, 
particularly for the lower ratings. In 
order to have economical manufacturing 
and stock conditions, the number of 
frame sizes for any line of machines or 
apparatus is limited, and as a result a 
frame size somewhat larger than neces¬ 
sary for the particular rating often has to 
be used, which again results in the actual 
temperature rise being lower than the 
specified standard. Figures 2, 3, and 4 
show actual conditions for several types 
of apparatus. 

Mention should be made of an in¬ 
creasing tendency to equip apparatus 
with thermal protective devices. Recent 
improvements in these devices and es¬ 
pecially the high degree of protection 
which is possible with transformers are 
bound to result in better and broader 
utilization of the protected apparatus. 
At present the advantages of these pro¬ 
tective devices are utilized in the appUca- 
tion of apparatus, but eventually their 
use may influence the methods of rating. 

m. Discussion of 
Changes in Rating Structure 

One of the most important advantages 
of standards lies in the fact that valuable 
application experience is accumulated 
on the standards selected and any change 
nullifying such experience is likely to 
result in marked economic losses. There¬ 
fore, changes should be avoided unless 
worth-while advantages can be secured 
through them. In considering possible 
improvements in existing standards, it 
seems advisable first to consider minor 
modifications which would simplify and 
unify the present national and inter¬ 
national structures of standards without 
causing difficulties of the nature just 
mentioned. Secondly, the various generd 
practices which have been established 
and which are not in accord with the 
standards or are not recognized therein 
should be studied. If a critical examina¬ 
tion of these practices indicates that they 
are sotmd in principle, the standards 
should be revised to recognize them. 
Finally, it should be determined whether 
on account of new developments and 
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Figure 3. Band indicating actual temperature 
rises of general-purpose d-c motors having 
speed range of 850 to 1,750 rpm 


experiences, certain changes in well- 
established standards and practices re¬ 
sulting therefrom are justified by the 
economies accomplished in the industry 
as a whole. 

Following are a number of specific 
suggestions which, with the exception of 
a few minor changes proposed, relate 
essentially to supplementary provisions 
in the standards and are more of an 
evolutionaiy character; consequently 
they will not appreciably affect any 
standards or practices already in exist¬ 
ence. 

1. Early attention should be given to the 
following modifications in AIEE Standard 
No. 1: 

A. The value specified for the temperature 
rise (by resistance) of class B insulation 
should be changed from 75 degrees centi¬ 
grade to 80 degrees centigrade, the value 
specified in the lEC rules. The experience 
previously cited with class B insulation on 
railway motors indicates that this change is 
perfectly safe; furthermore, it means no 
hardship to manufacturers since existing 
designs would meet the new standard. A 
change of the 55-degree value, by resistance, 
for class A insulation to the lEC value of 
60 degrees also seems desirable if investiga¬ 
tion shows it to be safe. 

Better agreement between AIEE Stand¬ 
ard No. 1 and lEC standards could further 
be reached by lowering the class B ther¬ 
mometer value of 70 degrees in AIEE Stand¬ 
ard No. 1 to 65 degrees, the value specified 
by lEC. However, it seems that this would 
be a step in the wrong direction in view of 
our railway experience, and, furthermore, 
the new value could not be met by existing 
designs. 

B. A **Class jB- 1 Winding Practice,** as 
distinguished from the ordinary class B, 
should be established. 

The fact that long life and undoubted 
economies have been obtained in traction 
work with temperature rises for class B 
insulation far in excess of those specified 
in Standard No. 1 naturally suggests the 
idea that this be recognized in any revision 
of this standard. In formulating the new 
standard, a number of stipulations could be 
made in addition to those for ordinary insu¬ 
lation. Among them, the use of high-tem¬ 
perature soldering or brazing materials for 
joints and bands could be specified, as has 
been found expedient in railway practice. 
Precautionary statements could be added, 
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Figure 4. Band indicating actual temperature 
rises of distribution transformers of 2,400, 
4,800, 6,900, 11,500, and 13,200 voltage 
classes 


indicating, for instance, that the higher 
temperature rises should be adopted only 
wh^e previous experience with machines of 
similar size and construction has demon- 
strated that satisfactory operation and life 
can be expected, (Various considerations 
which enter into this question other than 
direct deterioration of insulation by tem¬ 
perature are covered in a companion paper 
by C. Lynn.i®) The availability of such 
high temperature standards would tend to 
establish a uniform practice if and when 
advantage is taken of the traction experi¬ 
ence in other fields, such as aviation, navi¬ 
gation, and special industrial applications. 
Some consideration might be given to simi¬ 
lar action in the use of class A insulation if 
this appears to be justified by a further 
study of operating experiences. 

(As a matter of course, proper provisions 
for the application of glass insulation in 
connection with class B insulation and the 
suggested “Class JB-l Winding Practice** 
should be made in AIEB Standard No. 1 at 
the same time.) 

C, Standard No. 1 should be revised to 
formulate and to recognize more definitely 
methods of rating and application other 
than those based on indefinite life with con¬ 
tinuous full-load operation at an ambient 
temperature of 40 degrees centigrade. 

Standards for reduced life expectancy 
should be established for use where this is 
considered economical. Recognition should 
be given to the usual condition of low aver¬ 
age ambient temperatures, as has been done 
in the new transformer and traction appara¬ 
tus rules. Short-time and intermittent- 
load conditions also should be covered by 
suitable iwrovisions. These steps seem 
advisable because engineering and economic 
considerations cannot, and should not, be 
separated. A basic standard such as No. 1 
should recognize their interrelation and 
establish guiding principles sufficiently 
flexible to cover varying economic condi¬ 
tions. Here again the available railway 
experience and practice may well serve as a 
guide. However, consideration should also 
be given to other economic conditions, as, 
for instance, motors built into various 
types of machinery, where on account of 
obsolescence or other factors, short life of 
the Mchinery is to be expected. In 
electrical machines for automobiles, for 
example, it would be a decided waste to 
apply insulation for an indefinite life ex¬ 
pectance. Valuable data are given on 
intermittent-load applications in a contem¬ 
porary paper by Alger and JoimsonM 

Some of the points suggested may be 


covered by guiding principles for the appli¬ 
cation, but in other cases the rating struc¬ 
ture may be involved and the most suitable 
procedure will have to be determined by 
further study. 

2. In addition to the modifications just 
discussed, the following situations should 
be studied with the idea of improving 
various standards if and whenever revisions 
appear to be advisable. 

A. As is generally appreciated, an ambient 
temperature of 40 degrees prevails only 
over relatively short periods in the majority 
of applications. This, together with the 
fact tihat deterioration of insulation is a 
function of both temperature and time, 
provides a margin of safety in all but a few 
exceptional applications. This and the 
further fact that machines and apparatus 
carry full loads continuously only in rare 
applications, makes it doubtful that the 
extra 10 degrees provided by the 40-degree 
rise of general-purpose motors is really 
warranted. However, a study of figures 2 
and 3 indicates that up to 100 horsepower, 
the temperature rises of commercial ma¬ 
chines would in general be below 40 degrees 
even with a 50-degree standard because the 
size of the machine is appreciably influenced 
by other considerations, such as starting and 
pull-out torques, power-factor values, com¬ 
mutation, etc. In other words, even grant¬ 
ing that the additional margin provided 
by the 40-degree rating is not really neces¬ 
sary, no marked economies could be ob¬ 
tained by the 50-degree standard with the 
present established standards of perform¬ 
ance relating to factors other than tempera¬ 
ture. Therefore, at this time there seems 
to be no valid reason for disturbing the 
40-degree standard for general-purpose 
motors up to about 100 horsepower; in 
fact, there is considerable merit, under con¬ 
ditions indicated in figures 2 and 3, in 
adhering to the 40-degree standard because 
it has the advantage of letting the user 
know that he can make use of the extra 
margin whenever conditions make this 
desirable. Thus the established standard 
of 40 degrees wiU lead to economies in some 
cases rather than interfere with maximum 
economy. The dotted lines in figures 2 and 
3 show the temperature rises which might 
be obtained in actual practice with satis¬ 
factory all-round standards of performance 
if a 60-degree standard were established for 
100 horsepower and above. From the 
figures it will be seen that slight economies 
might be obtained by limiting the 40-degree 
standard to the range below 100 horsepower. 

Figure 4, applying to transformers, indi¬ 
cates that owing to the necessity for ob¬ 
taining satisfactory regulation, the actual 
temperature rises in transformers are 
usually below the established standard of 
56 degrees for ratings up to about 16 kva. 
Therefore, applsdng the same line of reason¬ 
ing as given for general-purpose motors, a 
lower standard of temperatture rise could be 
established for the lower ratings. On the 
other hand, since transformers are usually 
applied by specialists in dectrical engineer¬ 
ing who are in general familiar with the con¬ 
ditions indicated in figure 4, there is little 
need for making a change in well-estab¬ 
lished standards of rating. Furthermore, 
the increasing application of thermal de¬ 
vices indicating temperature rises in service 
may eventually assure the fullest and most 


eflficient utilization of transformer capaci¬ 
ties. This situation is covered fully in a 
paper previously presented by Messrs. 
Putman and Dann.^* 

B. Careful tests have demonstrated that 
if the oil in transformers is protected from 
contact with air so that it will not absorb 
any oxygen, there is practically no deteriora¬ 
tion in insulating materials at the limits of 
temperature suggested by the AIEE and 
ASA standards. Similarly, there is con¬ 
siderable evidence that the insulation of 
hydrogen-cooled machines is subject to less 
deterioration than machines cooled by air. 
While for the present these advances may 
be taken advantage of by the methods of 
applying these machines and transformers 
with neutral atmosphere, serious considera¬ 
tion eventually should be given to the recog¬ 
nition of such improved operation in the 
AIEE and other standards. A careful 
study of the conditions necessary to assure 
this improved operation and their inclusion 
in the standards will be advisable. 

C. Although there was merit in a single 
standard for the measurement of tempera¬ 
ture by thermometer specified in many of 
the ASA and NEMA rules as long as the 
windings and other parts of machines were 
readily accessible, recent trends make it 
necessary to recognize in these standards 
the measurement of temperature by the 
resistance method, at least under some con¬ 
ditions. This change is brought about by 
the fact that an increased number of ma¬ 
chines is being built in a way which makes 
windings and other hot spots inaccessible. 
Even where these parts may be reached by 
removing covers, too much time usually is 
consumed in doing so to permit accurate 
readings. In other apparatus, such as 
refrigerators and air-conditioning equip¬ 
ment, the motors are enclosed in such a way 
as to make thermometer readings entirely 
impossible or useless. In this connection, 
it should also be considered that in other 
countries the resistance method is generally 
preferred for motors, transformers, and 
generators for industrial and power pur¬ 
poses. More recently, at the insistence of 
the American representatives and others, 
the resistance method has been adopted by 
the lEC as the governing method for use 
with the windings of traction motors. 
This is another reason for giving more 
recognition to this method in many of our 
standards, although its immediate adoption 
in all cases and particularly in those where 
thermometer readings are possible, may 
not be found advisable.® 

A proposition has been made recently, 
especially in a paper by Rutherford, that 
a motor be rated on the starting torque 
per horsepower, accelerating torque per 
horsepower, and starting torque per am¬ 
pere locked-rotor current. These factors 
should be taken into consideration along 
with the temperature rise of the motor 
at the rated horsepower. In another 
paper,a system is proposed whereby 
the rating is based on a combination of 
temperature and starting current, the 
latter serving as an approximate measure 
of the torques. These methods are fully 
described in the papers and are mentioned 
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here principally for the sake of complete¬ 
ness. 

Although the action suggested in this 
paper is by no means revolutionary, it 
would nevertheless tend to improve the 
existing structure of ratings appreciably 
by making it more uniform and putting 
it on a sound economic basis. It is 
evident that any standard must be kept 
up-to-date and that progress will be 
retarded materially and certain econo¬ 
mies will not be accomplished if there is 
too much delay in recognizing economi¬ 
cally and technically sound developments 
through suitable modifications and sup¬ 
plements to our standards. A careful 
study of the points mentioned here and 
also others given elsewhere relating to 
standards would therefore seem ap¬ 
propriate, and it would seem that a re¬ 
vision of AIEE Standard No. 1 in par¬ 
ticular is in order. Although mention 
has been made here of specific types of 
apparatus for the purpose of illustration, 
this should not be construed as suggesting 
that any specific type of apparatus be 
covered by Standard No. 1. This stand¬ 
ard should in the future, as in the past, 
deal only with general principles and 
serve as a guide in establishing other 
standards for specific lines of machines 
and apparatus. 

References 


1. Gbnbral Principlbs Upon Which Tbmpbra- 
TORE Limits Are Basbd in the Rating of Elec¬ 
trical Machinery and Apparatus, AIEE Stand¬ 
ard No. 1. April 1925. 

2. American Standards for Rotatino Elec¬ 
trical Machinery, ASA-C50, 1936. 

3. American Tbntativb Standard for Rail¬ 
way Motors and Other Rotating Electrical 
Machinbry on Rail Cars and Locomotives, 
ASA-C36, 1936 (AIEE No. 11, March 1937). 

4. lEC Specification for Electrical Machin¬ 
ery, Part B—^Transformers, IEC-28 (Secretariat) 


6. lEC Specification for Electrical Machin¬ 
ery, lEC Pub. 34 (Fourth edition, 1936). 

6. IEC Rules for Electric Traction Motors, 
lEC Pub. 48 (First edition, 1933). 

7. Measurement of Temperature in General- 
Purpose Squirrel-Cage Induction Motors, 


C. P. Potter. AIEE Transactions, volume 68. 
1939, pages 468-72. 

8. Determination of Temperature Rise of 
Induction Motors, E. R. Summers. AIEE 
Transactions, volume 68, 1939, pages 459-78. 

9. Duty Cycles and Motor Rating, L. E. HUde^ 
brand. AIEE Transactions, volume 68, 1939, 
pages 478-83. 

10. Effects of Temperature on Mechanical 
Performance of Rotating Electrical Machin¬ 
ery, C. Lynn. AIEE Transactions, volume 68. 
1939, pages 614-18. 

11. Rating of General-Purpose Induction 
Motors, P. L. Alger and T. C. Johnson. AIEE 
Transactions, volume 68, 1939, pages 446-69. 

12. Loading Transformers by Copper Tem¬ 
perature, H. V. Patman and W. M. Dann. AIEE 
Transactions, volume 68, 1939, pages 504-14. 

13. The Rating and Application of Motors for 
Refrigeration and Air Conditioning, P. H. 
Rutherford. AIEE Transactions, volume 68. 
1939, pages 519-27. 


Discussion 

£• F. Dissmeyer (The Commonwealth and 
Southern Corporation, Jackson, Mich,): 
No doubt there is justification for revision 
of certain present standards; however, 
extreme caution should be used in making 
^y changes. It is unfortunate that there 
is not sufficient data available showing the 
relationship between operating temperature 
and the thermal life of various types of 
insulation. Consequently, the results of 
increasing the operating temperature of 
equipment cannot be predicted and our 
experiences may be costly unless caution is 
used in revising present standards. 

Experience indicates that the tempera¬ 
ture rise of a machine is indicative of its 
reliability and, for certain equipment appli¬ 
cations, the permissible temperature rise 
should possibly be reduced. This is es¬ 
pecially true for large machines where the 
loss of a machine usually results in serious 
consequences. Even under modem con¬ 
ditions, design errors and contingencies of 
manufacture and operation make it ad¬ 
visable to provide a margin of safety in the 
thermal design of a machine. 

The reliability angle of this problem 
could be minimized by the development of 
suitable nondestructive tests which would 
make it possible to anticipate insulation 
failures. If it were possible to schedule 
replacement or rewin^g of equipment, it 
would probably be possible to obtain an 
economic basis for increasing the permissible 
temperature rise of equipment. 


R. £. Hellmund: The appeal made in the 
discussion of my paper for the use of ex¬ 
treme caution in changing standards is well 
justified and is in accord with statements 
in the paper itself. However, caution must 
not be carried to an extreme contrary to 
sound economic principles. It obviously 
would not be economical to establish rating 
standards which would give safe operation 
under any s^vice conceivable; this would 
result in enormous waste in the majority 
of applications. The basic standard should 
be such that it results in safe and reliable 
operation in the large majority (possibly 
76 to 85 per cent) of all applications, with a 
definite understanding that the remaining 
cases will be given special consideration 
in some way or other. The subcommittee 
of the AIEE standards committee, on 
basic principles for rating of electrical 
machines and apparatus, expects to under¬ 
take very extensive studies and to sponsor 
further papers and discussions on such 
phases as ambient temperature, life of 
insulation, allowances between hot-spot 
temperatures and temperatures measured 
by thermometer and resistance, etc. 

I am at present of the opinion that the 
data so far available do not indicate the 
advisability of departing appreciably from 
present basic standards such as the tempera¬ 
ture rise of 60 degrees by thermometer now 
specified in. AIEE Standard No. 1 for class 
A insulation. In some cases this might be 
supplemented or replaced by the practically 
equivalent rise of 60 degrees by resistance. 
The practice of having more liberal com¬ 
mercial standards with temperature rises 
of 40 degrees by thermometer (possibly 
supplemented or replaced in some cases 
by a value of 60 degrees by the resistance 
method) probably should be continued to 
take care of cases where service conditions 
are more severe or where a greater margin of 
safety is desirable for some reason or other. 
Similarly, it may not be found advisable to 
chanjje existing values materially for con¬ 
ventional class S applications, or those 
values which have proved satisfactory for 
transportation work and applications with 
similar economic and service conditions. 
However, final recommendations on all 
this should be withheld until some further 
investigational work which is now under 
way has been completed. During thi<g 
period of study, it would be very helpful if 
operating engineers would assist to a greater 
extent in supplsring pertinent and reliable 
data gathered from actual service experi¬ 
ence. 
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Loading Transformers by Copper 
Temperature 

H. V. PUTMAN W. M. DAMN 


MEMBER AIEE 

T he purpose of this paper is to de¬ 
scribe a new practical method of 
utilizing latent short-time overload ca¬ 
pacity to the fullest extent, dependent 
upon actual copper temperature and 
automatically taking into acc^ount the 
factors that affect the life of a trans¬ 
former. 

It seldom happens in service that aU 
the conditions established for the rating 
of a transformer exist concurrently and 
continuously and it is seldom the case 
that its maximum capacity is actually 
used for any great length of time. For 
these reasons it is realized that under 
many conditions transformers have an 
tmused latent load capacity over and 
above their ratings, particularly for 
short time periods. That latent ca¬ 
pacity depends upon the temperature to 
which the insulation can be safely ex¬ 
posed and how long it is exposed to it. 
Obviously ambient temperature plays its 
part for copper-temperatures rise and 
fall with ambient temperature and the 
latent capacity is greater when the 
ambient temperature is low. 

Users of transformers are naturally 
interested in making use of this latent 
overload capacity if a safe way. can be 
devised for doing so. It is desirable 
for at least two reasons: first, the short- 
time overload capacity may be needed 
in emergencies due to the failure of some 
part of the system; second, short-time 
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in practical system operation? The cus¬ 
tomer’s load usually determines the 
loading of any particular unit and as a 
rule loads cannot be varied at will. In 
the case of distribution transformers, 
considerable effort on the part of the 
utility company is required in the direc¬ 
tion of load siuireys to determine the 
extent to which transformers are loaded. 
In the case of power transformers, 
graphic records of actual loads may be 
available, and in some cases hot-spot 
temperatures, but ordinary overload 
protection schemes will relay out a power 
transformer long before its maximum 
short-time overload capacity has been 
reached. 

There are two parts to the problem of 
making use of latent overload capacity: 
first, the safe limits of temperature for 
different loads and time periods must be 
known; second, a practical method of 
operating up to but not beyond these 
temperature limits must be available. 

Operating Temperature 
and Useful Life 

Attempts have been made to establish 
a system of relationships between operat¬ 
ing temperature and ^e useful life of a 
transformer. While they have been 
based upon data which are accepted as 
reliable under the conditions of test and 


upon reasoning which is not generally 
disputed, they are so far largely of aca¬ 
demic interest as reports of progress 
rather than as tools of complete practical 
value in making use of the latent overload 
capacity of a transformer. Obviously, 
the positive and direct way of determin¬ 
ing accurately the relation between life 
and temperature would be to provide a 
large number of transformers and load 
them variously for long periods of time. 
That is clearly impracticable on a large 
scale, but the tests reported in this paper 
reflect this positive and direct method of 
obtaining such results. 

In 1930, V. M. Montsinger presented 
a comprehensive paper^ before the Insti¬ 
tute in which was stated the theory that 
the rate of deterioration of insulation in 
oil is doubled for each increase in tempera¬ 
ture of eight degrees centigrade and, 
conversely, is reduced one-half for each 
decrease of eight degrees centigrade. 
This theory is widely accepted as trust¬ 
worthy. Based upon this theory and a 
number of calculations of temperature 
under various conditions of loading, Mr. 
Montsinger built up a relationship be¬ 
tween temperature and the useful life of a 
transformer in years. One conclusion 
reached was that a self-cooled transformer 
having an average temperature rise of 
55 degrees centigrade and a maximum 
temperature of 105 degrees centigrade, 
actually operating at full load continu¬ 
ously in an ambient temperature of 
40 degrees centigrade, would have a 
useful life of about seven years. Tests 
made on insulating materials in open oil 
formed the starting point for his curve of 
relationships and for this conclusion. 

In 1934, L, C. Nichols presented a 
paper* in which a method of relating 
temperature and life was proposed. The 


overload capacity can be used to carry 
peak loads and in that way reduce the 
average size of transformer required for 
a given load. The proper utilization of 
short-time overload capacity is tlierefore 
desirable in order to reduce costs and 
improve quality of service. 

But how can the short-time overload 
capacity of transformers be utilized 
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Fisure 1. Schematic 
diasram showing the 
mechanism of the 
type **FR’* thermal 
relay and the path 
of the load current 
through the contads 
and the bimetal by 
dot-and-dash line 
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starting point for this system was based 
upon a five-year test made on insulating 
materials in open oil at 90 degrees centi¬ 
grade. This system indicated a useful 
life of iVs years for a self-cooled trans¬ 
former having an average temperature 
rise of 55 degrees centigrade, maximum 
temperature of 105 degrees centigrade, 
and operating continuously at full load. 

Systems such as these can be built up 
acceptably so far as relationships between 
different operating conditions are con¬ 
cerned but they are vulnerable in that 
they finally must be tied into funda¬ 
mental time-deterioration data of un¬ 
questioned reliability obtained either 
from tests which correctly represent 
operating conditions or else from actual 
operating experience. The difference be¬ 
tween 7 years and iVs years of useful 
life derived from the two systems men¬ 
tioned is an illustration of the point. A 
comparatively small change in the start¬ 
ing point of either system would result 
in considerable change in indicated 
periods of useful life. 

The recommendations for short-time 
overloading prepared by the AIEE 
transformer subcommittee® and the ASA 
sectional committee on transformers are 
based upon the eight-degree rule and 
upon actual experience in service, with 
perhaps a rather liberal interpretation of 
that experience. It is assumed, a little 

Figure 2. The type **FR** copper temperature 
relay showing the mechanism in the tripped 
position 


questionably perhaps, that certain rela¬ 
tionships between maximum temperature 
limits and time have been demonstrated 
as correct because they have been used 
satisfactorily for many years for purposes 
of standardization. These time-tempera¬ 
ture relationships are: 

250 degrees centigrade for five seconds— 
used as a limit for short-circuit conditions 

160 degrees centigrade for one minute- 
used for grounding transformers 

96 degrees centigrade for continuous opera¬ 
tion—this is the hottest-spot winding tem¬ 
perature of a 55-degree transformer operat¬ 
ing in 30 degrees centigrade ambient 

A curve drawn through these three 
points gives a complete relationship be¬ 
tween temperature and useful life. It 
may be said of each of the three points 
that they perhaps have not been actually 
and consistently reached in average 
operating experience, and for that reason, 
they do not accurately represent actual 
experience. If so, they merely err on the 
conservative side. 

Operation With Inert Gas 

Temperature-deterioration data so far 
published have all been acquired in tests 
of materials in open oil with the oxygen 
of the air contributing a certain measure 
of deterioration to the materials tested. 
In contrast with such tests, elaborate 
long-time tests of coils and of the com¬ 
monly used insulating materials have 
been made in oil protected against the 
harmful effects of air by means of "in- 



Connected in series 
vy^ith the transformer 
winding, either di¬ 
rectly or through a 
current transformer, 
It provides the means 
for overload relaying 
directly by copper 
temperature, thus 
permitting overloads 
of any size or dura¬ 
tion until the limit of 
copper temperature 
Is reached 

The type relay, 
a somewhat more 
elaborate device, 
gives an advance 
warning light signal 
at a copper tempera¬ 
ture about 30 de¬ 
grees centigrade 
under the maximum 
safe temperature 



Rgure 3. The indicating lamp as used with 
distribution transformers 

When the copper temperature reaches the 
AIEE limit of temperature, this warning signal 
comes on. Even though the load decreases, 
the lamp remains lighted until it is reset, thereby 
indicating that at some time the load on the 
transformer reached its maximum safe value 

ertaire.” As was to be expected, these 
tests showed that insulating materials 
suffer appreciably less deterioration and 
have longer useful life for a given tem¬ 
perature. In other words, they show 
that insulating materials in oil protected 
against contact with air will withstand 
appreciably higher temperatures than in 
open oil. The condusions drawn from 
these carefully made tests indicate 
dearly that there is practically no de¬ 
terioration of insulating materi^ at the 
limits of temperature suggested by the 
Institute and the American Standards 
Assodation. 

The practical benefits accomplished 
with inert gas in maintaining the oil 
in the best possible condition and in 
redudng the rate of deterioration of the 
insulation have come to be very gen¬ 
erally understood and appredated. The 
trend in transformer practice has been 
toward operation with inert-gas pro¬ 
tection or, as the next best thing, toward 
the use of gas-tight cases which limit 
the amount of air in contact with the oil 
and prevent the addition of more air. 
The best practice, except for inert-gas 
protection, is to make use of rugged 
gas-tight cases that do not allow the in¬ 
breathing of fredi air, with enough air 
space to limit the internal pressure to a 
reasonable value at the maximum operat¬ 
ing temperature. In making cases gas- 
tight, the gasketing of joints between 
covers and tanks and at bushings and 
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handhole or manhole covers has always 
been a serious problem. That problem 
seems to be solved successfully with a 
new gasketing material called “corprene.** 

Today designers of transformers are 
thinking not of name-plate ratings alone 
but are giving careful consideration to the 
design of bushings, leads, tap-changers 
and the like, to see that they will not 
constitute limits which would prevent 
the complete utilization of whatever 
latent overload capacity is otherwise 
available. 

The useful results of making trans¬ 
formers gas tight are perhaps not gen¬ 
erally recognized. The practice has an 
appreciable effect in reducing the de¬ 
terioration of oil and insulation and in 
giving the transformer longer life. It 
contributes a measure of increased latent 
overload capacity. It has been proved 
that considerable short-time overload 
capacity is available in distribution trans¬ 
formers of gas-tight construction and that 
it can be utilized with the method of load¬ 
ing by copper temperatirre about to be 
described. 

Loading by Copper Temperature 

The term “loading by copper tempera- 
ture“ has been applied to the practicd 
utilization of short-time overload capacity 
which has been developed and applied 
to distribution transformers of the “CSP” 
type, and more recently to power 

units. Briefly, the method consists of 
relaying directly by copper temperature 
in such a way that the transformer 
will carry any useful overload until its 
maximum safe temperature is reached 
before it automatically disconnects the 
load. Under short-circuit conditions, 
however, it will disconnect the load im¬ 
mediately. 

The dividing line between useful over¬ 
load range and short-circuit range is 
largely an arbitraty one which can be 
changed by adjustment of the relay. 
Experience shows that for distribution 
transformers the useful overload range 
should extend up to 5 or 6 times normal 
load, while for power transformers a 
range up to 3 V 2 to 4 times normal load 
proves satisfactory. 

The relay which accomplishes these de¬ 
sirable results consists of a suitable 
contact mechanism actuated by a bi¬ 
metal of thermostatic element which is 
immersed in the same oil as the winding 
and which carries the same current or a 
proportional current obtained with a 
current transformer. Figures 1, and 2 
show a schematic diagram and a picture 
of the simplest type of this relay, 
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Figure 4. Operating handle of the relay 

Used with the distribution transformer to 
reset the indicating lamp and breaker after 
tripping. The handle can. also be used to 
open and close the breaker, a convenience 
during the Installation of the transformer 

It is shown in the appendix that the 
temperature of the bimetal can be made 
to follow the copper temperature in such 
a way that it always arrives at the trip¬ 
ping temperature whenever the copper 
of the winding reaches the maximum safe 
temperature. It is also shown that, by 
proper correlation of the design of the bi¬ 
metal with the winding gradient, this 
will be true regardless of the ambient 
temperature. This statement applies only 
to the useful overload range, for the 
breaker trips immediately in the short- 
circuit range without waiting for the 
copper to arrive at its Tnarimnm safe 
temperature, as the analysis of the ap¬ 
pendix clearly shows. The higher the 
short-circuit current the faster will be the 
tripping. The point where this immedi¬ 
ate tripping begins can be changed at 
will by adjusting the relay. 

The t 3 rpe relay, which is some¬ 
what more elaborate than the simple 
type shown in figures 1 and 2, 
embodies an arrangement whereby a 
signal gives an advance warning of an 
approaching high-temperature condition 
which might cause an outage if it is al¬ 
lowed to continue. 

In the small distribution trans¬ 

former, the relay element operates an 

Putman, Dann^Loading Transformers 


internally mounted circuit breaker di¬ 
rectly and the warning signal is an indi¬ 
cating lamp (see figure 3). In the case 
of the power transformer, the relay is 
connected in the control circuit of the 
main circuit breaker and the same 
warning signal is used. 

Advantages of ‘loading by 
Copper Temperature’’ 

The simple arrangements described 
above can be very helpful in system 



Figure 5. A I^OOO-kva “CSP’‘ power 
transformer 

This transformer Is provided with a thermal 
relay for operation by copper temperature. 
In an emergency, this transformer carried 190 
per cent load for two hours, safely and without 
a service Interruption—^a good example of the 
practical use of latent short-time overload 
capacity 

operation for minimum cost and maxi¬ 
mum service continuity. For example, 
consider their application to distribution 
transformers. Smaller units can be safely 
selected initially because it is not neces¬ 
sary to provide for future growth since 
there is little possibility of burnout. 
As loads gmdually build up on certain 
transformers to the point where large 
units are required, the warning signals 
will automatically indicate the situation 
and those particular transformers can be 
replaced with larger sizes. 

Similar advantages are realized when 
“operation by copper temperatme” is 
applied to power transformer units. On 
one system where a number of 
power units similar to figure 6 were in 
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operation, it was necessary because of 
emergency repair work to maintain serv¬ 
ice, to place a 1,900-kva load on a 1,000- 
kva three-phase transformer. This con¬ 
dition existed for two hours before the 
load could be reduced. Toward the 
end of that period the warning lamp 
signal operated indicating an approach 
to a dangerous temperature, but the point 
of breaker operation was not reached. 
The load temperature curves for this unit 
indicated that it would be expected to 
carry such an overload following full¬ 
load temperatures for somewhat over two 
hours before tripping out on copper tem¬ 
perature. This illustrates clearly the 
value of operation by copper temperature 
in eliminating uimecessary service inter¬ 
ruptions. 

In establishing limits of copper tem¬ 
perature for the **CSP*' transformer, the 
signal light is set to operate at about 
95 degrees centigrade average copper 



Figure 6. A 333-kve 7,200-volt single¬ 
phase transformer equipped with a thermal 
relay for operation by copper temperature 


temperature by resistance. This is the 
limit recognized in the AIEE Standards. 
It is the purpose to set the tripping 
point of the breaker as high as possible 
without binning out the windings in 
order to eUminate all but absolutely 
necessary interruptions due either to 
short circuit or to really dangerously 
high temperatures. For the same reason 
it is felt desirable to design the bimetal 
so that it win permit higher temperatures 
for short periods of time than for long 
periods rather than to trip at the same 


maximum temperature regardless of the 
duration. This accounts for the “hump” 
at about one hour in the curves of wind¬ 
ing temperature in figure 7. To obtain 
this characteristic a somewhat lower bi¬ 
metal resistance is used than is given by 
equation 7 in appendix I. 

The maximum average temperatures 
reached for different overloads on a 
five-kva **CSF** transformer are shown in 
figure 7, together with the correspond¬ 
ing overloads. It will be foimd that for 
overloads of several hours duration the 
maximum temperature permitted is about 
120 degrees centigrade, while at approxi¬ 
mately 328 per cent load for IV 4 hours 
the maximum temperature is 145 degrees 
centigrade. For still larger loads and 
up to the short-circuit range, maximum 
temperatures are less. 

Tests of the New System 

If the breaker is set so that a maximum 
average copper temperature of 145 de¬ 
grees centigrade is reached under some 
conditions, it would be natural to inquire 
if such a temperature would not damage 
the winding and how many times a wind¬ 
ing could be subjected to such a tempera¬ 
ture before failure. 

To answer these questions, a program 
of temperature-cyde tests was started 
on four five-kva “C5P” transformers on 
June 1, 1936, and is still in progress. 
These transformers have been operated 
back to back in two groups, the units 


of the first group being designated as A 
and F, and in the second group as C and 
D. A summary of the tests is given in 
table I. 

The procedure has been as follows: 
Starting at room temperature, a load of 
278 per cent was appHed to units A and 
B, and 350 per cent to units C and D. 
These loads were maintained until the 
breakers tripped on copper temperature 
in each case. Figure 7, which gives the 
. characteristics of these particular trans¬ 
formers, shows that the 275 per cent 
load would trip the breaker in about two 
hours at average copper temperature by 
resistance of about 132 degrees centi¬ 
grade. Similarly, the 350 per cent load 
would be carried about one hour and 
would result in an average copper tem¬ 
perature of approximately 145 degrees 
centigrade at the tripping point. These 
values assume an ambient temperature 
of 25 degrees centigrade, while during the 
tests the actual ambient temperature 
varied roughly from 17 degrees centigrade 
to 32 degrees centigrade during the 
summCT and winter seasons. The dura¬ 
tions of the overloads were correspond¬ 
ingly affected, but the attained copper 
temperatures were not measurably af¬ 
fected. These cydes of overload and 
trip-out were repeated continuously dur¬ 
ing the complete runs. 

At the end of the first run, trans¬ 
formers A and B had been subjected 
to 100 cydes of operation at 275 per cent 
load to the tripping point, and trans- 


Figure 7. Typical 
shoii-time overloads 
for a Rve-kva distri¬ 
bution transformer 

Curve B shows the 
load required to 
light the signal light 
for various time 
periods and curve 
A correspondingly 
shows the loads re¬ 
quired to trip the 
breaker 
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formers C and D had been subjected to 
100 cycles at 350 per cent load. At this 
point the regular AIEE dielectric tests 
were applied to the transformers, the 
dielectric strength of the oil was meas¬ 
ured, and the breaker calibrations 


checked. The transformers passed their 
dielectric tests, the dielectric strength of 
the oil averaged about 30 kv, and breaker 
calibrations were found to be within the 
proper bands. 

In starting the second run it was de¬ 
cided to increase the severity of the 
tests and, accordingly, the loads were 
increased to 390 per cent and 450 per 
cent, respectively. After 92 additional 
cycles, standard AIEE dielectric tests 
were successfully applied, the dielectric 
strength of the oil was found to average 
35 kv, and a check of the breaker cali¬ 
bration showed that it was still in the 
band. 

Following these tests of 192 complete 
cycles of high-temperature operation, 
an ignitron short-circuit test was ap¬ 
plied to two units to see if any me¬ 
chanical weakness in the insulation 
could be developed. The units were 
excited at double voltage and frequency 
in order to overstress the insulation 
electrically at the same time that me¬ 
chanical stresses were applied. The 
ignitron timer was adjusted to apply five 
short circuits spaced six cycles apart 
and repeated every 15 seconds for one 
minute. By this test very definite and 
forceful vibrations were set up in the 
transformer windings. To determine 
whether the insulation had suffered me¬ 
chanical damage, impulse tests were 
successfully applied, followed by double¬ 
voltage excitation and ratio tests. 

Since no signs of weakness were de¬ 
tected, it was decided to continue the 
cyclic loading tests up to a total of 500, 
which was reached May 25, 1938. 
Breaker calibrations were checked and 
found to be within the original band. 


Dielectric strength of the oil was meas¬ 
ured on the four units and found to be 
33.7 kv, 36 kv, 34.3 kv, and 30.7 kv. 
The oil was reported dark red wine 
color and cloudy, but oil ducts were clear 
and temperature measurements at this 


point checked the original measure¬ 
ments. Impulse tests were repeated 
successfully, also the AIEE dielectric 
tests, including a one-minute induced 
test at 400 per cent of normal voltage. 

The cyclic loading tests were again 
continued and by June 15, 1939, a total 
of 867 cycles will have been completed. 
The tests were started June 1,1936, and, 
as stated before, have been run almost 
continuously ever since. 

Consequences of the Tests 

Frankly, the results are surprising, 
in view of life tests on samples of in¬ 
sulating materials which have been made. 
It was expected that failure would take 
place after a comparatively few cycles of 
such operation. The tests seem to indi¬ 
cate the possibility of higher short-time 
temperature limits than have been be¬ 
lieved possible. They also raise a ques¬ 
tion as to the reliability of methods 


heretofore used for determining maxi¬ 
mum temperature limits. As has been 
stated, limiting temperatures have gen¬ 
erally been established by testing in¬ 
dividual samples of insulating materials 
over extended periods in oil under various 
conditions and measuring the deprecia¬ 
tion in mechanical strength. 

In view of these results, it may be in 
order to suggest that the proper com¬ 
mittees of the AIEE review the whole 
subject of maximum temperature limits 
of insulating materials. 

In conclusion, it can be said that trans¬ 
formers designed for operation by copper 
temperature and meeting, at least ap¬ 
proximately, the gradient conditions set 
forth in equation 13 of the appendix, do 
possess desirable short-time overload 
capacity which can be used for greater 
economy and reliability in system opera¬ 
tion. 

The simple method of operation by 
copper temperature described here seems 
well adapted to transformers of all sizes. 
‘Present equipment has no limitations so 
far as size or voltage class are con¬ 
cerned. Operation by copper tempera¬ 
ture does not preclude the use of relaying 
on ground faults, or reverse power, or of 
conventional reclosing practice. 

The advantages of operation by copper 
temperature are so obvious that one 
might predict its almost universal use 
in the not distant future. 

Appendix—Characteristics of a 
Transformer Bimetal Element 
Under Oil 

Let 

Tq *=» oil temperature or initial tempera¬ 
ture of the bimetal 

Tt « trip temperature of the bimetal 
T = temperature attained by the bi¬ 
metal at any time t 


Fisure 8. Typical 
heating curves for a 
”CSP“ distribution 
transformer provided 
with a thermal relay 



Table I. 


Summary of the 660 Cycle, of Short-Time Overload Operation of Five-Kva "CSP’ 
Distribution Transformers 


Run 

ITttmber 


Attained Average 

Maximum Duration 

Cumulative Copper Temperature of 

- Number of by Resistance Each Overload 

(Per Cent) Cycles (Degrees Centigrade) (Minutes) 


Transformers 


1 . 



.100 

1D9 


2. 



.102 


.... k * 120 

3. 





.48 

1. 



.100. 


.48 

RQ 

2 . 



.102 

1QR 


3. 



.fiOO 



4. 


.460. 



.34 
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Tot, * oil temperature corresponding to 
loadX 

Trol = oil temperature rise corresponding 
to 

I « current throug:h the bimetal 
In ~ normal full load current 
L *=» steady-state load required to give 
. the maximum desired hot-spot 
copper temperature 
W = watts input to the bimetal 
R = total resistance of the bimetal 
N — number of times full-load current 
required to produce immediate 
tripping 

P - specific heat of the bimetal—^watt 
seconds per gram per degree centi¬ 
grade 

m = mass of bimetal in grams 

g =* coefficient of heat convection of the 
bimetal in watts per square centi¬ 
meter per degree centigrade 
a = area of the bimetal in square centi¬ 
meters 

Q « flg « watts dissipated from bi¬ 
metal per degree centigrade gra¬ 
dient 

t = time period 

If a current is suddenly caused to circu¬ 
late through a bimetal immersed in oil at 
temperature To, the I^R loss will partly 
heat the bimetal and partly be lost to the oil. 
Thus 


However, it is apparent from equations 
3 and 4 that if W is very large, as in the 
case of a short circuit, the temperature 
which the bimetal would attain almost 
immediately from equation 3 could be high 
enough to unlatch the breaker without 
waiting for the oil to heat up. Or 

W 

To -could equal Tt 

ag 

if W were sufficiently great. 

The load or current at which this im¬ 
mediate tripping begins can be established 
arbitrarily by the proper selection of the bi¬ 
metal resistance. The range during which 
immediate tripping takes place is designated 
here as the short-circuit range, while the 
range during which the tripping time is de¬ 
pendent on the heating of the oil is desig¬ 
nated as the useful overload range. 

Equation 3 is necessary for the calcula¬ 
tion of the tripping characteristic of the bi¬ 
metal relay in the short-circuit range. 

Experience has taught that the useful 
overload range for distribution trans¬ 
formers should extend up to five to seven 
times normal current since transformers 
may be subjected to currents of this order 
due to motor starting or similar short-time 
overloads. In other words, N should be 
between five and seven. To bring about 
immediate tripping at any particular value 
of N, the bimetal resistance can be deter¬ 
mined as follows: 


Wt 


pm(T - To) + 



(T-To)agdt (1) 


Tt 


To + 


aqi 


(5) 


bimetal trip temperature is to be reached 
at the same maximum copper temperature, 
then any increase in the bimetal gradient 
(W/ag) with increasing load must be offset 
by a corresponding decrease in the oil tem¬ 
perature with increasing load—or 


dTpi, _ -dW 

(8) 

dL dLaq 

But 

W = L*I„*R 

(9) 

dT.r -2LI„*R 

dL ag2 

( 10 ) 


But the transformer characteristics deter¬ 
mine the relation between oil temperature 
and the maximum permissible steady load 
and vaiying ambient from which dTohldL 
must be evaluated. 

In general 

Tol « Tc - KL* (11) 

where 

Tg is the copper temperature corresponding 
to load L 
KL* = gradient 

Usually X ranges from 1.6 to 2, but the 
hating curves of the transformer deter¬ 
mine the exact value to use. 

Differentiating (11) at constant Te gives 

dT„L 

or = -2KL (for x ^ 2) 

( 12 ) 


Differentiating with respect to t gives: 



which is the differential equation for the 
temperature of the bimetal as a function 
of time. In solving this equation for an 
actual transformer it can be assumed that 
the oil temperature is constant since the 
bimetal transient is very rapid and will have 
disappeared entirely before there is any sub¬ 
stantial change in the oil temperature. 

The solution of this equation is easily 
shown to be 

W/ -«2.A 

r = r. + - (1 - e Tm*\ (3) 

In figure 8, heating curves are shown for 
an actual transformer. The sudden rise 
in the temperature of the bimetal near ^ = 0 
is the transient given by equation 3. 

As soon as the transient is over, that is, 
for large values of t, the temperature of the 
bimetal is given by 

W 

T^Jo + - (4) 

ag 

and further increase in the bimetal tempera¬ 
ture results only from the gradual rise in the 
oil temperature as can be seen from the 
curves of figure 9. It is apparent, there¬ 
fore, that considerable time will ordinarily 
elapse before the bimetal attains the 
tripping temperature or the temperature at 
which it unlatches the breaker—^the time 
being determined by that required for the 
oil to heat up. 


But under steady-state conditions the 
trip temperature must be reached at load L, 
Hence 


Tt 


Tol + 


L^In^R 

aq2 


( 6 ) 


g is not quite constant because the oil 
convection increases with increased oil 
temperature. qi is therefore used in equa¬ 
tion 6 and is determined for To while $2 
in equation 6 is determined for oil tempera¬ 
ture ToL- 

Equating (6) and (6) and solving for R 
gives 


R « 


QiTroL 





Equating (10) and (12) and solving for K 
gives 



(13) 


which is the gradient coefficient required 
for ambient temperature compensation, 
the value of R having been obtained from 
equation 7. 

The gradient required by equation 13 
will be found quite low, and if it cannot be 
obtained it may be desirable to change the 
bimetal resistance to give ambient tempera¬ 
ture compensation with the K which can be 
obtained. In this case 



(14) 


where 
Qi = agi 

which is the bimetal resistance required 
to give a useful overload range up to load N 
and immediate tripping above N. 

A highly desirable characteristic of the 
bimetal relay is that it compensates auto¬ 
matically for changes in ambient tempera¬ 
ture permitting higher loads at low tem¬ 
peratures and less load at high temperatures 
in accordance with the thermal capability 
of the transformer. Obviously this comes 
about if the bimetal trips the breaker at the 
same maximum copper temperature regard¬ 
less of ambient temperature. To bring 
this about the winding gradient must fulfill 
a condition determined as follows: 

As the permissible steady-state load L 
changes with ambient temperature, if the 


and the maximum overload before im¬ 
mediate tripping would be 



which is obtained by substituting (14) in (7) 
and solving for N. 
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Discussion 

F* M. Starr (General Electric Company, 
Schenectady, N. Y.): This paper is of 
considerable interest and importance be¬ 
cause it presents new data on the ability of 
transformers, particularly of the distribu¬ 
tion class to carry heavy overloads. Con¬ 
siderable has been written in recent years 
as to the proper thermal overloads which 
should be tolerated in transformers. Con¬ 
clusions reached vary widely in degree, but 
in principle they are all in agreement that 
repeated overloads reduce transformer life 
and that there is a threshold of loading be¬ 
yond which the reduction in transformer life 
is so pronounced as to make such overloads 
extremely uneconomical. This point of 
view limits its economics pretty largely to 
the life and cost of a transformer. 

The distribution engineer must necessarily 
have a broader point of view since his prob¬ 
lem is somewhat greater than getting the 
maximum possible usage out of his equip¬ 
ment. It is his job to design a distribution 
system to deliver a kilowatt-hour to the 
consurner within specified criteria of voltage 
regulation and service continuity at the 
lowest possible cost. In making his broad 
economic analysis to ttm end he finds that 
energy losses and voltage drop in the trans¬ 
former and perhaps even revenue are just 
as important factors in determining the 
loading of a transformer as its thermal ca¬ 
pacity. For example it has been found in 
certain localities that the most economical 
design of secondary networks, considering 
voltage regulation and energy losses as con¬ 
tributing factors, results in transformer 
loading of only 75 per cent of name-plate 
capacity. 

The reaction of the distribution 
to the conclusions in this paper is likely to 
be that he is getting and paying for thermal 
capacity in transformers that he cannot 
possibly use because of excessive voltage 
^ops or transformer losses. He might 
justifiably ask, **Why not sacrifice some of 
this thermal capacity and give me a lower 
cost transformer or a lower impedance 
transformer.” Because of basic design 
limitations it is difficult to obtain what 
nught be called an ideally balanced design 
of transformer for the economic distribution 
systOT. There has been considerable prog¬ 
ress in this direction, however. It seems to 
me important and significant that if a more 
perfectly balanced design of transformer 
embodsmg maximum economy as well as 
the desirable operating characteristics is 
to be attained in the future, distribution 
engines must not impair suci progress by 
specifying unusable and unnecessary ther¬ 
mal capacities which have characterized 
some designs of the past. 


J. H. Christensen and J. P. Hanulton (both 
of Tennessee Valley Authority, Wilson Dam, 
Ala.): The temperature-cycle tests de¬ 
scribed by the authors were made to deter¬ 
mine whether or not a mmcimum average 
copper temperature of 146 degrees centi- 
^de would harm the winding insulation. 
The transformers subjected to this test 
were of the five-kva ”CSP” type. The 
authors have shown that these tests, which 
were made continuously over a p^od of 
two years without an insulation failure, 
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indicate that the present maximum copper 
temperature of 105 degrees centigrade may 
be entirely too low. If so, transformers of 
higher ratings could be designed with only 
slightly increased costs, provided the relays 
under discussion give satisfactory operation 
under field conditions. 

In this connection, a question arises con¬ 
cerning the practical application of this 
relay, namely, what provision is proposed 
to facilitate the adjustment, maintenance, 
or replacement of these units in large power 
transformers. 

The outstanding feature of this work is 
the novel means used to obtain, with 
^ety, the fullest utilization of conventional 
insulation in transformers. It is interesting 
to note the similarity in the design and ap¬ 
plication of this feature to that of the type 
”H” Sentinel breaker used for small-motor 
overload protection. 


W. C* Sealey (Alhs-Chalmers Manufactur¬ 
ing Company, Milwaukee, Wis.): The 
tests described in this paper show that a 
modem transformer stand a great 
amount of abuse without actually failing. 
The previous tests and experience on the 
deterioration of insulating materials due 
to time and temperature are not challenged 
by the results of the tests. Very high over¬ 
loads have been carried and the transformer 
has been able to operate successfully after 
being subjected to the high temperatures 
obtained. However, it has been demon¬ 
strated by these tests that the oil and 
insulation are not in first-class condition 
because of the high temperatures to which 
tjhey were subjected. The case is a good 
deal like that of automobile tires. There 
are tires in operation in which the tread 
has worn smooth and even tires in which 
the fabric is showing. These tires operate 
successffiUy, but, if reliability and safety 
of service is a factor, they cannot be con¬ 
sidered to be in satisfactory operating condi¬ 
tion. 

These tests show that even with insulation 
in poor condition the transformers ma y still 
op^te successfully. Since the oil de¬ 
terioration was considerable for these tests 
and the insulation next to the copper must 
have been at a considerably high^ tempera¬ 
ture than the oil temperature, there is little 
doubt that the insulation had been damaged. 

The attempt to set up certain definite 
safe temperatures for transformers is funda- 
mmtally difficult because there is no such 
thing as a safe temperature unless the time 
elemmt and the permissible damage is also 
considered. Reliability of service is gen- 
p'ally a first consideration, so much so that 
it may be desirable to work the transformer 
up to the absolute limit of failure before 
showing service interruption. Any protec¬ 
tive de^ce which is put in for the purpose 
not of insuring continuity of service but for 
the purpose of protecting the transformer 
must reduce the total load which can be 
carried by a transformer without service in¬ 
terruption, otherwise no protection for the 
transformer is obtained. If the protection 
is set so high as to allow considerable 
damage to the transformer insulation, it 
may be well to omit the protection and allow 
more damage to the transformer insulation. 
The particular amount of damage which 
be ^owed before the transformer is tripped 
off is different for different applications but, 
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in general, the best continuity of service is 
obtained by protecting the transformer only 
against real short circuits and not for over¬ 
loads caused by useful load on the system. 

It has been found that thermal devices 
which protect the transformer for the gen¬ 
erally considered safe operating tempera¬ 
tures provide undesirable service interrup¬ 
tions, The next natural step is to either 
omit the thermal device or to operate the 
thermal device with a less margin between 
its point of operation and the actual point 
of failure of the transformer and so that the 
point of operation of the thermal device 
exceeds generally accepted safe tempera¬ 
tures for the transformer. If it is necessary 
to raise the level of protection to such a 
point that considerable damage is done 
to the transformer before the device oper¬ 
ates, it is questionable whether the device 
provides useful protection to the trans¬ 
former. Proof that the transformer will 
still operate does not constitute proof that 
the transformer is in a safe operating condi¬ 
tion. Transformers should be so operated 
that the insulation remains in good condi¬ 
tion unless an emergency condition arises 
where it is necessary to damage the trans¬ 
former in order to secure continuity of serv¬ 
ice. In order that transformer insulation 
remain in first-class condition, the normal 
loading of transformers should be such that 
serious damage to the insulation does not 
occur. Overloads which damage the insula¬ 
tion should be on a strictly emergency basis. 
For service continuity it seems self-evident 
that if all transformers on the system have 
their insulation maintained in good condi¬ 
tion the service continuity will be better 
than if some of the transformers on the sys¬ 
tem are so operated as to have damaged 
insulation even if they do continue to 
operate. A device which offers protection 
only after considerable damage has been 
done may be desirable but it should be recog¬ 
nized that such a device offers very little 
protection against damage to the trans¬ 
former and may leave the transformer in an 
unsafe operating condition. 


R. B. George (Tennessee Valley Authority, 
Norris, Tenn,): During some tests which 
I made to determine the short-time tempera¬ 
ture limits of transformer insulation, I 
recogmzed. that there was a good margin 
which could be used for short time over¬ 
loads if the proper precautions were taken 
oil from oxidation and pro¬ 
visions were made to remove the load from 
the transformer when the magnitude or 
duration of overload reached limits which 
would injure the transformer. 

The paper by Mr. Putman and Mr. Dann 
d^cribes te^s that were made to deter¬ 
mine these limits. A device has been pro¬ 
posed to disconnect the transformer from 
the circuit when these limits are reached. 

It is suggested that the proper com¬ 
mittees of the AIEE review the subject of 
maximum temperature limits of insulating 
materials. It is always desirable to bring 
the AIEE rules up to date to include new 
developments in ffie art. 

The results reported in this pap^ have 
an application for electric heating loads, 
particularly in the southern states. There 
^e parts of this region where electric heat¬ 
ing would be required for a short portion of 
the year. 
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Figure 1 


This load may be more economically 
served by using transformers with nomini 
kilovolt-ampere rating much lower than 
the peak load during the heating demand, 
and operating by copper temperature be¬ 
cause electric heating is required only when 
the ambient temperature is low. The 
peak demand for electric heating usually 
occurs early in the morning and tapers 
off before the electric range load for noon 
cooking builds up its small peak. 

Figure 1 of this discussion is a 24-hour 
curve of the total load on a circuit which 
serves 40 houses which are equipped with 
electric refrigerators, ranges, water heaters, 
and the usual appliances in addition to being 
electrically heated. The 17-hour average 
temperature from 6 a.m, to 10 p.m. was 
19.9 degrees Fahrenheit. The 24-hour 
average temperature was 18 degrees Fahren¬ 
heit. This curve has the load characteris¬ 
tics which w;ere described above. Since this 
curve also gives information concerning the 
duty on transformers for this type of load, 
it may be useful to a committee for reviewing- 
the subject of maximum temperature limits 
of transformer insulation. Loads of this 
type can certainly be served more eco¬ 
nomically by taking advantage of operating 
by copper temperature during the peak 
loads which occur only at low ambient tem¬ 
perature. 


A. C. Monteith (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): The two outstanding factors brought 
out in this paper are the greater overload 
capacity of a transformer when the oil is 
kept free from contact with air and the 
fact that a reliable device is available to 
allow taking full advantage of this over¬ 
load capacity without fear of burnout. 
Where regulation is not the. determining 
factor in the transformer application, this 
overload capacity should allow fitting the 
transformer more closely to the load, thus 
allowing a reduction in initial investment. 
Since the ”CSP** power transformer is 
equipped with step-type regulators, heat¬ 
ing becomes the main factor in applying the 
transformer. 

A secondary network system is designed 
so that the transformers will be called on to 
carry full load with one feeder out of service 
and carry some overload with two feeders 
out of service. Regulation is usually not 
a problem in this type of system, so that 
taking full advantage of a transformer hav¬ 
ing a tight tank and increased overload ca¬ 


pacity should allow reducing the ratio of 
installed transformer capacity to full load. 
This is particularly true where networks are 
installed for supplying the lighter-load 
areas, as a greater chance can be taken as 
compared to the application for the heavy¬ 
load areas. Quite often the overload ca¬ 
pacity given in the paper would allow carry¬ 
ing certain types of loads through the peak, 
which would mean applying the trans¬ 
formers based on their overload capacity 
rather than the continuous rating. Such 
factors should allow extending the eco¬ 
nomical use of the secondary network sys¬ 
tem. 

The use of the thermal trip device applied 
to network transformers also presents a 
method of protecting against burnout in 
case of prolonged overload. Considerable 
time has been spent in trying to design a 
fuse that will leave the transformer on the 
system up to the danger point. The thermal 
device described in the paper will give this 
protection, the closing of its contacts 
tripping the network protector. If this 
t 3 rpe of protection is adopted, considera¬ 
tion could be given to eliminating the fuses 
from the network protectors. 

These are a few of the changes in applica¬ 
tion that have occurred to the writer, if 
advantage is taken of the data presented in 
the paper. The new thought presented 
should go far to revolutionize our approach 
to the distribution problem. 


T. H. Mawson (The Commonwealth and 
Southern Corporation, Birmingham, Ala.): 
The paper by Messrs. Putman and Dann is 
undoubtedly a valuable contribution to 
transformer operation. Previous studies 
by Nichols, Montsinger, Dann, and others 
have substantiated the operator’s belief 
that transformers could be operated suc¬ 
cessfully without major reduction of life 
at ratings in excess of that shown on the 
name plate. In other words, the name¬ 
plate rating was only one point on the 
operating curve of the particular trans¬ 
former. 

It is, indeed, gratifying to know that the 
American Standards Association has pre¬ 
pared a "Guide for Loading Oil Immersed 
Distribution and Power Transformers,” 
following the work of these men. 

Since there are no satisfactory figures 
available on the life of transformer insula¬ 
tion due to the mass of test data, as yet 
unavailable, required for any sort of com¬ 
prehensive averages, it is difficult to deter¬ 
mine an actual life span for any trans¬ 
former. The various methods mentioned 
for increasing the life of the transformer in¬ 


sulation such as inert gas in contact with the 
oil, reduced area of air contacting the oil, 
etc., play a part, but the oil temperatures, 
if allowed to remain at high levels for pro¬ 
longed intervals must ultimately impair 
the condition of the transformer. 

Loading to the limits set up in the ASA 
standards appears conservative in view of 
the test data in the present paper. While 
the test conditions for the five-kva trans¬ 
formers were unusually severe, how can the 
conclusions drawn from the tests be inter¬ 
preted in terms of actual service conditions? 

If transformers are to be installed on a 
basis of continuous and satisfactory service, 
the maximum use can be obtained from a 
given bank when the load curve is such as 
to permit overloading during peak hours to 
the point where the maximum temperature 
will not cause excessive deterioration. At 
the same time the possibility of excessive 
regulation in the transformer must be con¬ 
sidered. Since this peak load would be con¬ 
sidered as recurrent and not an infrequent 
emergency, the regulation in the trans¬ 
former that would occur at these peaks 
would tend to be excessive. If this type of 
loading is to be considered for future in¬ 
stallations then the design of the system 
components will have to be adjusted to 
operate within satisfactory voltage levels. 

The use of some device to determine with 
reasonable accuracy the "hot-spot” tem¬ 
perature would give data that could be used 
in conjunction with typical load curves for 
various areas. This would provide a better 
method of determining the best size of trans¬ 
former at that location, as well as the be¬ 
havior of a particular transformer. 

There is again the question of trans¬ 
formers now in service. Lack of knowledge 
as to the past history of these transformers 
would tend to raise questions as to the re¬ 
maining life. Yet every effort should be 
made to work these transformers to their 
service limit—^be it kilovolt-amperes or 
voltage drop. 

The use of a lockout device for protection 
would be satisfactory, provided there 
was some control of the load, or that there 
was no great time lag between operation and 
reclosure. Therefore, operation of trans¬ 
formers at levels dose to the limit would 
tend to increase the number of interruptions 
from this cause. 

It would seem advisable to select trans¬ 
formers for both power and distribution 
service on a basis of the guide as set up by 
ASA, adjusting this selection where load 
data warrants, rather than depend entirely 
upon inspection of signal-light operatioii. 


W. R. Brownlee (The Tennessee Electric 
Power Company, Chattanooga); Methods 
of securing maximum use of capital equip¬ 
ment as a means of reducing the over-all 
cost of electric power are of most vital 
interest to operating companies, to manu¬ 
facturers, and to the entire industry. 
Contributions ito such methods applied to 
distribution transformers are of particular 
value at this time. 

For transformers of* small size and value 
the bimetallic relay should find a most 
wide application, since it is a reasonably 
good device and can be secured at relatively 
low cost. They are much superior to fuses 
both in available characteristics and in 
reasonable adherence to predetermined 
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curves. I wonder if the authors are ad¬ 
vocating the use of such devices for larger 
and more expensive transformers whereas, 
many operating companies have for years 
made use of more' reliable (and more ex¬ 
pensive) devices such as thermocouples or 
calibrated resistance units for operating 
power transformers by copper temperature. 
Sometimes these devices are permitted to 
trip breakers but particularly in case of the 
larger units they provide a graphic record of 
temperature, permitting the system opera¬ 
tor to exercise his judgment in balancing the 
probable shortening of life of the trans¬ 
former unit due to the overheating, against 
the seriousness of the effect on service or on 
other equipment involved in taking the unit 
out of service. 

Apparently the authors have relied on 
dielectric tests to determine whether the 
transformers under test suffered any dam¬ 
age due to overloads. Have they actually 
taken any of the tested units apart to deter¬ 
mine the exact condition of the inside insu¬ 
lation? If such critical examination should 
confirm their preliminary findings, then it 
might be in order for the proper AIEE 
committees to review the subject of maxi¬ 
mum safe temperature limits. 

Probably the authors intended to include 
power transformers with conservators along 
with transformers equipped with “in- 
ertaire” equipment in contrasting the 
effects of oyer-temperature of materials 
tested in open oil and deterioration in oil 
protected from open air. Naturally gas-tight 
cases are preferred for small distribution 
transformers or for any underground in¬ 
stallation. 


V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): The authors have 
added a real contribution to the art of load¬ 
ing^ transformers by temperature under 
various service conditions. 

There are, however, some statements 
made in the paper to which I must take 
^ception. The paper states that the signal 
light is set to operate at about 96 degrees 
centigrade (permitting continuous opera¬ 
tion at 96 degrees average copper tempera¬ 
ture) which limit they say is recognized in 
the AIEE Standards. This is correct, but 
it has generally been agreed by the industry 
for the past three or four years that for 
continuous operation the average tempera- 


Flgure 2. Aging of 0.031-inch pressboard 
af 105 degrees centigrade 

Tests made In 1935 


ture should not exceed 86 degrees or 66 
degrees rise in a 30-degree ambient. They 
may intend that the 96-degree average tem¬ 
perature limit be used only for short-time 
operation. If so, what is there to prevent 
the transformers operating continuously at 
average copper temperatures dose to 96 
degrees centigrade? This point is not clear. 

As a matter of fact, AIEE Standards No. 
13 will be superseded within a few months 
by the Proposed American Standards and 
Recommended Practices for Transformers, 
which recommend that for continuous 
operation the average copper temperature 
not exceed 86 degrees centigrade. 

If the conditions are such as to permit 
continuous operation at 96 degrees average 
temperature by the signal light, I would 
like to suggest that the authors either 
recommend the temperature limit of 86 
depees centigrade as given in the new 
guides for operation of transformers, which 
are a part of the proposed American stand¬ 
ards mentioned above, or give a valid reason 
for (or data to support) setting the tempera¬ 
ture limit ten degrees higher than recom¬ 
mended for continuous operation in the 
proposed guides. 

The authors make the statement that 
when the oil is protected against the harm¬ 
ful effects of oxygen by ''inertaire,” there 
is practically no deterioration of the in¬ 
sulating materials at the limits of tempera¬ 
ture suggested by the Institute and the 
American Standards Association. I think 
the authors should state whether they mean 
the Institute or ASA since, as stated above, 
the temperature limit recommended by 
ASA is ten degrees lower than that recom¬ 
mended by the Institute. 


Figure 3. Aging of ciass A insulation$ at 
105 degrees centigrade 

Materials used: (1) 0.031-inch pressboard; 
(2) 0.010-Inch kraft paper 

Tests made In 1935 


The authors state that all aging tests of 
class A insulations in the past have been 
made in oil exposed to air and by inference 
say that most, if not practically all, of the 
aging of insulation in oil at 96 degrees 
average temperature (with the hottest 
spot ranging from say 98 to 106 degrees 
depending on the design) is due to the 
presence of oxygen in the oil. This does 
not agree with what I have found. 

In 1936 our laboratory made two separate 
series of aging tests to determine the 
difference in the aging (tensile strength) 
of various class A materials immersed (1) 
in air, (2) in oil exposed to the air, (3) in 
oil with a nitrogen atmosphere, and (4) 
the oil protected by a conservator. 

Both untreated and treated materials 
were tested. The treated samples were 
given a 30-minute varnish dip, centrifuged 
to remove excess varnish, and baked to set 
up the varnish. The materials were cut 
into pieces approximately ten inches square 
and then assembled in packs, part of the 
materials being spaced with pressboard 
spacing strips to allow circulation of the 
oil or air, and the remaining materials as¬ 
sembled in a tightly-packed mass. 

The test conditions Were made to repre¬ 
sent as nearly as possible the conditions of 
transformers in service. 

The materials which were aged in oil 
were immersed in oil in steel containers 
and placed in an oven maintained at a con¬ 
stant temperature of 105 degrees centi¬ 
grade plus or minus one degree. 

In the case of aging in oil with conserva¬ 
tor, the connecting pipe flush with the cover 
was connected to the conservator on the 
outside of the oven. 

The tank with the nitrogen atmosphere 
was connected to a bomb of oxygen-free 
nitrogen through a pipe leading to the 
bottom of the tank. Another pipe flush 
with the cover was coimected to a pressure 
release valve set to a pressure of one-half 
pound. After the insulation and oil were 
placed in the tank, the oil being at a level 
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of about two inches below the cover, nitro¬ 
gen was flushed through the oil for a period 
of one hour, then the nitrogen was shut 
off, an^d the aging started. Each time the 
tank was opened to remove samples, the 
air was thoroughly flushed from the oil 
with nitrogen before resuming the test. 

The container in which the material was 
aged under oil with air over the oil was an 
open tank. 

The aging in air was accomplished by 
placing bundles of the insulation in an oven 
maintained at a constant temperature of 
106 degrees plus or minus 1 degree centi¬ 
grade, taking care to keep the material 
from contact with metal in the oven. 

All samples were conditioned in a stand¬ 
ard atmosphere four hours before testing. 
A set of standard samples was immersed 
in the aging medium one hour at room 
temperature, conditioned four hours under 
standard humidity conditions, and tested 
to obtain standard data for the aging com¬ 
parison. 

The results of the aging tests are shown in 
figures 2 and 3 of this discussion which indi¬ 
cate: 

1. That insulation aged in air has a longer life than 
insulation aged in oil. 

2. That insulation aged in oil plus air, or in oil plus 
conservator, or in oil plus nitrogen atmosphere, 
shows approximately the same amount of mechsmi- 
cal deterioration. 

There was practically no difference be¬ 
tween the rate of aging of the materials 
spaced or unspaced in oil. In air, the 
spaced materials showed approximately 
ten per cent less aging. 

The authors state that to determine 
whether the heavy overloads had injured 
the transformer, AIEE dielectric tests 
were applied. I do not feel that these 
tests mean anything, since insulation can 
be greatly weakened mechanically before 
its dielectric strength is affected. In fact, 
the dielectric strength of oil-immersed in¬ 
sulation does not decrease until it is well 
carbonized and cracked. I note that a few 
short-circuit tests were made, which were 
probably a better test on the insulations 
than the dielectric tests. 

I would like to suggest that a better 
method of determining the effect of short- 
time overloads on the insulation would be 
to integrate the heating curve area in some 
such manner as I used in my AIEE paper 
entitled "Temperature Limits for Short- 
Time Overloads for Oil-Immersed Neutral- 
Grounding Reactors and Transformers” 
published in AIEE Transactions, 
voltrae 67, 1938, pages 39-44 (January 
section). This method of analysis ought 
to give some idea of whether WO or 600 
load cycles has appreciably weakened me- 
chanicifiy the insulation. 


H. V. Putman and W. M. Bann: The dis¬ 
cussions on the paper "Loading Trans¬ 
formers by Copper Temperature” have 
brought out a livdy interest in the subject. 
The purpose of the paper was to give em¬ 
phasis to the recognized fact that trans¬ 
formers inherently have a-substantial over¬ 
load capacity for short-time periods and 
to describe a practical way of taking ad¬ 
vantage of this capacity automatically in 
service. The prevailing views of those who 
discussed the paper seem to be that the 
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utilization of this short-time overload capac¬ 
ity is of vital importance to the operating 
companies and to the industry in general 
and that in the main the method of obtain¬ 
ing its full utilization is effective and prac¬ 
tical. 

Messrs. Christensen, Hamilton, George, 
and Brownlee suggest either that the AIEE 
temperature limit of 106 degrees centigrade 
may be too low or that perhaps the Insti¬ 
tute should review the subject of limiting 
temperatures. As pointed out in the paper, 
we believe these suggestions should be 
carried out, particularly in connection with 
limiting temperatures for short time periods. 

Mr, Mawson speaks of the "Guide for 
Operation of Transformers,” which is about 
to be published by the ASA, and comments 
that it would seem advisable to select 
transformers on the basis of this guide 
rather than to rely entirely upon signal- 
light operation. However, the overloads 
suggested by the ASA guide are quite con¬ 
servative; they had to be because they 
apply to transformers of more than one 
type and to units that have been in service 
for the past ten years. Modem trans¬ 
formers operated by copper temperature 
with the relay and signal device will, of 
course, carry the short-time overloads of 
the ASA guide, but they will go further; 
the signal light will give a warning when a 
definitely established temperature is reached 
and will cut the transformer out if the 
operation is continued until a temperature 
is reached at which appreciable shortening 
of life would result. Furthermore, ambient 
temperature is automatically taken into 
account and it is unnecessary to consult 
tables of permissible overloads. 

Mr. Montsinger points out that the 
signal light is set to operate at about 
96 degree centigrade and he asks whether 
there is anything to prevent operating a 
transformer continuously at an average 
copper temperature close to 96 degrees 
centigrade. It is a fact that the trans¬ 
former, just like an ordinary unit, could be 
artificially loaded so that its temperature 
rise plus the ambient temperature would be 
continuously just inside the limit of signal 
operation and its average winding tempera¬ 
ture would be continuously dose to 96 
degrees centigrade. But it is hardly con¬ 
ceivable that a transformer would be called 
upon to carry its full load continuously in 
actual service with an ambient temperature 
which is continuously 40 degrees centigrade. 
Load conditions and ambient temperatures 
in actual service are largely uncontrollable; 
they normally vary throughout the day and 
the season, and in cases where a transformer 
is so small with regard to its load condi¬ 
tions that its average copper temperature 
occasionally reaches 96 degrees centigrade 
or thereabouts, it seems obvious that it 
would be better to know of the conditions 
through signal-light operation than to be 
unaware of them. A very natural ques¬ 
tion arising from Mr. Montsinger’s inquiry 
is—^what is there to prevent any distribu¬ 
tion transformer from opeiating continu¬ 
ously at 96 degrees centigrade? 

Mr. Mawson asks how the condusions 
drawn from the tests on the five-kva 
transformers may be interpreted in terms 
of actual service conditions. It is not 
possible in a laboratory to simulate a large 
number of the overload conditions that can 
exist in actual service, but the tests do jrepre- 
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sent very severe cases of certain types of 
overload, and operation at other over¬ 
loads in service may be sized up by analysis 
and comparison. 

Mr. Mawson speaks of the life span of 
transformer insulation, having in mind the 
effect of temperature, while Mr. Starr 
reminds us that repeated overloads reduce 
transformer life and that there is a thresh¬ 
old of loading beyond which overloads are 
uneconomical. Mr. Sealey introduces a 
striking comparison to automobile tires and 
says that the oil and insulation in the trans¬ 
formers under test are not in first-dass con¬ 
dition because of the high temperatures to 
which they have been subjected. It is of 
course too early to say what the condition 
of the insulation actually is, but there is 
nothing in the tests themsdves to indicate 
that the oil and insulation have been seri¬ 
ously damaged. At the time the paper was 
written, after 660 cydes of severe over¬ 
loading, the transformers had more than 
once withstood the standard AIEE low- 
frequency and impulse tests and the oil, 
while darkened in color, had withstood even 
higher breakdown tests than before the 
cyde tests were started. These dielectric 
tests and the fact that the transformers 
are still going through similar cydes of 
tests indicate that they are still good for 
actual service. 

Mr. Montsinger questions whether the 
successful application of Institute tests 
means anything, and he points out that in¬ 
sulation can be greatly weakened mechani¬ 
cally before its dielectric strength is affected. 
That was the very reason for subjecting the 
transformers to a series of short-drcuit 
tests with an ignitron timer. The violent 
vibrations of those tests failed to devdop 
any mechanical weakness of the insulation, 
for the transformers immediatdy after¬ 
ward withstood impulse tots and tests at 
double-voltage excitation. When the cyde 
tests are finally discontinued the tmits will 
be dismantled and the insulation minutdy 
examined. The results of this examination 
will no doubt form a contribution to the 
study of the life of transformer insulation. 

Mr. Brownlee asks whether the relay and 
signal devices are advocated for large trans¬ 
formers, and Messrs. Christensen and Ham¬ 
ilton raise the question of adjustment, 
maintenance, and replacement of the de¬ 
vices in large power transformers. These 
devices are right now being used in service 
with complete satisfaction on transformers 
as large as 1,600 kva. They can be used 
effectivdy for power transformers of any 
size. A convenient adjustment of the relay 
is provided for, but field experience with 
more than 200,000 "transformer-years” 
in service indicates that adjustment has 
not been necessary and that maintenance 
attention will be rarely needed. If a relay 
were to fail it would have to be replaced. 

Mr. Monteith comments on the consider¬ 
able time that has been spent in trying to 
design a fuse that will leave the transformer 
on the system up to the danger point, and 
he points out the value of the relay for this 
kind of protection, while Mr. Brownlee re¬ 
marks that the relay is much superior to the 
fuse. 

Mr. George speaks of the early morning 
peaks caused by electric heating loads. 
This is an excellent illustration of a peak 
that can be taken care of with transformers 
having ratings much lower than the peak 
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Effects of Temperature on Mechanical 
Performance of Rotating Electrical 
Machinery 


C. LYNN 

ASSOCIATE AIEE 


T he effects of temperature on 
electrical machinery are usually con¬ 
sidered in connection with the deteriora¬ 
tion of insulation used on the active con¬ 
ductors themselves. There are, however, 
many other parts of these machines where 
temperature eiffects are important and 
vitally affect the design of the machine. 
Unless provision is made in the design of 
machines to take care of these effects, un¬ 
satisfactory operation or reduced life may 
result. These effects on machine con¬ 
struction may be considered in three 
groups. 

L Effects of Temperature 
on Insulating Parts 

Madiines with class A insulation on 
the windings have class A materials 
on other parts of the machine as well as on 
the windings proper. On d-c machines, 
fuUerboard insulation is used around the 


load, when loaded by copper temperature 
with the relay and the signal device. 

'Ihe results of Mr. Montsinger’s tests ex¬ 
tended over a period of only about 40 days, 
which is hardly sufficient to give reliable 
concluaons. To state it simply, Mr. 
Montsinger’s conclusions are that c^ulose 
insulating materials immersed in new trans¬ 
former oil at 105 degrees and fully protected 
against oxidation and moisture deteriorate 
just ^ rapidly as when the oil is subjected 
to oxidation and moisture by exposure to the 
atmosphere. This conclusion does not 
agree with the findings of our own research 
engineers and the results obtained by others, 
notably Stager (Elektrotechnische Isolier- 
materiaUen, Stuttgart, 1931). 

In a paper "Temperature Limits Set by 
Oil and Cellulose Insulation" by Doctor 
C. F, Hill (AIEE Transactions, volume 
58, 1989, pages 484r-91) it is shown by care¬ 
fully conducted tests extending over a 
period of approximately 650 days, that the 
deterioration of cellulose materials eventu¬ 
ally flattens out and ceases, but that it 
t^es more than 40 days to reach this con¬ 
dition, His tests show that electrically 
such materials maintain their initial char¬ 
acteristics even when above 100 degrees 
c^tigrade and they may even show im¬ 
provement; this is true up to 140 degrees 
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main and commutating poles to give 
ground insulation and creepage to ground. 
On a-c sahent-pole machines, fuUerboard 
or fish paper is commonly used for a simi-. 
lar purpose on the rotor poles. Where 
higher temperature rises than those per¬ 
mitted for class A materials are encoun¬ 
tered, these materials must be abandoned 
in favor of class B materials such as as¬ 
bestos, mica, or woven-glass formed 
shields. To eliminate formed channels 
and insulating pieces around the station¬ 
ary pole pieces, railway motors and other 
propulsion equipment requiring Tnfl viiniitn 
output with minimum space and weight 
have the necessary insulation protection 

Paper number 39-17, recommended by the AI££ 
committee on electrical machinery, and presented 
at the AI££ winter convention, New York, N. Y., 
January 23-27, 1939. Manuscript submitted 

November 22,1938; made available for preprinting 
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C. Lynn is manager of d-c generator engineering, 
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centigrade when the materials and oil are 
protected with an inert gas. MechanicaUy, 
untreated ceUulose in air deteriorates 
rapidly above 100 degrees centigrade, or 
at 95 degrees centigrade when the oil is 
exposed to air. However, his opinion is 
that many transformers are operating 
satisfactorily in service in which the in¬ 
sulating materials have deteriorated to one- 
fourth of their original mechanical strength. 
The conclusions drawn from Doctor Hill's 
tests are that the deterioration of insulat¬ 
ing materials is greatest when the oil is 
exposed to air, and least when it is pro¬ 
tected by an inert gas. MCr, Montsinger’s 
tests show that the detmoration of press- 
board mechanically at the end of about 40 
days at 106 degrees centigrade is about the 
same as in oil exposed to air and in oil 
protected by nitrogen. This is not thought 
to be the C£«e and it is not substantiated by 
Doctor Hill's tests. Mr. Montsinger's 
t^ts also show considerably less deteriora¬ 
tion in oil with a conservator than in oil 
protected with nitrogen. It is probable 
that in the conservator tests there was no 
breathing of air and the results obtained 
were really due to a tightly sealed tank, 
which is the case with the transformers dis¬ 
cussed in the paper on 'Toading Tians- 
formers by Copper Temperature." 
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to grotmd incorporated in the coil insula¬ 
tion itself. Mummified coils using class 
B conductor insulation are provided with 
sufficient mica or asbestos insulation on 
the outside of the coil itself to give normal 
protection to ground. 

If temperature limits are pushed very 
high, such machines as enclosed self- 
ventilated motors would get extremely 
high temperatures on all internal parts 
and fibrous materials, sudi as used for 
insulation between brush holder brackets 
and rocker rings, would no longer be sat¬ 
isfactory, and special porcelains or molded 
mica materials as used on railway motors 
for brush-holder-stud insulation would 
have to be used. 

On both a-c and d-c machines, fish¬ 
paper cells of class A material are used in 
the slots, not from an insulation stand¬ 
point but to provide, during winding, pro¬ 
tection to the coil sides against the edges 
of the laminations in the slots. With 
higher temperatures such cells are aban¬ 
doned or mica cells can be substi¬ 
tuted. 

Wedges for class A machines are uni¬ 
versally made of fiber. Excessive tem¬ 
peratures cause such materials to soften, 
shrink, and sometimes split or crack. 
When wedges become loose or crack, they 
generally work endwise out of the slots, 
although sometimes they push radially 
out of the slots, especially near the ends of 
the core. Substitutes of Micarta or other 
phenolic base materials may be used. 
High temperatures are also detrimental to 
the fiber winding strips that are used 
under the wedges to provide a sliding base 
for the wedge when being driven in the 
slot grooves and to provide a means of se¬ 
curing a tight coil in the slot. Mica-base 
material must then be substituted. 

All d-c machines, wound-rotor induc¬ 
tion motors, and rotating-armature a-c 
machines use bands of wire to hold the 
end windings of the rotors in position. 
On almost all except the smallest ma¬ 
chines, coil supports are used under the 
end windings and the coils are held down 
against these coil supports on the end 
portion. Channel or other types of insu¬ 
lating material are used on the coil sup¬ 
ports to provide insulation and creepage 
to groimd. Layers of insulating mate¬ 
rial and fuUerboard are placed around the 
armature coils on the ends to provide in¬ 
sulation and protection to the coils from 
the steel band wire which holds the end 
windings in place. High operating tem¬ 
peratures cause" this insulating material, 
as weU as the insulation on the coil sup¬ 
ports, to shrink and thus the coils 
bands will become loose on the end wmd- 
ings, unless special tnaterials and precau- 
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tions are taken to eliminate this shrink¬ 
age of the insulating materials. 

Successful operation of commutators 
depends more on their ability to go 
through a temperature cycle than upon 
any one other feature. By this is meant 
their ability to keep a smooth surface, 
and not have bar to bar roughness with an 
increase in temperature. Eccentricity of 
commutators up to 0.001 of an inch even 
on high-speed machines will not affect the 
operation, but bar-to-bar roughness or 
unevenness of greater than 0.0001 inch 
will usually cause sparking and commu¬ 
tation trouble. Obviously for a given 
commutator, the less the temperature 
range the less chance there will be for bar- 
to-bar roughness. This does not mean 
that commutators should not operate at 
fairly high temperatures, nor does it mean 
that commutators should be specified to 
operate at excessively low temperatures. 

The temperature resulting on a commu¬ 
tator is dependent upon the losses occur¬ 
ring at the commutator, the brush contact 
PR loss, and the brush friction. The PR 
loss of the current flowing in the commu¬ 
tator bars to the brushes is insignificant 
and never measured nor considered due 
to the large cross-section area of the com¬ 
mutator bars themselves and because the 
current flows, in the bars only during the 
short time they pass under the brushes, 
during the commutation period. The 
loss at the brush contact due to the volt¬ 
age drop of the current in passing be¬ 
tween the commutator and brushes does 
vary somewhat with the material of the 
brush and is dependent upon the surface 
condition of the commutator. However, 
for all practical purposes, the voltage 
drop can be considered constant at one 
volt per contact. This loss, therefore, 
varies directly with the load current.’ 
The brush friction loss depends upon the 
number and size of brushes, the material 
of the brush and the condition of the con¬ 
tact surfaces, the brush pressure and the 
peripheral speed. The brush area for a 
given current rating is limited and can¬ 
not be reduced below an accepted value 
so that tte total brush loss for a given set 
of conditions cannot be reduced except by 
decreasing the commutator diameter. 
Roughly, as the diameter is reduced the 
brush width must also be reduced, so that 
to maintain the required brush area more 
brushes must be added. This requires a 
longer commutator with resulting larger 
spans between supporting rings or greater 
overhang, both of which result in greater 
stresses and deflections with an increase 
in bar-to-bar roughness for a given tem¬ 
perature rise. Obviously then, it is not 
desirable to specify too low an operating 
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temperature for the commutator as this 
will require a ^eater heat dissipating 
area, with resulting greater stresses, de¬ 
flections, and roughness, with accompany¬ 
ing poorer commutation. 

What then limits the temperature of a 
commutator in an upward direction? 
Not limitations of temperature of the 
mica between commutator bars and be¬ 
tween the bars and the ground parts, that 
is, the vee-ring or shrink-ring mica, as this 
mica will withstand temperatures con¬ 
siderably higher than permissible or ac¬ 
ceptable for successful commutator op¬ 
eration. Extremely high-temperature 
operation of the commutator could result 
in damage to the insulation on the arma¬ 
ture coils due to heat flow from the com¬ 
mutator up through the necks and into 
the armature coil. However, the thing 
that limits commutator temperature is 
the ability of the commutator to go 
through a temperature cycle without bar- 
to-bar roughness and this depends pri¬ 
marily on the characteristics of the insu¬ 
lating mica used in the commutator and 
the processes used in building the com¬ 
mutator. 

At the present time, full-load continu¬ 
ous-operation acceptable temperatures 
for commutators of dass A insulated 
machines are 105 degrees centigrade and 
of class B insulated machines 125 degrees 
centigrade, with temperatures measured 
by thermometers, and with no allowance 
for hot spots, as obviously the maximum 
temperatures can be measured directly. 
Based upon present experience and de¬ 
signs, higher temperatures than 125 de¬ 
grees centigrade for continuous operation 
are permissible, probably in the neighbor¬ 
hood of 160 degrees centigrade, still per¬ 
mitting successful operating commuta¬ 
tors. 

2. Influence of Heat on Materials * 
Other Than Insuktion 

There is another limitation on the op¬ 
erating temperature of commutators due 
to the nature of the material used. Com¬ 
mutator copper itself must not be heated 
to too high a temperature or it will become 
annealed and thus lose its mechanic^ 
strength. The annealing temperature 
is not definite for copper but is influenced 
by time. For instance, commutators can 
operate indefinitely at a temperature of 
160 degrees centigrade without any 
chance of annealing the copper. If the 
temperature is raised to 176 degrees centi¬ 
grade, copper will not anneal immediately 
as it takes hours and days to anneal the 
copper thoroughly. If the temperature is 
increased appreciably above 200 degrees 
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centigrade, the copper can be damaged in 
a short space of time. 

Another limit in commutator tempera¬ 
ture operation is the solder used in at¬ 
taching the armature coils to the com¬ 
mutator necks. Ordinary solder melts at 
180 degrees centigrade. Hard or tin sol¬ 
der melts at 220 degrees centigrade. 
These solders if used in commutator bar 
construction can be used without per¬ 
manent damage to the commutator cop¬ 
per when soldering. However, if the 
commutator is subjected, for short dura¬ 
tions of time, to very high temperatures, 
the solder may melt and be thrown out 
due to centrifugal force. This then forms 
high resistance joints or open circuits in 
the armature winding and sparking re¬ 
sults. 

Commutators for high-temperature- 
operating machines, sudi as railway mo¬ 
tors, are usually made of silver-bearing 
lake copper as this material has better 
temperature creep characteristics and 
will better stand the stresses due to 
higher-temperature operation. The use 
of higher-temperature solders, melting at 
temperatures between 250 and 300 de¬ 
grees centigrade, will eliminate the prob¬ 
lems of the joints between the commuta¬ 
tor necks and armature coils opening up 
due to high temperatures of operation and 
stresses of rotation. Its use, however, in¬ 
troduces problems of soldering without 
annealing the copper bars during the 
soldering operation, especially on those 
commutators having solid necks. Brazed 
or phosphorous solder joints which will 
stand rdatively high temperatures could 
be used, but such joints do not permit 
satisfactory opening for removal of arma¬ 
ture coils in case of repairs or replace¬ 
ments and there is the possibility of dam¬ 
age to the coil insulation in its use. 

Brushes of carbon, carbon graphite, 
and copper graphite types are baked at 
temperatures far above those experienced 
in service. However, these brushes have 
shunts of stranded flexible cable attached 
to them by riveting or soldering and op¬ 
eration at too high a temperature will re¬ 
sult in selective action and unequal cur¬ 
rent distribution, with resulting overload¬ 
ing of some brushes. This will cause over¬ 
heating of the brush shunts, giving dis¬ 
coloration and brittleness to these shunts 
as wdl as the melting of the solder used in 
the shunt attachments, causing still fur¬ 
ther detrimental operation. Too high 
an increase in temperature operation of 
current coUecting parts alwa)rs results in 
poorer operation, more rapid brush wear, 
and higher maintenance costs. 

Higher temperatures will adversdy af¬ 
fect the insulating treatments used on 
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the pundiings. In some cases varnish 
treatments will have to be supplanted by 
other forms of insulation. It can also 
detrimentally affect varnish treatments 
applied to various types of insulating 
pieces. 

Oil-lubricated sleeve bearings may be 
affected by machine temperature and in 
extreme cases with high operating tem¬ 
peratures, external cooling of the bearings 
must be used. In the past oil cooling of 
the bearings by circulating water through 
pipes embedded in the bearing shell was 
used. Today the tendency is to use ex¬ 
ternal coolers and circulate the oil through 
these coolers. 

3. Problems of Expansion and 
Contraction Due to Temperatures 

Method of bearing support as well as 
bearings themselves are ^ected by the 
temperature of operation. Antifriction 
bearings must not bind, neither must they 
have too loose a fit or they will be noisy 
and eventually give trouble in operation 
due to this looseness. However, if the 
machine operates at relatively high tem¬ 
peratures, the antifriction bearings must 
be of the loose-fit type having greater than 
normal clearance between the balls and 
races when at room temperature so that 
while there may be some extra looseness 
when the bearing is cold, normal toler¬ 
ances will be secured at operating tem¬ 
peratures. Antifriction-bearing machines 
must have at least one bearing free to 
move endwise with temperature expan¬ 
sion. This means that where provision 
must be made for end thrust, end thrust 
in both directions must be taken by the 
bearings on one end of the machine only. 

Most difficulties on induction motors 
due to temperatures are in connection 
with squirrd-cage windings. On those 
motors having wotmd rotors the problems 
are similar to those of d-c machines, com¬ 
mutators of course excepted. 

On the former t 3 rpes of windings, the 
bars in the rotor slots are usually of cop¬ 
per and project beyond the ends of the 
pundiings, where they are attached to 
the end rings. The end rings are made of 
copper, brass, or bronze. In the usual 
construction, the bars are brazed to the 
end rings. The difficulties encountered 
are due to the temperature expansion of 
the end rings. As they get hot, they ex¬ 
pand in diameter and in so doing, bend 
the ends of the bars outward. On cool¬ 
ing, the reverse bending occurs. Re¬ 
peated cydes of heating and cooling, due 
to repeated starting and stopping and 
changes of load, can cause these bars to 
break. The breaks occur in the bars be- 
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tween the laminations and the end rings. 
A break of a brazed joint is a rarity. 

It can be shown that the loss produced 
in the squirrel-cage winding during start¬ 
ing is equal to the kinetic energy stored 
in the rotor and its connected load at 
rated speed. Since the starting periods 
are of short duration, 10 to 15 seconds on 
large machines, most of this loss is ab¬ 
sorbed in the squirrel-cage winding, since 
this short time does not permit dissipa¬ 
tion of the loss in the surrounding air. 
On slow-speed motors the WF? of the ro¬ 
tor itself is quite high and the WB} of the 
load may be several times that of the ro¬ 
tor, in many applications such as induced 
draft fans, grinders, choppers, and saws. 
In all these instances the large amount of 
loss raises the squirrel-cage-winding tem¬ 
perature to a high value with correspond¬ 
ing untoward results. By using brass or 
bronze end rings of higher resistance, 
larger cross-section rings can be used with 
no change in total resistance but with in¬ 
creased heat absorbing capacity. This 
results in less temperature rise, less ex¬ 
pansion, and less breakage of bars. 

On the smaller sizes of induction mo¬ 
tors, where very small air gaps are used, 
very high temperatures will result in the 
rotor scraping on the stator at times. 
The rotor will run hotter than the stator 
so that the expansion will be greater, es¬ 
pecially on high-slip motors which have 
many applications to take advantage of 
the fl)nvheel effect that the high slip per¬ 
mits. Since production dictates non¬ 
circular outside-punching peripheries to 
get the maximum number of punchings 
from a given sheet of steel, resulting in 
only a portion of the punching periphery 
being held in the stator frame, the ex¬ 
pansion of the stator punchings will not 
be symmetrical. This results in unequal 
expansion of the inside diameter of the 
stator punchings so that with the expan¬ 
sion of the rotor, the air gap will be so 
small at some point around the periphery 
of the motor that the rotor will rub on the 
stator. Even where the expansion does 
not actually cause the rotor to rub the 
stator, the air gap at some one point will 
be so small that the unbalanced magnetic 
pull will deflect the shaft enough to cause 
actual rubbing of the rotor on the stator 
punchings. Higher temperature rises 
will also require larger press fits of the 
punchings on the shaft so that the in¬ 
creased unequal heating of the punchings 
and the shaft will not cause the punchings 
to become loose on the shaft. 

If higher-temperature-rise motors were 
used, especially in the larger sizes, the 
motor dimensions would be decreased, 
resulting in still higher temperature rises 
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of the squirrel-cage winding with again 
unfavorable characteristics. 

Collectors as used on the a-c end of 
synchronous converters, wound-rotor in¬ 
duction motors, and rotating-armature 
a-c machines are also subjected to tem¬ 
perature limits. These limits, since there 
are no bar-to-bar roughness conditions to 
be met, can be somewhat higher than for 
commutators. A safe ultimate tempera¬ 
ture of 160 degrees centigrade could be 
used for collector-ring operation. The 
connections to collector rings are usually 
made by means of rods threaded into the 
collector material below the body of the 
ring surface. These threaded rings are 
usually sweated into position and too 
high a temperature operation of the col¬ 
lector rings, even for short periods of 
time, will result in the melting of this 
solder. High temperatmes on collector 
rings have a tendency for the rings to be¬ 
come out of round, particularly on the 
large sizes, resulting in a roughened sur¬ 
face and accompanying poor operation 
and faster brush wear. On the larger 
size collector rings used on synchronous 
converters the spokes or arms can be 
made S shaped instead of radial so that 
the stresses due to expansion will not 
tend to distort the ring from a true circle. 
The ring body can also be made of rela¬ 
tively heavy cross section, even T shaped, 
in order to hold the ring surface as con¬ 
centric as possible with an increase in 
temperature. 

On relatively long-core d-c machines 
the ends of the field coils are not sup¬ 
ported other than by the material its^ 
and being free to move due to expansion, 
no chafing of the insulation results. 

In the largest sizes of turbogenerators, 
with lengths of 20 to 25 feet between 
bearings, temperature rises up to 85 de¬ 
grees will give elongations of approxi¬ 
mately Va inch to Vie inch in the various 
parts. The steel parts of these long-core 
machines operate at lower temperatures 
than the copper conductors, and since 
copper has a greater temperature coeffi¬ 
cient of expansion than steel, there can 
be a total difference of endwise expansion 
of approximately Vw inch of the copper 
conductors over that of the steel rotor, in 
which the copper conductors are em¬ 
bedded. Overload requires increased ex¬ 
citation and gives a greater increase in 
copper losses than increase in the iron loss, 
thus further accentuating this difference 
of expansion. 

On these high-speed turbogenerators, 
the centrifugal force, due to the weight of 
the conductors in the rotors, exerts such 
enormous forces against the underside of 
the slot wedges that the conductors are 
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partially restrained from total movement 
in respect to the iron, throughout part of 
the total length due to those different 
temperatures and coefficient differences. 
Thus, most of the relative movement 
takes place at the ends of the rotors. 
This has in the past resulted in the insu¬ 
lation and bracing in the end rings of the 
rotors being chafed and can result in ulti¬ 
mate failure. However, improvements 
in insulation and the design of the end 
ring bracing in present designs give a 
construction that operates satisfactorily. 
A further increase in temperature rises 
would again extend the expansion beyond 
the limits of satisfactory operation. 

On the stators, with vent ducts spacea 
in the iron for adequate ventilation, the 
insulated conductors will be exposed in 
the vent ducts. The insulation, being un¬ 
restrained by any slot sides in the vent 
ducts, will bulge with time, into these vent 
ducts. Since, as in the rotors, the cop¬ 
per conductors expand more than the core 
iron, a relative movement of the former 
will cause chafing of the coil insulation at 
the vent ducts. A large number of ma¬ 
chines havinga60-degree-centigrade rise of 
insulated coils have operated for 15 years 
without trouble due to this elongation. 
An attempt, however, to increase this 
temperature rise from 60 degrees centi¬ 
grade to 100 degrees centigrade on com¬ 
parable size machines gave only a few 
years life due to failure of insulation at 
the vent ducts due to the endwise expan¬ 
sion differential. Failures of this nature 
are due to the pulverizing of the mica 
flakes due to the repeated cycles of chafing 
caused by heating and cooling with load 
changes. 

Thus, it can be seen that excluding 
temperature limitations of the insulation 
on windings there are many features of 
machines, both electrical and mechanical, 
that place temperature limits on the op¬ 
eration of rotating electrical machinery. 
There are still other problems in connec¬ 
tion with temperatures that vitally af¬ 
fect the design and operation of the 
machines. 

From the performance standpoint, an 
increase in temperature rises, permitting 
more output from a given size and weight 
of material, reduces the margin, particu¬ 
larly of overload characteristics, even on 
short-time overload ratings. For in¬ 
stance, applying a higher-temperature- 
dass insulation to a given design d-c 
machine with a redesign in the loading 
ratios of flux capadty to current capadty, 
in order to obtain a balanced design for 
the higher permissible temperature rises, 
will not permit increased overload com¬ 
mutating capadty in proportion to the 
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increased capadty secured at the expense 
of increased temperature rise. Except 
for working the iron harder—that is, in¬ 
creasing the flux densities, giving a rela¬ 
tively lower armature-current loading— 
the overload commutating capadty is 
unchanged. In fact, the higher tem¬ 
perature operation of the commutator at 
the increased full-load rating, resulting 
in a somewhat higher bar-to-bar rough¬ 
ness, decreases sHghtly the commutating 
ability at any given short-time overload 
rating. Commutating overload abfiity 
is usually limited by the flux-carrying 
capadty of the commutating pole, which 
obviously is not increased by higher per¬ 
missible temperature limits. Thus when 
higher ratings at higher temperatures are 
specified and secured, overload ratings 
must be decreased. However, on those 
applications where heavy overloads are 
not required or are of infrequent occur¬ 
rence, and not of very great magnitude, 
higher-temperature maciines of smaller 
size and weights can be produced. 

Inherent voltage regulations, espedally 
of d-c machines, drop off quite rapidly 
above normal full-load ratings. Increas¬ 
ing the ratings with accompan 3 ring greater 
temperature rises is secured at ^e ex¬ 
pense of poorer voltage-regulation per¬ 
formance. 

Many times extraordinarily good per¬ 
formance in the line of effidendes is re¬ 
quired from machines by the purchasers, 
while at the same time high temperature 
rises are permitted. Obviously if mate¬ 
rials are worked very hard to get mini¬ 
mum material for maximum output, with 
resulting high temperature rise, effidency 
must be sacrificed. Extremely high 
effidendes can only be secured by not 
working all materials up to the maximum 
and some dass B rated machines may 
have temperature rises falling in dass A 
ratings simply because suffident mate¬ 
rial had to be used to secure high effi¬ 
dendes, resulting in minimum losses and 
relatively low temperature rises. 

Machines may sometimes be purchased 
by customers specifying class B insula¬ 
tion, where the actu^ requirements could 
be met with dass A insulation features. 
This is done intentionally so that for 
emergency operation the equipment can 
operate at higher temperatures without 
failiu-e. In this coimection, distinction 
should be made between the tempera¬ 
tures encountered in frequent short pe¬ 
riods of cycles of operation and those en¬ 
countered in continuous operation. Ob¬ 
viously high temperatures are consider¬ 
ably more detrimental for continuous 
operation. 

Railway motors and other propulsion 
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equipment require maximum output in 
minimum space and with minimum 
weight. Tlfis equipment, therefore, 
logically belongs in high-temperature 
dassification and some sacrifice of operat¬ 
ing life, increased maintenance, and limi¬ 
tations on some performance character¬ 
istics are permissible to get maximum 
output rating with minimum space and 
wdght. 

It is not the purpose of this paper to 
discoiurage the use of higher temperatures 
in rotating electrical machinery as in 
many cases such a step is very desirable, 
but it is the purpose to indicate the many 
factors that are vitally affected by such 
increase in temperatures. The use of 
higher temperatures will bring new prob¬ 
lems along many lines, espedally in large 
size machines. Caution in procedure, 
based upon experience gained, is advis¬ 
able. Evolution rather than revolution 
of existing standards upward should be 
the trend. 


Discussion 

Felix Konn (General Electric Company, 
Erie, Pa.): I would like to emphasize Mr. 
Lynn*s very appropriate statements about 
the higher operating temperature of trac¬ 
tion motors and about the temperature of 
commutators. 

If we assume that, by increasing the 
current and the speed, we obtain more out¬ 
put from a given piece of commutating ma¬ 
chinery (by accepting higher temperature 
rises) this will result not only in higher 
commutator temperatures because of the 
increased losses but also in an increase in 
the commutating duty. 

If we think of the commutating duty in 
terms of the reactance voltage, determined 
as the product of: 

commutated current X rpm X K 

(where K is determined by the design of 
the machine) we see that whether we in¬ 
crease the current or the speed or both, we 
increase the commutating duty. This will 
result in increased commutation loss, caus¬ 
ing an additional temperature rise of the 
commutator and of the armature winding, 
but, more important still, if the commutat¬ 
ing capacity of the machine is inadequate 
for the increased load, this higher com¬ 
mutating duty will endanger the per¬ 
formance of the machine by causing ex¬ 
cessive sparking at the brushes resulting in 
burning of commutator segments and rapid 
brush wear. 

It is, therefore, very important that, in 
the design and manufacture of light-weight 
commutating machinery operating at high 
temperature rises, considerable attention 
be given toward providing the most favor¬ 
able commutating conditions (electrical and 
mechanical) in order to maintain the proper 
balance between commutating and heating 
capacity. This consideration has governed 
the design of d-c and a-c traction motors 
and, far from hindering the progress toward 
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higher outputs per pound, the fact that 
each machine has, so to speak, two ratings 
which should be matched otie to the other 
has resulted in continued advances in both 
directions of heating and commutating 
capacity. 

E. F, Dissmeyer (The Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Mr. Lynn’s discussion of “Effects of Tem¬ 
perature on Mechanical Performance of 
Rotating Electrical Machinery” presents 
a number of important items which should 
be given serious consideration when con¬ 
templating revision of our present standards. 
Mr. Lynn’s paper covers in detail certain 
of the comments which the writer outlined 
in his discussion of Mr. Hellmund’s paper 
“Rating of Electric Machinery and Ap¬ 
paratus” (AIEE Transactions, volume 
6S, 1939, pages 499-603). 

A number of failures of synchronous- 
condenser and frequency-changer rotors 
have occurred due to mechanical damage 
resulting from thermal effects. Expansion 
or movement of conductors has resulted in 
tum-to-tum and other types of rotor- 
insulation failures. Inspection of rotors 
has also disclosed many other troubles 
resulting from thermal effects, such as dis¬ 
tortion or creep of amortisseur windings. 
The design of such rotors should not pre¬ 
sent any particularly difficult mechanical 
problems and consequently many of the 
troubles which we have with large marbinp 
rotors can be directly attributed to the 
fact that we permit rotors to operate at 
relatively high temperatures. There conse¬ 
quently appears to be considerable justifica¬ 
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tion for reducing the permissible tempera¬ 
ture rise of large machine rotors. 


F. W. Gay (Public Service Electric and Gas 
Company, Newark, N. J.): The mechani¬ 
cal limitation imposed on a machine due to 
the fact that the lineal expansion of steel 
is only two-thirds of the lineal expansion 
of copper becomes most acute in very long 
3,600-rpm turbine generators. 

As an instance of this limitation it was at 
first expected that a 50,000-kw 3,600-rpm 
synchronous generator rated on the basis of 
87-degrees Fahrenheit cooling water could 
carry 66,000 kw in the winter with a cool¬ 
ing water temperature of 50 degrees. 
With this idea in mind, a large refrigerating 
manufactiurer was asked to submit a proposi¬ 
tion to refrigerate the summer cooling water 
of 87 degrees Fahrenheit to 46 degrees 
Fahrenheit, well below the average winter 
temperature. The figure submitted to 
cover the cost of refrigerating machinery 
to give the expected 6,000 kw of incremental 
capacity with a power consumption for this 
machinery of approximately 125 hp was 
approximately $16,000. This looked like 
an attractive proposition, but the generator 
manufacturer quickly explained that even 
if the cooling water were cooled close to 
z^o degrees centigrade no incremental 
kilowatts could be obtained. Apparently 
the limitation on this machine was the un¬ 
equal mechanical expansion of its com¬ 
ponent parts rather than any hot-spot 
temperature. 

It would appear that the time has come 
when copper conductors must be directly 
refrigerated and maintained at a tempera¬ 
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ture two-thirds that of the surrounding 
iron. When this can be achieved the ex¬ 
pansion of the copper will equal that of the 
steel and the mechanical bugbear outlined 
in Mr. Lynn’s paper can no longer frighten 
us. New refrigerating materials now avail¬ 
able may soon make this practicable. 


C. Lynn: Mr. Dissmeyer’s and particu¬ 
larly Mr. Gay’s experiences in higher- 
temperature operations of rotating elec¬ 
trical machinery stress the difficulties on 
insulated conductors due to expansions 
encountered in such operations. Obvi¬ 
ously, these difficulties can be minimized 
and the limits extended somewhat by proper 
design. Too high-temperature operation 
will be at the expense of shorter life of the 
machine. 

The point of balanced design between 
commutation and heating capacity in com¬ 
mutating machinery, as brought out by Mr. 
Konn, is well taken as the one of these which 
first reaches its limit determines the capac¬ 
ity of the unit. In this same connection 
it should be noted that a requirement of too 
low a temperature operation can lower the 
output capacity of a machine. For instance, 
for a given amount of loss on a commutator, 
the temperature rise can only be lowered 
by increasing the heat dissipating surface. 
If this is accomplished by increasing the 
length of the commutator bars, additional 
rotational stresses will be set up in them due 
to the greater spans between vee-ring sup¬ 
ports. This gives a poorer mechanical 
operating commutator and can give in¬ 
ferior commutation even at reduced tem¬ 
perature rises. 
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Sjrnopsis: This paper describes the pro¬ 
cedure and practical results to date in 
applying single-phase motors to refrigera¬ 
tion compressors. The applications are 
primly torque applications, temperature 
considerations being of secondary impor¬ 
tance. 

A line of high-torque motors has been 
developed to meet the high starting and 
accelerating torques demanded by the 
compressors. Utilization of th^e torques 
results in running loads considerably higher 
than rated name-plate loads, without ex¬ 
ceeding safe operating temperatures for the 
insulation life requirement. 

To meet these requirements a revised 
method of rating refrigeration motors on a 
starting and accelerating torque per horse¬ 
power and a starting efficiency basis is de¬ 
scribed. This method more clearly speci¬ 
fies a motor so that a more satisfactory ap¬ 
plication would be obtainable both from the 
standpoint of the user and the public utility 
company or code authority. 


T he continued growth of mechanical 
refrigeration in the past 15 years has 
greatly increased the number of single¬ 
phase electric motors used. , There are 
more motors in the range of one-third 
horsepower to three horsepower being 
manufactured and applied to refrigeration 
compressors than for any other use. 
Practically all of these are connected to 
the lines of the public utility systems, and 
their installation is subject to the rules of 
the National Electric Code, Underwriters 
Laboratories, etc., besides the rules of the 
pubKc utilities. From the standpoint of 
the user, the initial and operating costs are 
important as well as dependability and 
quietness of operation. ’ Since the horse¬ 
power rating and temperature rise as 
stamped on the name plate have grown 
to be a poor description of the motor, it 
is thought advisable to consider better 
ways of rating motors as applied to re¬ 
frigeration compressors. Inasmuch as the 
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starting and accelerating torques rather 
than the temperature rise at name-plate 
horsepower are the determining factors in 
the selection of a motor, it may be neces¬ 
sary tb include these in the future stand¬ 
ards. The purpose of this paper is to 
show how particular motor characteristics 



Figure 1. Diagrammatic sketch of refrigeration 
system 


have come to be used and to suggest a 
possible means of rating this group of mo¬ 
tors for the future. 

Selection of Motors 

All mechanical refrigeration today is 
performed by vapor-compression ma¬ 
chines. Figure 1 shows diagrammatically 
such a system. The liquid or refrigerant 
(usually Freon, methyl chloride, or sulfur 
dioxide) is alternately liquefied and va¬ 
porized. Refrigeration is produced by 
the latent heat of vaporization of the re¬ 
frigerant. The vapor resulting from this 
vaporization in the evaporator or cooling 
element is drawn into the suction or low- 
pressure side of the compressor. The 
compressor then converts this low-pres¬ 
sure gas into high-pressure gas and forces 
it into the condenser. Here it is Hquefied 
through cooling by means of water or air. 
The liquid refrigerant is then allowed to 
return to the evaporator through an ex¬ 
pansion valve or restricted orifice. 

The function of the electric motor in 
this system is to drive the compressor 
which compresses the low-pressure gas 


into high-pressure gas. The pressure in 
the crank case or at the low-pressure side 
of the piston is referred to as “back pres¬ 
sure” and the pressure on the high-pres¬ 
sure side or condensing side as the “con¬ 
densing” or “head pressure.” In a given 
system, the condensing and back pressures 
and the speed at which the compressor is 
driven are the determining factors in the 
amount of starting and accelerating 
torque required of this motor, as well as 
the operating load. 

The motors used on these systems are 
the single-phase repulsion-start induc¬ 
tion-run type in sizes of one-fourth horse¬ 
power, to three horsepower. Capacitor 
motors are beginning to be used in the 
one-fourth-horsepower, one-third-horse- 
power, and one-half-horsepower sizes 
but seldom little above these ratings be¬ 
cause of the high starting currents com¬ 
pared with the other type motor. Prac¬ 
tically all the refrigeration systems now 
using these sizes of motors are expansion- 
valve systems and the “pull down” is so 
short that it can be said to be no more 
severe on the motor from a temperature 
standpoint than the regular loads during 
cycling. By “pull down” is meant the 
first run nin g period after installation or 
extended shutdown. 

The application of the motor to the re¬ 
frigerating unit is usually in the hands of 
the refrigeration engineer or a field instal¬ 
lation engineer. Because of their desire 
to keep down the initial cost (as the cost 
of the motor is usually a large part of the 
cost of the condensing tmit), the refrigera¬ 
tion engineer naturally will use all the 
available torque and carrying capacity 
of the motor at hand. In a refrigeration 
unit we shall show that the limiting load 
is not the running load, but starting and 
accelerating under the most adverse con¬ 
ditions. This is another way of saying 
that the motors are selected on a starting 
and accelerating torque basis rather than 
on a temperature rise at name-plate horse¬ 
power basis. 

Suppose, for example, a new unit is to 
be manufactured. A compressor having 
a suitable bore and stroke based on pre¬ 
vious experience of cost, etc., is designed 
and built. The condenser is selected in 
the same manner. The evaporator or 
cooling unit is designed to meet the de¬ 
mands of the load. This gives the engi¬ 
neer a imit on which to base his tests. As 
the majority of compressors are belt- 
driven, the speed is regulated by pulley 
sizes on the motor. 

In any given unit the condensing pres¬ 
sure is a function of the effectiveness of 
the condenser. This pressure varies in 
the same manner as the pressure-tempera- 
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Fisure 2. Speed-torque characteristics curve 
of one-horsepower repulsion-start induction- 
run motor 

ture curve for saturated vapor for the 
refrigerant used. For various cooling- 
water and air temperatures that are likely 
to be encountered, and by a few tests on 
the effectiveness of the condenser, the 
range of condensing pressures can be de¬ 
termined. Further, by knowing the type 
of load on the system and the temperature 
of the evaporator a range of back pres¬ 
sures can be determined. With this range 
of condensing and back pressures defined 
the unit can be tested for motor require¬ 
ments. A pulley is selected giving an 
average speed and tests are started. 

For starting or breakaway in a given 
compressor the greatest torque required 
of the motor is at the condition of greatest 
difference between the condensing and 
back pressures. This condition occurs on 
certain types of loads and usually when 
the back pressure is very low. A pulley is 
then selected that will start the com¬ 
pressor under this worst condition at some 
arbitrary voltage limit from 10 per cent 
to 20 per cent under the name-plate rating. 

This worst condition of condensing and 
back pressure usually occurs sometime 
during the running cycle and not after 
the unit has been off and is ready to start. 
If there is a momentary power failure and 
power returns there must be suflBicient 
torque available to start the compressor. 

The accelerating of the compressor re¬ 
quires a torque which is nearly propor¬ 
tional to the absolute back pressure. The 
pull-in or minimum accelerating torque 
is then the limiting factor in the amount 
of load the motor will accelerate. The 
high accelerating torque is necessary be¬ 
cause of the work which is being done dur¬ 
ing each stroke of the piston. This work 
is the compression of the gas and it will 
be seen that with greater back pressure 


more gas is compressed during each stroke 
of the piston. Usually, it is found that 
the pull-in or accelerating torque of the 
motor is the limiting factor and not the 
starting torque. This is more noticeable 
on repulsion-start induction-run motors 
because of the high ratio of starting to 
pull-in torques. 

Since the back pressure at which the 
unit runs is determined by the nature of 
the load, the range of baek pressures will 
be great. If the evaporator or cooling 
coil is to cool an ice-cream cabinet the 
temperature of the coil will be relatively 
low, around ten degrees Fahrenheit. If 
the cooling coil is to be used for air con¬ 
ditioning, its temperature will be much 
higher, probably 40 degrees Fahrenheit. 
The back pressure in the former case is 
low and in the latter case high (assuming 
a given refrigerant). Since the accelerat¬ 
ing torque is a function of this back pres¬ 
sure, there should be a theoretical best 
speed of the compressor for each back 
pressure. Since this is not practical the 
same compressor is usually provided with 
three different pulleys which are used for 
low, medium, and high back pressures. 

Thus the refrigeration engineer has 
utilized all the torque of the motor in 
the application to the compressor. The 
last point he checks is the running load. 
For present-day compressors the running 
load when the torque is completely util¬ 
ized is usually beyond the name-plate 
horsepower rating. Although a large 
number of cases require intermittent op¬ 
eration of the motor, the design of the 
whole unit from a temperature standpoint 
must allow for continuous operation of 
the motor. 

For example, take a typical unit driven 
by a one-horsepower 110--220-volt 1,750- 
rpm 60-cycle single-phase repulsion- 
start induction-run motor. The speed- 
torque characteristic curve is shown in 
figure 2 and the running characteristics 
are shown in figure 3. The compressor 
was tested as in the procedure above and 
it was found that three pulleys for low, 
medium, and high back pressures were 
satisfactory, giving compressor speeds 
of 635,570, and 510 rpm. The character¬ 


istics of the compressor are partly shown 
on figures, 4a, 45, and 4c. Freon (F-12) 
is used as a refrigerant and a water-cooled 
condenser is shown. Similar data are 
available for the same compressor with 
an air-cooled condenser. 

A typical application of the condensing 
imit would be made in a manner as de¬ 
scribed above. For selected values of 50- 
degrees-Fahrenheit refrigerant tempera¬ 
ture and 70-degrees-Fahrenheit condens¬ 
ing water, the data given in table I ap¬ 
pear. 

The motor on the installation was 
found to accelerate the load at 90 volts on 
a 110-volt system. Satisfactory starting 



Figure 3. Running characteristics of one- 
horsepower repulsion-start induction-run motor 


conditions were also assured. The tem¬ 
perature rise of the motor as measured by 
resistance at this load was 46 degrees 
centigrade in the rotor windings and 38 
degrees centigrade in the stator windings. 
Thermocouple measurements for the same 
load gave 44,6 degrees centigrade and 
40.4 degrees centigrade. 

If, however, the load is increEised be¬ 
cause of an increase in the condensing 
water temperature from 70 degrees Fahr¬ 
enheit to say 80 degrees Fahrenheit, the 
horsepower required rises to 1.57. At 
this new shaft load the temperature rise 
by resistance is 46 degrees in the stator 
windings and 54.5 in the rotor windings. 
At an increase in line voltage from 110 to 
120 volts (which is very common in serv¬ 
ice today) the temperature rise at 1.57 
horsepower load will be 58 degrees centi- 


Table I 


Condensing 

Water 

(DegF) 

Btu 

per Hour 
Compressor 
Output 

Back 
Pressure 
(Pounds per 
Square Inch) 

Motor 

Input 

(Watts) 

Motor 

Shaft 

Output 

(Horsepower) 

Temperature 
Rise by 
Resistance 
(Deg C) 

Temperature 
Rise by 
Thermocouple 
(Hot Spot) 
(Deg C) 

70. 

...23,500.... 

.46.7. 

...1,395.. 

.1.40. 

... 46 (rotor) .. 


80. 





38 (stator).. 


...22,600..., 

.46.7. 

...1,530.. 

.1.57. 

.. .64.6 (rotor) ,, 







46 (stator).. 
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grade by resistance and 60 degrees centi¬ 
grade by thermocouple in the rotor wind¬ 
ings. (All the thermocouple values are 
the hot-spot values obtained from a large 
number of locations.) 

The temperature rise of 68 degrees 
centigrade continuous at the 1.57-horse¬ 
power load does not seem excessive be¬ 
cause the load is a maximum. The load 
on the system cannot be changed unless 
the temperature of the condensing water 
rises. This is an ideal application of the 
motor however, as the user is getting 
the most refrigeration per dollar from the 
installed apparatus because he is using all 
the torque available in the motor and be¬ 
cause the running point is at the point of 
maximum efficiency of the motor. 

There are of course, a large number of 
other considerations in the selection of the 
motor for this refrigeration system. The 
starting current of tlie motor should be 
low enough to comply with the regulations 
of the public utility systems. The noise 
level of the whole system and particularly 
of the motor must be low as the installa- 



Figure 4a. Condensing-unii characteristics 


A’B —Line of maximum loading 

I 

tion is made where quietness is necessary. 
The magnetic noise of motors for re¬ 
frigeration units has been given consider¬ 
able attention. Although a design which 
gives low magnetic noise is essential, it 
has been found that improvements of 
manufacture to hold the air gap concen¬ 
tric have greatly assisted in producing a 
consistently quiet product. Due to the 
nearly universal use of V-belt drive it is 
necessary to build motors with end-play 
takeup or cushioned for end-bump. In 
general, the large production of refrigera¬ 
tion motors has helped the motor manu¬ 
facturer to improve the quality and de¬ 
crease the cost of motors in these sizes. 
The characteristics and ratings of motors 
used on refrigerating systems, because of 
the large quantity of motors used for this 
purpose, have greatly influenced the 


characteristics and ratings of other mo¬ 
tors. It is therefore logical to discuss the 
ratings of motors as used on refrigeration 
systems. 

Motor Ratings 

With the use of the torques and over¬ 
loads described above, other problems are 
introduced. The horsepower marking 
along with the corresponding full-load 
current as placed on the name plate are 
used by various code authorities for 
selecting the proper wiring and fusing. 
The control engineer uses these currents 
in selecting the proper overload control. 
The public utility uses the horsepower 
rating as stamped on the name plate to 
set the maximum allowable starting cur¬ 
rent. Further, the whole electrical in¬ 
dustry refers to the motor in terms of the 
marked horsepower. However, a newer 
use of the horsepower markings has arisen 
in the refrigeration industry and that is 
the naming of the refrigeration unit by 
the horsepower of the motor used on it. 
This latter practice transfers the varia¬ 
tions of compressor applications, de¬ 
signs, and inequalities of the whole system 
to the motor when comparing various 
units. 

Gradual development and improve¬ 
ment of design and manufacture of re¬ 
frigeration motors without an increase 
in the physical dimensions has further 



Figure 4b. Condensing-unit characteristics 

raised the torque obtained from a given 
quantity of materials without increasing 
the name-plate rating. It is felt that here 
we have a typical case of a motor rating 
based on carrying capacity at full load as 
now shown by AIEE Standards, not coin¬ 
ciding with actual practice. 

When we suggest formulating a new 
method of rating for these motors, we 
immediately enter new territory. 

It is felt that a service factor is a make¬ 
shift way of showing the overload of these 
motors. It is not all-inclusive in that it 
does not give a true picture of the higher 


starting and accelerating torques and does 
not allow for starting current. It is felt 
that too much education of the code 
authorities would be necessary to get the 
proper wiring and fusing to accommodate 
the increased load without the name¬ 
plate stamping being accordingly altered. 

It is pointed out that for refrigeration 
applications the required life of the motor 
seldom is greater than 16 years. Usually, 
in this length of time the unit is replaced 
by more up-to-date equipment. The run¬ 
ning time for the average unit on a re¬ 
frigeration application is much less than 
full time and actually nearly half time. 
On an air-conditioning unit the running 
time during the year is one-flfth to one- 
fourth of the total time. There are also 
a great number of cases where the on cycle 
for a large part of the life of the unit is so 
short that the motor does not reach its 
ultimate temperature during each cycle. 
The low ambient temperatures usually 
encountered give a further factor of 
safety for motor temperatures. An 
ambient temperature above 90 degrees 
Fahrenheit is recognized by a suitable 
decrease in compressor ratings and motor 
loadings by the refrigeration unit manu¬ 
facturers. Further, on air-cooled condens¬ 
ing units the use of the fan on the motor 
shaft extensions to pass air through the 
condenser, usually cools the motor in addi¬ 
tion to the fan within the motor itself. 
Therefore, on an insulation-life basis we 
have an excess of useful life of the insula¬ 
tion for a hot-spot temperature of 105 
degrees centigrade. A further important 
point to consider is that the difference be¬ 
tween the hot-spot temperature as mea¬ 
sured by thermocouple embedded in the 
windings on motors of these sizes and the 
temperature as measured by an adjacent 
thermometer is very little. This leads us 
to the suggestion that for refrigeration ap¬ 
plications, motors be rated 50 degrees 
centigrade. As the published tables of 
the refrigeration manufacturers show the 



Figure 4c. Condensing-unlt characteristics 
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permissible overloading, and as this over¬ 
loading is not allowed beyond a point 
where there will be a temperature rise 
greater than 50 degrees centigrade, there 
would be no need for a service factor if 
the horsepower of the motor used has a 
50-degree-centigrade rise as its name¬ 
plate stamping. If 40 degrees centigrade 
rise is used by the electric industry as 
standard, the refrigeration engineer will 
still load his motors to a 50-degree-centi- 
grade rise and we will have loads out of 
line with name-plate ratings. 

Specif 3 dng the temperature rating of 
motors used on refrigeration systems will 
not accurately define the motors as used 
today. This alone will not stop the prac¬ 
tice of having a horsepower stamping on 
the name plate different from the actual 
horsepower load on the motor. However, 
since the motors applied and used on a 
torque and temperature basis and from 
experience over the past years torque 
values have been found which are satis¬ 
factory for refrigeration applications it is 
entirely possible to specify for motors on 
refrigeration applications the following: 

(а) . The accelerating torque per horse¬ 
power 

(б) . The starting torque per horsepower 

(c). The starting efficiency in pound-feet 
per ampere locked-rotor current 

The curves in figure 5 show the ac¬ 
celerating and starting torque per horse¬ 
power as found today. If, however, an¬ 
other curve of torque per useful horse¬ 
power is dravra, it will coincide closely 
with the torque per horsepower if the 
horsepower ratings were all moved up to 
the next higher horsepower ratings. 

Figures 6a and 6b show the locked- 


rotor currents per horsepower for the re¬ 
pulsion-start induction-run and capacitor 
type motors. In figure 6a the currents 
are taken from present-day motors and 
based on the horsepower stamping on the 
name plate. Figure 6b shows the locked- 
rotor current per horsepower for the pro¬ 
posed name-plate stamping. For the re- 
pulsion-start induction-run motors the 
horsepower used was the useful horse¬ 
power as shown in figure 6 which is prac¬ 
tically the same as the next higher horse¬ 
power rating. For the capacitor motor, 
the horsepower used was that obtained 
from present motors when rated 60 
degrees centigrade rise. These starting 
currents per horsepower would be ob¬ 
tained if the present motors were de¬ 
signed for 50 degrees centigrade rise. 
Figure 6c shows the starting efficiency in 
torque per ampere locked rotor current. 
If then, 60 degrees centigrade rise is ac¬ 
cepted the torques and starting efficiency 
could be selected as follows: 

6.5 pound-feet per horsepower minimum 
accelerating torque 

11.0 pound-feet per horsepower starting 
torque 

0.6 pound-foot starting torque per locked 
ampere at 220 volts 

As was pointed out previously, the 
starting torque available on the repulsion- 
start induction-run motor was usually 
much higher than necessary and the limit¬ 
ing torque of the motor on nearly all ap¬ 
plications is the minimum accelerating 
torque. With the capadtor-start capad- 
tor-run or capadtor-start induction-run 
motor this situation is not the same. 
Here the starting torque is less and the 
accelerating torque per horsepower is 
greater. See figure 7 for a speed torque 



Figure 5. Starting 
and accelerating 
torques for various 
horsepower ratings 


curve of a capadtor motor. The starting 
torque per ampere or starting effidency 
is much less. At the present time capaci¬ 
tor motors are not used in many places 
above three-fourth horsepower but from 
the data available the torques are as 
follows: 

6.6 pound-feet per horsepower minimum 
accelerating torque 

10.0 pound-feet per horsepower starting 
torque 

0.3 pound-foot starting torque per locked 
ampere at 220 volts 

It is therefore felt that here we have 
torque values which spedfy the motor 
and which can be tied up with the pro¬ 
posed name-plate rating. They are satis¬ 
factory from the standpoint of the user, 
the starting currents agree with those re¬ 
quired by the public utilities, and the con¬ 
trol engineer can select proper control 
within the limits of the National Electric 



NAME-PLATE HORSEPOWER 


Figure 6a. Starting currents per horsepower 
for present-day motors 



Figure 6b. Starting currents per horsepower 
for proposed SO-degree-centigrade motors 


Code. These also prevent the false mark¬ 
ing of name plates. 

It may be argued that specifying of the 
torques per horsepower will tend to limit 
new developments or improvements in 
the present motors. There is obviously 
nothing to prevent the engineer from in¬ 
creasing . the starting or accelerating 
torque per horsepower if there is no in¬ 
crease m starting current. There is also 
nothing to prevent the engineer from in¬ 
creasing the horsepower canning ability 
of a certain motor if he does not diange 

the torque relations as set. 

The increasing use of hermetically 
sealed compressor units makes the motor 
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ratings for these units a pertinent subject. 
The temperature rise of the motor here is 
dependent upon the refrigeration manu¬ 
facturer. If, however, the horsepower 
ratings are not set on a similar basis of 
torques per horsepower the same bad 
practice of false name-plate stamping will 
creep into the ratings of these motors. It 
is not the purpose of this paper to state 
what these should be at the present time. 

It win, of course, be argued by some 
that this basis of rating may be satisfac¬ 
tory for refrigeration applications, but not 
for others. From tlie standpoint of the 



Figure 6c. Starting eHFicieney for capacitor 
and repulsion-start induction-run motors 


public utility company the starting cur¬ 
rent per horsepower could not change 
and if less starting torque is necessary 
there would probably be a decrease in 
starting current. 

It must always be kept in mind that 
standards or ratings set by the electrical 
industry should allow the large-scale user 
to get tie fullest possible use of the motor 
for the requirements peculiar to its appli¬ 
cation, If the standards do not allow tliis, 
large users of motors will either break the 
standard or manufacture motors for their 
own use. 

Conclusion 

It has been shown that in the applica¬ 
tion of refrigeration motors, the accelerat¬ 
ing torque and starting torque consistent 
with starting-current limitations with a 
50-degree-centigrade temperature rise are 
the determining factors. 

The recommendations for setting values 
of starting torque per horsepower, ac¬ 
celerating torque per horsepower, and 
starting efficiency in torque per ampere of 
locked-rotor current offer a logical and 
definite basis of rating for these motors. 
These tie together the present two t 3 rpes 
of high-torque single-phase motors so that 
the same horsepower rating on the name 
plate can be used on both for any given 
compressor application. These also offer 



TORQUE-POUND FEET 

Figure 7. Speed torque characteristics curve 
for one'-horsepower capacitor-start capacitor- 
run motor 


a method of rating motors for use in her¬ 
metically sealed units which are increas¬ 
ing in use for all sizes of refrigerating 
units. 

Discussion 

D. F. Alexander (nonmember; General 
Motors Corporation, Daytqn, Ohio): This 
timely paper outlines an application prob¬ 
lem which should be of great interest to 
those who design or create standards for 
small single-phase motors. The refrigera¬ 
tion and air-conditioning industry has be¬ 
come a larger user of these motors, and has 
special requirements which the familiar 
general-purpose motor does not meet. 
Manufacturing competition has forced an 
economy of motor materials to suit the job 
at hand, and the resulting line of motors 
calls for a reconsideration of existing rating 
standards. 

It has been apparent in this field for 
several years that motor name-plate mark¬ 
ings and application codes are out of line 
with practice. This has handicapped the 
manufacturer, the salesman, the contractor 
and the purchaser, not to mention the 
power companies and the spon^m of the 
National Electric Code. Attanpting to 
find a suitable compromise among the 
various codes and standards now in force, 
it appears that all these interested parties 
have cause for complaint. 

The selection of proper controls, wiring 
overload protection, and fusing for these 
motors is often based on the name-plate 
horsepower and current, despite the fact 
that such markings today give no indication 
of the actual motor overloads. . Wuring 
^d fusing are often inadequate, or must be 
replaced by the contractor before code 
authority approval can be obtained. Sum- 
ming up, we have today a varying-duty 
motor load often far in excess of the motor 
rating, with fictitious name-plate markings. 


A revision is in order, to bring the marking 
more nearly in line with the facts. As Mr. 
Rutherford points out, a revision of these 
motors to a 60-degree-centigrade rise basis, 
from the present 40-degree-centigrade basis, 
would go far to remove the present confusion 
in this respect. In addition, suitable word¬ 
ing might appear on the name plate to 
distinguish these motors from the general- 
purpose type. 

The paper describes the steps necessary 
in selecting a motor for a refrigeration com¬ 
pressor. You will note that the torque 
requirements, in general, determine the 
motor design, and not the temperature-rise 
at name-plate horsepower. For that 
reason, it would be preferable that the 
motor name plates be rated in terms of 
torque and starting currents. This is not 
practical, since the horsepower rating is the 
common term for identification of the com¬ 
plete unit as well as for the motor. As the 
next best thing, then, let us specify torque 
and current limits for the 60-degree-centi- 
grade-rise refrigeration motor, in the man¬ 
ner described in the paper. It has been 
suggested elsewhere that a new series of 
service factors for 40-degree-centigrade 
motors be used, rather than a straight 60- 
degree-centigrade rating. This may be 
satisfactory for the motor manufacturer, 
but for those who must select control equip¬ 
ment and wiring for which there are no 
service factors, the problem might become 
more complicated than at present. The 
use of such service factors for polyphase 
motors five horsepower and larger may be 
justified, but does not come within the 
scope of these comments. 

The original basis for selecting 40 degrees 
centigrade rise for general-purpose motors 
did not allow for an application such as this 
one. A number of important factors permit 
a higher temperature rise, as listed in the 
paper. New information on the life of 
class A motor insulation, as reported in 
other papers at this convention, leads me 
to believe that a 60-degree-centigrade rise 
rating for refrigeration motors might not be 
excessive. However, we must not overlook 
the effect of high temperatures on motor- 
mounted capacitors, the excessive copper 
losses due to the cumulative effect of heating 
at prolonged overloads, or the danger to the 
lubricating system. Severe overloads in 
some motor designs will also result in poor 
speed regulation. Everything considered, 
and noting successful experience during 
the last few years at 50 degrees centigrade 
rise, it would seem that this value would be 
best. 

With the spread of commercial refrigera¬ 
tion and of air-conditioning units, the next 
few years will see a large increase in the use 
of single-phase motors from one-third to 
three horsepower. In this connection, it 
would be profitable to note the progressive 
and realistic attitude toward motor ratings 
as expressed in Mr. Hellmund’s paper 
(AIEE Transactions, volume 68, 1939, 
pages 499-*603). It would be very helpful 
if any changes in rating could be made 
promptly. 

L. C. Packer (Westinghouse Electric and 
Manufacturing Company, Springfield, 
Mass.): This is an excellent paper out¬ 
lining the application of single-phase motors 
for refrigeration compressors and the au- 
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thor's recommendations for rating of motors 
for this type of application are of consider¬ 
able interest. 

In the application of single-phase motors 
to refrigerating compressors, there are, as 
the author states, many things to consider. 

For instance most domestic refrigerators 
use the hermetically sealed type compres¬ 
sors, using split-phase-t 3 rpe induction 
motors, whereas the commercial-type re¬ 
frigerator units use both belt-driven and 
hermetically sealed type compressors. 

The belt-driven type used in most cases 
uses the repulsion-tsrpe motor. The her¬ 
metically sealed t 3 rpe, as a rule, uses a 
capacitor start and run motor from ap¬ 
proximately V 4 horsepower to IV 2 or 2 
horsepower. Small air-conditioning com¬ 
pressors of the hermetically sealed type use 
capacitor motors of a little higher rating. 

As Ihe author states in his paper, it is 
essential that the motor have sufficient 
accelerating torque so that it will not pull 
out at the maximum back pressure and dis¬ 
charge pressure at the lowest expected 
voltage. 

The starting torque required depends a 
great deal upon the type of compressor. 
The starting torque of a repulsion motor is 
greater than split-phase or capacitor-type 
motor; therefore it is adaptable in most 
cases for belt-driven-type compressors. It 
is well to have reserve starting and acceler¬ 
ating torque in this case to take care of 
cases where the belt may be tightened too 
much. 

In the hermetically sealed compressor, 
which is gaining prominence rapidly, the 
starting torque required, at the lowest 
expected voltage, depends upon whether or 
not it is desired to use an unloader to equal¬ 
ize the pressures, before restarting after 
stalling. It is the designer’s duty to get the 
best startmg conditions at the lowest cost 
of the equipment and at the lowest possible 
starting current. Also keep in mind that he 
wants the highest possible efficiency with 
the necessary accelerating torque. 

Assuming that no unloader is used. 
The motor of capacitor type must have 
si^cient capacity in the auxiliary-winding 
circuit to get the starting torque required. 
However, sufficient torque may not be ob¬ 
tained in some cases without impairing 
the performance tmder running conditions 
because the maximum starting torque is 
obtained when the reactance of the startmg 
capacitor is equal to the reactance of the 
ap:iliary ckcuit. The current in the aux¬ 
iliary winding and the capacitor is also the 
maximum under this condition. If tfiic 
condition does not give sufficient starting 
torque it does not pay to increase the capac¬ 
ity beyond the point where the reactance 
of the capacitor is less than the auxiliary 
winding reactance, as the starting torque 
starts to decre^e because of the decreasing 
current in this phase and smaller phase 
^gle between the main and auxiliary wind¬ 
ings. The designer will then most likely 
put in an unloader to equalize the pressures. 
The starting torque required in this case is 
much less than mthout an unloader and the 
motor will require less capacity; in most 
cases at a saving and at a slightly lower 
starting current. It is even possible in 
many cas^ to use a single capacitor for 
both running and starting, thus effecting 
a further saving. 

In the case just cited, the minltniitn cost 


is obtained which is important to the cus¬ 
tomer and the starting current satisfies the 
requirements of the power companies. 
Therefore, there is nothing to be gained by 
holding to a standardized ratio of starting 
torque to horsepower. As long as the start¬ 
ing torque is sufficient, it woxild be less 
costly to keep this ratio as small as possible. 

The ratio of starting current per foot¬ 
pound starting torque would be higher 
than the proposed standard in this case, 
but as noted above no higher torque is nec¬ 
essary. While the capacitors in the circuit 
have some influence on the line current at 
starting, the current in the main winding 
at starting is definitely established by the 
accelerating torque required. This cmrent 
is very nearly equal to the line current and 
in some cases greater than the line current. 
Therefore, the ratio of starting torque per 
ampere has very little meaning. 

The author suggests a 50-degree-centi- 
grade temperature rise. This apparenliy 
is a debatable question and may apply to 
motors for belted applications and might 
also come within the suggested values by 
Messrs. Alger and Johnson in their paper 
on “Rating of General-Purpose Induction 
Motors” (AIEE Transactions, volume 68, 
1939, pages 445-69). However, in her- 
meticaUy sealed compressors, there are, as 
noted before, many conditions to meet, 
fifty degrees centigrade rise is too high with 
some types of permissible insulation and in 
some cases the higher temperature is too 
high for other reasons. There are some 
cases where the transmission of motor heat 
does not increase with load. There is then 
no definite relationship between tempera¬ 
ture rise and horsepower. Thus, it appears 
that to set up a standard of rating motors 
for refrigeration and air-conditioning com¬ 
pressors without careful consideration of 
the problems of hermetically sealed units, 
may handicap the manufacturers of this 
class of apparatus with no advantages to 
the user. Of course, no one has to design 
the motor for a 60-degree-centigrade rise. 
But without some basis there is nothing 
definite from which to establish the horse¬ 
power rating. 

Messrs. Alger and Johnson noted in their 
paper just mentioned that temperature rating 
standards do not apply to this class of 
motors. There is considerable merit to this 
thought, as well as to adhering to break¬ 
down torque and starting-current rules, 
but the ultimate user may be paying in 
effici^cy for a breakdown torque that is not 
required. Thus in the case of hermetically 
sealed compressors the application can be 
satisfactory with breakdown torque and 
starting torque below suggested values for a 
standard, resulting in economy in the size 
of the motor and yet with satisfactory 
starting current. Rotary-type compressors 
will require special studies concerning the 
application of motors to them. 

Therefore, where hermetically sealed 
units are concerned, if the name plate is 
stamped with the horsepower and load cur¬ 
rent representing some standardized work- 
mg load, and in line with the starting cur¬ 
rent rules, the desires of National Electric 
Code, Underwriters and power companies, 
and control engineers will be met. The 
name-plate current, however, may not tie 
up with the horsepower rating because 
auxiliary apparatus, fan motors for cooling, 
etc., will take some of the current. 


R. A. Fuller (General Electric Company, 
Fort Wayne, Ind.): Experience with the 
application of motors to refrigeration and 
air-conditioning compressor drives indicates 
that the limiting factor will be one of the 
following: 

1 . Maximum continuous permissible load 

2. Starting torque 

3. Maximum, or pull-out torque 

4. Accelerating torque 

Repulsion-induction motors tend to be 
limited by accelerating torque or maximum 
continuous permwsible load. The principal 
limiting factors for capacitor motors are 
starting torque and maximum continuous 
permissible load. Only in the one-sixth and 
one-fifth horsepower ratings lias there been 
any indication that torques alone can be 
used for rating purposes. 

Fols^hase motors tend to be limited by 
maximum continuous permissible load, 
starting torque, or accelerating torque. 

D-c motors tend to be limited only by 
maximum continuous permissible load. 

It is therefore believed that the proposed 
method of rating has possibility of general 
application only in the fractional-horse¬ 
power single-phase ratings and further that 
its general application there is somewhat 
questionable. 

Compressor designs enter into the torque 
requirements. For example, a four-cylinder 
compressor will tend to have a starting 
torque requirement approximately the same 
as a two-cylinder compressor of one-half the 
capacity. Thus, the construction of the 
compressor will have considerable influence 
in determining the limiting factor in the 
particular motor application. 

The refrigeration engineer has consider¬ 
able test data and empirical procedure on 
motor torque requirements and motor 
loading. Fundamentally, however, motors 
are still applied to these refrigerant condens¬ 
ing units by cut and try methods. The 
techmcal facilities of the present day should 
permit us to superimpose a motor speed- 
torque curve on a compressor speed-torque 
demand curve and thus accurately and 
readily determine the suitability of the 
motor. Work already done along these 
lines has shown some promise. 

It is suggested that the torque elements 
of these applications might best be met by 
comparing speed-torque curves of the 
motors with speed-torque demand curves 
of the compr^sors. It is recommended 
that^ any rating method should include 
maximum continuous permissible load. 


A. F. Lukens (General Electric Company, 
Lynn, Mass.): Mr. Rutherford has brought 
out the essential points of applying motors 
to refrigeration and air-conditioning com¬ 
pressors. The more important points are: 

1 . Motor size is determined by star ting and pull- 
up torque rather than motor heating. 

2. The pull-up torque is usually more important 
than starting torque. 

8, Motor noise and end-bump. 

He also states that capacitor motors have 
not had wide use in the sizes above three- 
fourths horsepower. 

However, integral-horsepower capacitor 
motors can be designed that meet the re- 
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quirements pointed out by Mr. Ruther¬ 
ford of high pull-up torque, quietness, and 
end-bump and in addition have the ad- 
vanta^ of high efficiency and power factor 
and high maximum running torque. The 
last is important as it prevents lowered 
efficiency and light flicker brought about 
by overloads, undervoltage, or inadequate 
flywheel, or the combination of the three. 

Tests of integral-horsepower capacitor 
motors on compressors of different manu¬ 
facture have proved that 300 per cent 
starting torque is ample, and that more than 
this is uimecessary. This checks Mr. 
Rutherford's twice repeated statement that 
for the repulsion-induction motor the pull- 
up torque and not the starting torque is the 
limiting factor. In other words, the repul¬ 
sion-induction motor has an excess of start¬ 
ing torque. 

Since pull-up torque and starting current 
are the limiting factors in starting ability, 
it is suggested that the third specification, 
namely, “the starting efficiency in pounds- 
feet per ampere locked-rotor current” be 
changed to the ratio of pull-up torque di¬ 
vided by locked-rotor amperes. This 
value is then a measure of the starting 
efficiency of the motor. 

The pull-up torque of a well-designed 
capacitor motor should be greater than 200 
per cent of full load torque on the present 
basis of rating and can be 220 per cent. 
The starting current of the capacitor motor 
is not more than ten per cent greater than 
the repulsion-induction motor as shown by 
figure 6. Using the most adverse values the 
ratio is 0.25 foot-pounds pull-up torque per 
locked-rotor ampere for both types of 
motors. 

The application of motors to use the full 
extent of their torque ability obviously 
reduces the factor of safety of the motor 
under load, so that it is felt that protection 
of the motor should be supplied. An auto¬ 
matic reset overload relay actuated at least 
in part by line current provides excellent 
protection under all conditions of abuse 
without completely stopping the refrigera¬ 
tion. Such a device prevents damage to the 
motor under severe overloads without com¬ 
pletely interrupting the refrigeration which 
in turn prevents wholesale spoiling of the 
refrigerated product. In the case of failure 
to st^, the device removes the motor from 
the line for a time long enough for it to cool 
down before restarting. In the meantime, 
the head and back pressures have had a 
chance to equalize and the starting duty is 
easier. This “limping” operation of the 
compressor will eventually come to the 
attention of the user and can be fixed with¬ 
out total loss of refrigeration. 


Chester Lichtenberg (General Electric 
Company, Fort Wayne, Ind.): Standards 
for electrical machinery and particularly 
electric motors may be grouped according 
to usage. 

Dimension standards, including frame 
sizes, afford design convenience. Theypresent 
a hazard since any design restriction hampers 
imagination and progress. Design stmid- 
ards may be developed by individual 
groups of engineers promptly responsive to 
new conditions, but do not appear to have a 
place in industry standards sponsored by 
trade associations such as National Elec¬ 
trical Manufacturers Association, Radio 


Manufacturers Association, and American 
Cotton Manufacturers Association. 

Application standards are figfiPTitta.1 for 
the effective and economical usage of ap¬ 
paratus including electric motors. Applica¬ 
tion ^standards might include items such as 
maximum starting torque, mayi miim start¬ 
ing current, and rotor flywheel effect. 
Thwe^ might well be included in trade as¬ 
sociation standards since they affect the 
man^acturer, the buyer, the user, and the 
public utility. Recommended practices or 
adopted standards for these and gimnar 
items would be genuinely helpful. 

Rating standards, however, are broader 
in usage, more fundamental in concept, 
and should be more rigidly defined 
either design or application standards. 
They should be so fundamental that they 
will accurately reflect wide varieties of de¬ 
signs and application. They should be so 
simple that ordinary folks can use them. 
They should be so definite that all users will 
understand them. They must be unbiased 
and therefore the result of joint delibera¬ 
tions. Hence rating standards for electrical 
machinery, as distinguished from design 
standards and application standards, are 
a unique standardizing function of the 
AIEE and the refrigeration industry as 
an example is watching,^certain that the 
AIEE will do a good job of rating standardi¬ 
zation. 


B. M. Cain (Geheral Electric Company, 
L 3 nin, Mass.): Every engineer recognizes 
that the approach to an application problem 
should be based largely on the requirements 
of the load without preconceived ideas as to 
the type of drive or its possible limitations. 
By such ajU approach the limitations of 
available types of drive can be clearly and 
carefully andyzed. 

Mr. Rutherford has clearly demonstrated 
that for the refrigeration compressor there 
is a definite ratio between the accelerating 
torque and the torque at average load. 
He has also shown that the refrigeration 
engineer applies the motor largely on the 
basis of its ability to provide the accelerat¬ 
ing torque required by the load. The only 
other essential requirement is that the 
motor must not fail due to overheating. 

Tests have shown that the ratio of ac¬ 
celerating torque to useful running torque 
of a compressor is about 1.65. This means 
that, after allowing for ten per cent low 
voltage, the pull-up torque of the motor 
must be 1.65 divided by (0.90)* or 204 per 
cent. 

* An extra safety factor, advisable in 
accelerating torque to guard against a long 
accelerating period, brings this to about 220 
per cent. 

The breakaway torque of compressors is 
shown by test to be about 50 per cent 
greater than the torque at 80 per cent speed. 
Thus the starting torque of the motor must 
be 204 per cent X 1.5 or about 300 per cent. 
No safety factor is needed. 

The torque requirements of any driving 
motor have thus been established at: 

1. Pull-tip torque—about 220 per cent of full¬ 
load torque. 

2. Locked-rotor torque—about 300 per cent of full¬ 
load torque. 

Any torque in excess of these values will 
not be useful and conversely any motor 


having less than these values cannot, in 
most cases, develop its useful capacity. 

Examination of the speed-torque char¬ 
acteristics of various types of single-phase 
motors shows that for these starting and 
accelerating torques a limitation of starting 
current will always limit acceleration torque 
and not starting torque. 

The minimum accelerating torque of well- 
designed capacitor motors or repulsion- 
induction motors is substantially the same. 
It can be conservatively as much as 0.25 
pound-feet per ampere of locked-rotor cur¬ 
rent at 220 volts. This means that the 
locked rotor current of motors for driving 
compressors must be 1 X 5,250/1,725 X 
2.20 divided by 0.25 26.9 amperes per 

horsepower. 

That is, regardless of t 3 q)e, the starting 
current must be at least about 27 amperes 
per horsepower in order for the motor to 
carry its useful capacity. 

By limiting the starting current to less 
than this amount the user is forced to 
sacrifice useful capacity which he has paid 
for on a horsepower basis. 

On the other hand extending the starting 
current limit to higher values enables the 
manufacturer to pass on to the user econo¬ 
mies in cost and performance obtainable 
with higher starting currents. 

Recognition of this fact by some of the 
leading power companies has already started 
the trend toward higher allowable starting 
currents. 


C. G. Veinott (Westinghouse Electric and 
Manufacturing Company, Lima, Ohio): 
Mr. Rutherford is to be complimented for 
presenting a useful and educational paper. 
He gives data on the application of motors 
to refrigeration and air-conditioning ap¬ 
paratus, thereby showing the underlying 
reasons for the specifications set up by this 
class of manufacturer. 

His paper brings out into the open a fact 
long recognized by those familiar with this 
application of motors—^namely that the 
horsepower rating stamped on the name 
plate does not adequately describe the 
capacity of the motor since the latter fre¬ 
quently carries from 30 per cent to 50 per 
cent overload continuously. The severity 
of this service is enhanced by the fact that 
the motors have to be able to carry these 
overloads in ambient temperatures ap¬ 
preciably above the established standard of 
40 degrees centigrade. Thus, a one-half¬ 
horsepower motor used in refrigeration 
service is really a three-fourth-horsepower 
motor. 

The author proposes to increase the 
horsepower stamping on the name plate to 
a value more nearly commensurate with 
the useful horsepower that the motor will 
develop, at the same time increasing the 
rated temperature rise from 40 degrees 
centigrade to 50 degrees centigrade. With¬ 
out a doubt this honest straightforward 
proposal has unquestioned merits. By also 
increasing the ampere stamping to corre¬ 
spond with the new horsepower rating, much 
confusion among the control people and 
code authorities who specify the wiring* 
will be eliminated. Such a method of 
rating is more in accord with the objectives 
of an ideal rating structure outlined by 
Hellmund (“The Rating of Electrical 
Machinery and Apparatus,” AIEE Tkans- 
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ACTIONS, volume 58, 1939, pages 499-603). 
Unfortunately, however, this proposal may 
be opposed by the refrigeration manufac¬ 
turers, particularly since some of them name 
their unit after the horsepower rating of the 
motor. Moreover, some of them seem to 
feel that, for a given unit of any size, the 
smaller the horsepower rating on the motor 
name plate, the more efficient the unit from 
a thermodynamic standpoint. 

Also, if Mr. Rutherford^s proposal were 
accepted, the motor manufacturers would 
have to be particularly vigilant to see that 
the refrigeration manufacturers didn’t re¬ 
vert to their previous habit of appl 3 ring 
overloads of 30 per cent to 50 per cent. 

The author brings out the importance of 
adequate torques. He suggests certain 
torque specffications which are conservative 
and in accordance with present commercial 
motors. Why he specifies torques in terms 
of "pound-foot per horsepower" is rather 
puzzling. The present accepted method of 
specifying torques is in per cent of full¬ 
load torque. When specified in per cent, 
the figure becomes independent of the units 
used for measturing torque ("ounce-feet" 
is commonly used for fractional-horsepower 
motors and "pound-feet" for integral- 
horsepower motors) and is more nearly the 
same figure for motors of odd frequencies or 
different numbers of poles. Does Mr. 
Rutherford claim some unusual advantage 
for his new method of specif 3 nng torques? 

Discussing the importance of locked- 
rotor amperes, the author proposes to specify 
them in terms of starting torque. If locked- 
rotor amperes are to be specified in terms of 
torque, we believe, concurring with Mr. 
Lukens, that they should be specified in 
terms of pull-in torque, which is generally 
the limiting torque, as pointed out by Mr. 
Rutherford. However, I believe locked- 
rotor current should be specified in am¬ 
peres as at present; involving this speci¬ 
fication with a value of torque can only be 
confusing to the power companies. 


R. E. Hellmund (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.): In Mr. Rutherford’s paper 
and other papers,^** motor applications are 
discussed in which the motor intermittently 
operates at relatively high load with pro¬ 
longed intervening periods of no load or 
standstill. If in such cases the idle periods 
are relatively long compared with the oper¬ 
ating periods, the root-mean-square load 
is, of course, well below the running load. 
On lie other hand, the requirements for 
starting, pull-in, and pull-out torques are 
governed essentially by the character of the 
runmng load and therefore may have little 
ration to the root-mean-square load or to 
the continuous rating of the motor. Thus 
the latter obviously loses some of its prac¬ 
tical^ significance and suggests the idea of 
making the pull-in, pull-out, and starting 
torques a more prominent part of the rating 
structure. However, while the conventional 
contmuous rating in some cases loses in 
value on account of this, the motor tempera¬ 
ture nevertheless is an important limiting 
fwtor m the operation of the motor. For 
this reason and also because rating by tem- 

established, it. 
s^s desirable to retain the temperature 
toite m some way or other as the basic 
factor for rating, but to supplement them 


by additional provisions for torque and 
starting-current values. Another reason 
for retaining temperature limits as a basic 
factor is that they are common to nearly all 
types of electrical apparatus, including 
generators, transformers, control devices, 
etc., while torques are of particular signifi¬ 
cance with motors only. It is believed that 
neither Mr. Rutherford nor the authors 
of the related papers previously referred to 


apply to some part in the circuit or control 
having a much smaller time constant than 
the motor. In this case it has been assumed 
that during continuous operation both 
curves A and B reach a temperature-rise 
which is safe for continuous operation, as 
indicated by line E. It is further assumed 
that both the motor and the other circuit 
parts can be operated safely for short 
periods at a somewhat higher temperature. 


Figure 1 



will disagree with this point of view, but 
their remarks might be misinterpreted be¬ 
cause they have outlined methods for the 
application and selection of motors, in 
which, for practical reasons, the torque 
values are given consideration first and the 
temperature limitations are checked subse¬ 
quently. 

For some applications of motors, pro¬ 
visions for larger ratios of pull-in, pull-out, 
and starting torques have been made in the 
past and have been found to be a simple 
way out and one that is usually understood 
by everybody because it does not change 
the well-established basic method of rating 
but merely uses somewhat different ratios 
for certain torque values. When the load 
cycles are short, so that neither the motor 
nor any of the wiring or auxiliaries have a 
chance to vary much in temperature during 
the load cyde, there apparently is no reason 
for changing this well-established practice. 
However, there are some applications of 
motors with longer load cycles where the 
established practice would be satisfactory 
for the motor but where the heating effects 
might prove to be harmful to other parts of 
the circuit having a smaller time constant 
than the motor. This can best be illus¬ 
trated by reference to figure 1 of this discus¬ 
sion. The condition shown here may be 
representative of a practical case of com- 
prwsor equipment starting cold and re¬ 
quiring a heavy load during a prolonged 
pull-down period after installation or an 
extended shutdown such as referred to in 
Mr. Rutherford’s paper. In the circuit of 
such a motor, there is always some likeli- 
hwd of some parts (either the control or the 
wiring) having a much smaller time con¬ 
stant than the motor. Ri figure 1, curve A 
represents the time-temperature curve for 
the motor, while curve B is intended to 


as indicated by line F, If we now 
that the load during the pull-down period 
is about 40 per cent higher than the rated 
load, it may well happen that the total 
motor losses, which are composed of con¬ 
stant losses and losses, will be increased 
by about 60 per cent, thus resulting in a 
time-temperature curve C. On the other 
hand, the other parts in the motor circuit 
represented by curve B may be heated by 
losses only, which with the assumed 
overload would then about double, and, 
furthermore, because of the small time con¬ 
stant of such parts, corresponding temp^:a- 
tures will be reached quickly, as indicated 
in curve D. 

Examination of the figure shows that 
there are three distinctly different condi¬ 
tions, If the pull-in period is less than Ti, 
or about 18 minutes in tlus particular case, 
neith^ the motor nor other parts of the 
circiut will reach unsafe temperatures and no 
special precautions or change in practice 
seems necessary. If the pull-in period is 
very long, exceeding T 2 , or about 103 min¬ 
utes, both the motor and circuit parts will 
reach imsafe temperatures, which simply 
means that larger apparatus of higher 
rating has to be applied. If the pull-in 
period is between the values Ti and T 2 
shown in the figure, the application is per¬ 
fectly safe for the motor but not for some 
of the circuit parts. Naturally, if it is 
desired to obtain maximum economy, the 
motor of the smaller rating can ^d should 
be retained, but the wiring or control ap¬ 
paratus, or both, for a motor of a higher 
rating will have to be used. This is the 
condition referred to in Mr. Rutherford’s 
paper which is of interest not only to motor 
^gineers but also to engineers interested 
in the power supply and auxiliary appara¬ 
tus. It is for such conditions that it may be 
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advisable to give the motor a short-time 
or intermittent rating higher than its con¬ 
tinuous rating, as this would then auto¬ 
matically lead to the proper selection of 
conductors and auxiliary apparatus. 

The advisability of establishing inter¬ 
mittent ratings has, of course, been con¬ 
sidered frequently, but so far no standard 
methods of rating along these lines have 
been established in the United States. 
As pointed out by Rutherford, the rather 
broad field of applications for refrigeration 
and air conditioning, makes a review of this 
problem in connection with standardization 
highly desirable if the best and simplest 
method for handling these applications is to 
be selected. Further study will be necessary 
to determine which method is best suited 
.for this purpose and whether the standardi¬ 
zation of certain intermittent ratings is 
more desirable. The application of motors 
in railway work has always been one of the 
most important examples of motors for 
intermittent operation, and here the prob¬ 
lem has been solved in a practical way by 
assigning both a short-time (one hour) and 
a continuous motor rating. In view of the 
necessity for close application of apparatus 
in railway work, various methods for apply¬ 
ing railway motors have been worked out. 
Therefore, it may be advisable to follow 
railway practice as closely as possible in 
some other applications. The proposal in 
a paper by Hildebrand^ comes rather close 
to railway practice. Incidentally, a review 
of the methods of rating for intermittent 
loads seems timely, not only on account of 
the increased use of compressors for re¬ 
frigeration, air conditioning, etc., but also 
because economic conditions surrounliing 
these appli^tions are different from those 
applying to other uses of motors for inter¬ 
mittent loads in industry. In many indus¬ 
tries, the cost of motors and their power 
consumption is a very minor part of the 
total operating cost of such industries. 
Therefore, industrial engineers were per¬ 
haps inclined to do some overmotoiing in 
doubtful cases because it gave them extra 
safety margins, which often were more im¬ 
portant than maximum economy in first 
cost and operating costs. Contrary to 
this condition, the first cost and operating 
costs of refrigerating and air-conditioning 
equipment are an important factor to the 
owners of small commercial establishments 
or of homes, and in order to broaden the 
field of application, more attention may 
have to be given to economies possible. 

While the condition illustrated in figure 
1 may seem alarming, little trouble has 
been, experienced in the past from over¬ 
heating of circuit parts. Very likely the 
designers of control and other circuit de¬ 
vices have simply strengthened certain 
bottleneck parts whenever there was any 
indication of overheating in acttial service. 
Some of this was perhaps also made neces¬ 
sary by the starting conditions of squirrel- 


cage motors. In other words, the co-ordina¬ 
tion of the various parts of circuits hgia in 
the past been carried out successfully by 
providing rather liberal margins. If closer 
and more economical application of appa¬ 
ratus is to be accomplished, a more syste¬ 
matic co-ordination of standards will be 
necessary. Certain co-ordinating commit¬ 
tees to be appointed by the AIEE stand¬ 
ards committee will give this matter due 
consideration. 
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Paul H* Rutherford: Mr. Lukens has 
amplified the statements regarding the 
application of the motor to a refrigeration 
compressor on the basis of starting and 
accelerating torque but confines his com¬ 
ments to integral-horsepower capacitor 
motors which were not included in the 
paper. He does not state, however, whether 
he is referring to 40-degree or fiO-degree- 
rise motors which is necessary when con¬ 
sidering any torque comparison, between 
repulsion-start induction-run motors and 
capacitor 'motors. He states that the 
pull-up torque and starting current are the 
limiting factors which is not always correct 
as the starting torque of a capacitor motor 
is the limiting factor in most applications, 
particularly in the fractional-horsepower 
sizes. It is hard to agree with the value 
of 0.26 pound-feet pull-up torque per locked 
ampere for this reason. 

It is certainly agreed that an inherent 
heating-overload protector is necessary and 
advisable on all capacitor-start motors for 
refrigeration applications but it is not yet 
fully determined that an automatic device 
is the best type and preferable to a manual- 
reset device on all sizes of motors. This 
vrill only be determined by experience. 
Mr. Lukens’ statement that high maximum 
running torque is important does not coin¬ 
cide with his other statements and it will 
be found that in well-designed motors of 
either the capacitor or repulsion-start in¬ 
duction-run type there is ample maximum 
torque when tie necessary starting and pull- 
up torque are obtained for the application. 

Mr. Packer confines his comments to 
hermetically sealed compressors for com¬ 
mercial refrigeration use. It was not in¬ 
tended that the paper should include this 
t 3 ^e and we therefore, cannot see any direct 
bearing on Mr. Packer’s comments on the 
paper. 

Mr. Packer states that there is nothing to 
be gained by holding a standardized ratio 
of starting torque to horsepower. It was 
the author’s point to try to select the horse¬ 


power as a ratio to the starting torque per 
ampere or the accelerating torques. We 
feel Mr. Packer has tried to apply the state¬ 
ments of the paper to sealed units. The 
paper did cover only belted units for com¬ 
mercial refrigeration and air-conditioning 
applications. 

It is felt that all those discussing the 
paper with the exception of Mr. Fuller agree 
a motor can be selected for a belted 
refrigeration compressor on a basis of 
starting and accelerating torque which Mr. 
Fuller states is impossible. He does not 
^ve any reason for selecting motors on the 
basis of maximum torque except that from 
the m^ger data on the experimental torque- 
recording device he speaks of, there is some 
evidence of the maximum torque being 
important. No specific sizes of compressors 
are mentioned but from the reference to a 
four-cylinder compressor it is probable that 
he is referring to a motor larger th^n five 
horsepower. It has been the experience of 
the author as well as many other refrigera¬ 
tion engineers after examining several 
thousand motors retimied from the field 
during the last 16 years that failure of these 
motors was due to their not coming up to 
speed. This is evidence that these motors 
did not fail for lack of maximum torque but 
because of an insufficient starting or ac¬ 
celerating torque. 

Mr, Fuller’s comments on d-c or poly- 
pha^ motors may be correct but these were 
not included in the paper. 

Mr. Cain does not say whether the value 
of 26.9 amperes per horsepower is based on 
a 40-degree or 60-degree-rise motor. If 
this value is for a 40-degree motor, it is 
felt advisable to go to a 60-degree rather 
than raise the starting current limits as now 
used by the power companies. 

Mr. Hellmund has commented on the 
intermittent character of the load taken by 
a refrigeration compressor. This is perhaps 
true of sealed-in units for household use 
but not so much with the conventional type 
unit as described in the paper, 

Mr. Veinott’s comments on the naming of 
the refrigeration unit by the horsepower 
rating of the motor was touched on slightly 
in the paper. Since current practice is to 
overload belted refrigeration motors to 
60 degrees centigrade rise or more and suc¬ 
cessfully, it is felt that standards should be 
made that will acknowledge this fact. It 
was also suggested that since a refrigera¬ 
tion motor application is a “torque” applica¬ 
tion motor, torque should be tied up with 
name-plate horsepower stamping. It is 
felt that these two points are of utmost im¬ 
portance. 

Mr. Veinott feels that the torques should 
be shown in per cent of full load torque 
rather than in pounds per horsepower. 
These figures seemed more convenient at 
the time but could be converted to per¬ 
centages or ounce feet by simple arithmetic 
calculations. 
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Simplified Precision Resistance-Welder 

Control 
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Synopsis: The types of resistance-welding 
applications requiring precision control 
heretofore characterized by electronic equip¬ 
ment are well-known. Attempts to extend 
the field of application to borderline opera¬ 
tions have not met with complete success 
because of the initial expense and compli¬ 
cated nature of the control available. 
A simplified form of precision control 
consisting of a synchronized magnetic con¬ 
tactor and motor-driven timer overcomes 
these objections without compromise on 
results obtained. 


A lthough many new types of spot- 
V7eld timers have been annoxmced 
within the past two or three years, nearly 
all belong to a group that is character¬ 
ized by a series of magnetic relays oper¬ 
ated in conjunction with one or more time 
delay units of the electromagnetic, elec¬ 
trostatic, or mechanical types. ^ In each 
instance a magnetic contactor of con¬ 
siderable size is required to make and 
break the circuit to the primary of the 
welder transformer. 

Relative simplicity and low initial 
cost have prompted the use of these non- 
synchronous devices for all applications 
where extreme accuracy is not required. 
Operating limitations are well known and 
errors equivalent to at least a plus or 
minus one-half cycle of current are cer¬ 
tain to occur although the actual timing 
period is perfectly metered. These errors 
result from inconsistent operation of 
standard a-c magnetic contactors and 
relays as well as more serious discrepan¬ 
cies introduced by failure to close and 
open S3mchronously the power Kne lead¬ 
ing to the welder transformer. * 

Effect of Honsynchronous Control 

The first specimen in figure 1 illustrates 
the effect of nonsjmchronous control on 
welding of light-gauge stainl^ steel. 
Section & is a series of four good welds 


Paper number 39-65, recommended by the AIBB 
committee on electric welding* and presented at 
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made with a regular load-current wave 
form and a one-half-cycle timing period. 
The welds are strong and the surface of 
the work is only slightly discolored. 
The welds in section c were made with 
the same pressure, current, and timing 
period but a transient wave form was 
obtained by changing the point on the 
reference voltage wave at which the 
welder transformer was energized. All 
four welds are overheated, testifying to 
the fact that the character of the wave 
form does affect the quantity of heat de¬ 
livered to the weld. Section a contains a 
third group of four welds made on the 
same piece of work with equivalent cur¬ 
rent, pressure, and time setting. The 
power circuit was closed at a point which 
gave relatively normal wave form but it 
was opened slightly after zero, allowing 
nearly a full one-half cycle of arcing at the 
tips of the magnetic contactor. The 
overheated welds which resulted are a 
dear indication of the additional heat 
ddivered to the work when an arc was 
allowed to occur as the power drcuit was 
broken. 

Assuming that an absolutely accurate 
timing period could be obtained with any 

Figure 1. Siainless-steel specimens showing 
effect on weld of nonsynchronous control 
compared with consistent results obtainable 
when suitable control is used 


one of the nonsynchronous units already 
mentioned, the variation in results evi¬ 
denced by the three sections of spedmen 1 
could be expected. Of course, the effect 
of these variations is less noticeable when 
the nature of the work is such that longer 
timing periods can be used or the fusion 
point of the material is less critical. 
However, consistent results using a tim¬ 
ing period as short as one-half cycle can be 
obtained when suitable synchronous con¬ 
trol is used. Spedmens 2 and 3 of figure 
1 illustrate this fact in connection with 
24-gauge stainless steel. Notice the 
consistency of the welds on specimen 2. 
Their strength is demonstrated by the 
“slug*' of metal which has been pulled 
from spedmen 3. 

Previous Synchronous Equipment 

At least three general types of syn¬ 
chronous control equipment have been 
proposed to overcome the variations 
just described. The first of these— 
full electronic control using mercury- 
pool-cathode-type power tubes instead 
of magnetic contactors—^has served its 
purpose well.®'^ The chief objections 
are high initial cost as well as compli¬ 
cated operational and maintenance prob¬ 
lems. 

Synchronous-motor-driven contactors 
have also been offered as a solution.® 
Although reasonably priced, their ad¬ 
justment is critical and difficult to main¬ 
tain. 

A more recent devdopment is the so- 
called “impulse contactor."® Energy 
stored in a capacitor is discharged into 
the operating coil of a magnetic con¬ 
tactor causing its contacts to close and 
open at points determined by the inertia 
of the moving parts as well as the char¬ 
acter of the contactor finger spring and 
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Figure 8. Sche¬ 
matic diagram of mo- 
tor-driven timer cir¬ 
cuit 


closed at the same time to form a holding 
circuit around TR 2 , Final rotation of 
the cam shaft opens contact TR^ in the 
circuit to the operating coils of contactor 
Wi and relay CRi, The synchronized 
welder contactor then opens at the 
minimum arcing point. Relay CR 2 and 
contactor W 2 remain closed until the 
initiating switch is released. A normally 
closed contact on relay CR 2 prevents un¬ 
authorized repeat opei-ation. 


The weld period adjustment is made by 
turning knob C in figure 9. Its move¬ 
ment is transmitted through a pinion to a 
large gear on which contact TR 2 is 
mounted. The angular position of con¬ 
tact TR 2 with respect to the motor cam 
shaft determines the point at which 
welding contactor W 2 is closed, A 
pointer actuated by movement of the 
gear indicates the welding time selected. 


Contacts TRi and TR^ are mounted on 
steel plates which can be rotated manu¬ 
ally to permit initial adjustment. Ball 
bearings are used throughout to insure 
precise operation for the entire mechani¬ 
cal life of the device. 

Figure 10 is a front view of the timer. 
A specially designed neon tube energized 
from a closely coupled transformer con¬ 
nected in parallel with the load indicates 
the-exact welding time and assists in' 
selecting the proper operating points for 
the magnetic contactors. During the 
period the welding transformer is ener¬ 
gized, the bright glow of the tube is 
visible through a slot in the scanning disk 
which is attached to the end of the motor 
cam shaft. The resulting st?eak of 
light A includes dark bands as the supply 
line voltage passes through zero. There¬ 
fore, each section of the trace represents 
one-half cycle. Counting of the sec¬ 
tions is not necessary since the timer dial 
is directly calibrated in cycles. 

A test button B is provided to make 
possible repeat operation of the control 
equipment at a rate determined by motor 
speed. By closely observing the begin¬ 
ning of the light trace on dial as knob C 
is rotated, the stable operating point of 
the ‘‘closing” contactor can be selected 
prior to placing the equipment in opera¬ 
tion, Proper adjustment will result in 
a consistent beginning of each successive 
trace. 

Rheostat Z> is connected into the 
“opening” contactor synchronizing cir¬ 
cuit and controls the point at which the 
contactor tips open. If the electrodes 

Figure 10. Front view of motor-driven timer 
showing adjusting means and neon light trace 
on revolving disk 







Timer with interior removed to show 
mechanical construction 


























stant” of the contactor must be equal to 
the difference in time between a zero 
point in the shading-coil flux and a later 
minimum value in load current. Ad¬ 
justment can be made by changing wear 
allowance (sometimes caUed “follow-up*’) 
or spring tension. However, a more con¬ 
venient method is available. A rheo¬ 
stat in series with the primary of the 
S3mchronizing transformer varies the 
voltage applied to it. The corresponding 
change in magnetizing current drawn by 
the transformer primary winding pro¬ 
vides a variation in power factor of the 
shading-coil current. Since a phase 
shift of about 60 electrical degrees is 
practical with this method the “time 
constant” of the contactor can remain 
the same while the phase relationship of 
the shading-coil circuit may be changed 
to locate the minimum arcing point. 
Once adjusted, the contact tips part at the 
selected point independent of the time at 
which the operating-coil circuit is broken. 

Many attempts to synchronize the 
opening of a power circuit in conjunction 
with magnetic or motor-driven con¬ 
tactors have failed because of a tendency 
for the arc to restrike after it presumably 
had been extinguished. The oscillograph 
trace represented in figure 6 indicates 
the voltage drop across the contactor tips. 
When they are closed only the reference 
line represented by the sweep of the 
oscillograph is recorded. As the tips part 
an arc is drawn and the drop across the 
arc is recorded in the form of a 
voltage in phase with line current. When 
the load current passes through zero the 
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arc voltage must also go to zero. Since 
the contact tips have actually parted 
prior to this time the oscillograph must in¬ 
stantly record line voltage across the gap. 
Such is the case in test A, 

For test B the contactor tips are parted 
at a point equivalent to that represented 
in test A. A similar arc voltage is re¬ 
corded. It is reduced to zero with the load 
current. The voltage across the contact 
gap instantly approaches line voltage 
but the dielectric strength between the 
contact tips has not built up rapidly 
enough to resist breakdown by the rising 
voltage. The arc is restruck and main¬ 
tains until another zero point of the load 
current is reached. It is apparent that 
merely opening the circuit slightly be¬ 
fore the current zero is not enough to 
eliminate arcing. 

Two solutions to this problem are 
available. The rate of voltage recovery 
can be retarded by means of resistance or 
capacitance connected in parallel with 
the load.^ This delay gives the dielec¬ 
tric an opportunity to build up to a safe 
value. A second course of action is to 
alloy the contact tip material with ele¬ 
ments intended to hasten the building 
up of the gap dielectric strength.® Mer¬ 
cury, because of its low vaporizing point, 
is a logical choice but it cannot be alloyed 
successfully with copper. However, cad¬ 
mium, another choice of material with 
good deionizing properties, can be ob¬ 
tained in copper alloy form at reasonable 
cost. A combination of both corrective 
factors has proved to be the practical 
answer to the problem. 

The s 3 mchronized magnetic contactor 
is an important development in con¬ 
nection with simplified precision control 
but it has an even broader field of ap¬ 
plication as an improved magnetic con¬ 
tactor for use with all kinds of welding 
machines involving heavy loads and 
frequent operation. The elimination of 
arcing at the contact tips overcomes the 
most pronounced limitation in contactor 
application. Mechanical life is above 
reproach but tmtil now electrical ratings 
have been determined primarily by the 
heat liberated during the arcing period, 
and contact-tip life has been reduced 
proportionately. Figure 7 illustrates a 
300-ampere (nominally rated) single-pole 
S3nichronized unit which has been suc¬ 
cessfully tested on a frequent operating 
cycle at 1,800 amperes, 220 volts, 47 
per cent power factor. 

Motor-Driven Timer 

The second development contributing 
to the simplified precision control is a 



Figure 7. Single-pole 300-ampere (nomi¬ 
nally rated) synchronized contactor for general 
application 


new form of synchronous-motor-driven 
timer. Devices of this kind in the past 
have involved one of two distinct de¬ 
sign problems. When a continuously 
operating motor was used, a magnetically 
operated mechanical clutch was required 
to begin and end the welding operation. 
Positive synchronization could not be 
maintained through such a mechanical 
linkage. When an attempt was made 
to start and stop the motor at the begin¬ 
ning and end of each operation, poor 
synchronization resulted because of the 
tendency to “hmit” on starting and to 
coast in stopping. 

The motor of the timing device under 
discussion is allowjed to run continuously 
but a clutch is not required. The 
schematic circuit diagram shown as 
figure 8 illustrates this fact. Although 
the pilot contact can be closed at any 
point, the cycle of operation is not begun 
until the cam actuated contact TRi is 
momentardy made, energizing synchro¬ 
nized contactor Wi and control relay CRi. 
Since TRi closes at only one point in the 
operating cycle, all timing intervals are 
measured from that point. Relay CRi 
forms a holding circuit about TRi, 
Additional rotation of the cam shaft 
closes contact 77^2 which energizes con¬ 
tactor W 2 and completes the circuit to 
the wdder transformer. Relay CRa is 
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closed at the same time to form a holding 
circuit around TR^, Final rotation of 
the cam shaft opens contact TRz in the 
circuit to the operating coils of contactor 
W\ and relay CRi. The synchronized 
welder contactor then opens at the 
minimum arcing point. Relay CRi and 
contactor W 2 remain closed until the 
initiating switch is released. A normally 
closed contact on relay CRz prevents un¬ 
authorized repeat operation. 


The weld period adjustment is made by 
turning knob C in figure 9. Its move¬ 
ment is transmitted through a pinion to a 
large gear on which contact TRz is 
mounted. The angular position of con¬ 
tact TRz with respect to the motor cam 
shaft determines the point at which 
welding contactor Wz is closed, A 
pointer actuated by movement of the 
gear indicates the welding time selected. 


Contacts TRi and TR^ are moimted on 
steel plates which can be rotated manu¬ 
ally to permit initial adjustment. Ball 
bearings are used throughout to insure 
precise operation for the entire mechani¬ 
cal life of the device. 

Figure 10 is a front view of the timer. 
A specially designed neon tube energized 
from a closely coupled transformer con¬ 
nected in parallel with the load indicates 
tihe exact welding time and assists in 
selecting the proper operating points for 
the magnetic contactors. During the 
period the welding transformer is ener¬ 
gized, the bright glow of the tube is 
visible through a slot in the scanning disk 
which is attached to the end of the motor 
cam shaft. The resulting streak of 
light A indudes dark bands as the supply 
line voltage passes through zero. There¬ 
fore, each section of the trace represents 
one-half cycle. Counting of tlie sec¬ 
tions is not necessary since the timer dial 
is directly calibrated in cycles. 

A test button B is provided to make 
possible repeat operation of the control 
equipment at a rate determined by motor 
speed. By dosely observing the begin¬ 
ning of the light trace on dial as knob C 
is rotated, the stable operating point of 
the “closing** contactor can be selected 
prior to placing the equipment in opera¬ 
tion. Proper adjustment will result in 
a consistent beginning of each successive 
trace. 

Rheostat D is connected into the 
“opening** contactor synchronizing dr- 
cuit and controls the point at whidi the 
contactor tips open. If the electrodes 


Figure 10. Front view of motor-driven timer 
showing adjusting means and neon light trace 
on revolving disk 


Figure 9. Timer with interior removed to show 
mechanical construction 
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of tlie machine are closed before the test 
button is operated the rheostat can be 
adjusted for i-ntniTnuTn arcing before the 
welding operation is begun. Arcing will 
be indicated by an additional half-cycle 
band on the end of trace A, 

Additional motor-operated contacts 
and a slight rearrangement of the circuit 


Fisure 11. Osciilosram showins accuracy of 
precision control equipment brealdns a load 
equivalent to 300 per cent of contactor 
nominal rating 


would permit the control of all four timing 
intervals (squeeze, weld, hold, and off 
periods) required in connection with 
fully automatic air-operated welding 
machines. Three knobs on the front of 
the panel Avould permit individual ad¬ 
justment of all periods. The number of 
operations per minute is determined by 
the speed of the motor-driven cam shaft 
and could be varied by changing reduc¬ 
tion gears between motor and cam shaft, 
by means of a simple transmission oper¬ 
ated from the front of the panel. A dial 
calibrated in percentages and referred 
to the total number of cycles equal to a 
single revolution of the cam shaft at the 
prevailing speed would provide at a glance 
the relationship to each other of the 
component parts of the operating cyde. 

The equipment just described is rela¬ 
tively inexpensive and easy to operate. 
Its mechanical construction is su(i. that 
continued service without attention can 
be expected. One installation studied 
for a period of more than eight months 
was attended only by an untrained 
operator. Adjustments were readily 
made and no change was required until 
the end of the production run. 

The accuracy obtainable with the 
simplified equipment is illustrated in 
figure 11. A cathode-ray oscillogtaph 
screen recording, in turn, the primary and 
^condary current wave forms of a weld¬ 
ing transformer drawing about 300 
amperes on the primary side was photo¬ 
graphed at 30-second intervals during an 
18-minute test. Throughout the entire 
operating period the circuit was estab- 
Kshed 160 times per minute for a dura- 

632 Transactions 


tion of one cycle. The individual photo¬ 
graphs apply in order to observations 
spaced 75 operations apart. Wave form 
and accurate timing testify to the con¬ 
sistent operation obtained. These fea¬ 
tures of the control equipment are re¬ 
sponsible for the performance indicated: 
1. Special magnetic contactor consisting 


of two separately actuated poles operated in 
sequence and having 

(а) . The circuit-closing pole adjusted to take ad¬ 
vantage of natural response ch«racteristic of the 
contactor. 

(б) . The circuit-opening pole self-synchronized to 
open at minimum arcing point independent of 
timer setting, 

2 . Motor-driven timer with a continuous- 
running motor but without a mechanical 
clutch. 

3. Means for selecting the stable operating 
points of the magnetic contactors as well as 
determining the actual welding time and 
consistency. 

Conclusion 

It is reasonable to believe that many 
welding operations made on machines 
not now equipped with precision control 
could be made much less expensive if 



Figure 12. An assembly of small parts In¬ 
volving copper to copper, copper to bimetal, 
and copper to silver-alloy joints is successfully 
welded in production using simplified preci¬ 
sion control 

proper control were installed. Likewise, 
many parts previously fabricated by 
other means could now be welded. Only 
the high initial cost and relative com¬ 
plexity of the control heretofore avail- 

Rx>by~Welder Control 


able has prevented such action. For 
example, a company manufacturing small 
circuit-breaker parts found it necessary to 
fasten contacts composed of silver ahoy 
material to bronze connectors (figure 12). 
The same assembly included copper to 
copper and copper to bimetal joints. 
A motor-operated welding machine equip¬ 
ped with one of the better nonsynchro- 
nous control units was used. Because of 
the critical nature of the operation and 
the rigid inspection requirements of the 
assembly, rejections were estimated at 
23 per cent. After the installation of 
simplified synchronous control equip¬ 
ment the rejects were less than one per 
cent and those were attributable to causes 
other than welding. 
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Discussion 

L. G. Levoy and G. W. Garman (General 
Electric Company, Schenectady, N. Y.): 
Mr. Roby has given an interesting paper 
and has described an ingenious method of 
improving the accuracy of contactors as 
applied to resistance spot-welding machines. 
This improvement in accuracy should re¬ 
sult in better welding from contactor-con¬ 
trolled machines and will expand the field 
of contactor control. The impression is 
given thajt.this contactor is equivalent in 
price ,^d ^p,ccuracy to precision electronic 
control ^d^that it is less complicated.; 
Electroniccontrol without question is 
more accurate and in most applications 
does, not req^e any adjustments except 
for^ the. occarional replacement of a tube,' 
which can^ be quickly and easily changed. 
While it is true that some electronic con¬ 
trols are relatively more complicated, it is 
only, bemuse the demand has been such as 
to require the flexibility and accuracy 
which they provide. 

With r^erence to these more complicated 
control circuits, it has been interesting to 
observe th^ ff^d in the various require¬ 
ments wit]^^. ^creased use and confidence 
in this type of control, ^veral years ago 
it seemed that the time had arrived for 
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Synopsis: Operating and test data concern¬ 
ing the maximum safe loading of impreg- 
nated-paper-insulated lead-covered cable 
are presented. The results of the study 
may be summarized as follows: 

1. The occasional operation of cable at 
higher temperatures than are permitted by 
present temperature rules effects consider¬ 
able economy. 

2. During emergencies, temperatures of 
5 to 35 degrees centigrade (depending on 
kind of cable) above those permitted by the 
rules are safe for the insulation. 

3. For extra-high-voltage solid-type cable, 
void formation in insulation and expansion 
of lead sheaths may limit allowable tempera¬ 
tures and temperature ranges. 

4. Cracking of lead sheaths due to recipro¬ 
cating cable movement into manholes may 
limit the temperature range for usual daily 
loading. Limitation is more severe for 
longer conduit lengths up to 500 feet, but 
changes little with increase from 600- to 
1,000-foot lengths. 

6. Cracking of sheaths in manholes due to 
cable movement may be reduced by im¬ 
proving manhole conditions. 

6. For many cables a balanced design re¬ 
quires a lead-alloy sheath that gives in¬ 
creased resistance to effects of cable move¬ 
ment and of internal pressures. 

7. Continuous field temperature surveys 
are essential to efficient use of large conduit 
and cable systems. 

8. Only a small fraction of the cable ever 
operates at the higher temperatures. 

9. Data on center empty-duct tempera¬ 
tures and on average heat losses over 24- 
hour periods give satisfactory results in heat 
calculations. 

10. Other practices which increase load 
ratings are the use of different ratings for 
various periods of the year, the replace¬ 
ment of poor soil in special cases, and the 
use of extra-large conductors in Warmer 
conduits. 


T he purpose of the investigations 
covered in this paper has been 4o ob¬ 
tain the rnost efficient use of impregnated- 
paper-insulated lead-covered cable and 
accompan 3 ring conduits and manholes. 
Using considerable recent data, the author 
has attempted to cover in one study all 
important factors affecting load ratings. 

With the sharp improvements during 
the past 20 years in the quality of cable 
and joints and in their installation and 
maintenance, there has been an accom¬ 
panying sharp decrease in the rate of 
failures; for example, during the past 15 


years in Chicago the total rate of failures 
of 12-kv lines consisting of 500,000-cir- 
cular-mil three-conductor 13-kv belted 
cable has decreased from about 40 fail¬ 
ures to 5 failures per hundred miles per 
year. At the same time, the quality of 
terminal equipment has improved greatly. 
These trends show a sharp decrease in 
the frequency with which low- or high- 
voltage circuits are being subjected to 
loads approaching their maximum ratings 
on account of outages of parallel circuits. 

The outgrowth of these improvements, 
together with new, knowledge on the ef¬ 
fects of high temperatures on cable and 
joints, has been the definite establish¬ 
ment during 1930-37 of emergency 
load ratings for cable in Chicago oper¬ 
ating from 120 volts to 132,000 volts. 
Generally emergency ratings determine, 
with the exception of the 120-volt a-c 
network cables, when additional under¬ 
ground circuits must be installed. 

If, for example, the maximum rating 
of 500,000-circular-mil three-conductor 
13-kv cable is increased by 15 per cent by 
allowing temperatures to exceed occa¬ 
sionally the maximum given in AIEE 
standards,^ then on a growing system 
large reductions in the immediate and 
future investments needed for additional 
circuits and conduit will be obtained. 
With the increases in copper losses, in 
dielectric losses, and in maintenance 
costs at the higher loadings taken into 
account, the net reduction in total annual 
investment and operating charges per 
kilovolt-ampere mile for installed cable 
and conduit would be 9 per cent, assum: 
ing that the higher temperatures did not 
cause the cable life to be less than would 
be required from the standpoint of ob¬ 
solescence and system changes. The 
increased ratings might be obtained on 
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future lines without exceeding the maxi¬ 
mum temperature given in the standards 
by using 650,000- instead of 600,000- 
circular-mil cable, but the total annual 
charges per kilovolt-ampere mile would 
then be reduced only one per cent. 

On account of the use of items having 
standard ratings, terminal equipment 
frequently can safely carry more load 
than the cable connected to it. In¬ 
creased load ratings of cable, therefore, 
produce substantial reductions in the 
cost per kilovolt-ampere carried through 
such equipment. An important over¬ 
all advantage is obtained by higher load¬ 
ing in reducing the space required in the 
streets for conduits and at stations and 
substations for terminal facilities. 

Various aspects of the problem of load 
ratings are discussed in four divisions of 
the paper: 

Part I—^Limitations due to the insulation 
Part II-—Limitations due to the sheath 

Part III—Heating characteristics of con¬ 
duits 

Part IV—Principles and methods of calcula¬ 
tion 

Part *1. Limitations Due to the 
Insulation 

Since 1925 the maximum allowable op- 
erating temperature for solid-type im¬ 
pregnated-paper insulation has been 90 
degrees centigrade minus the rated volt¬ 
age in kilovolts, with a maximutn of 85 
and a minimum of 60 degrees centigrade. 
For multiple-conductor belted cable the 
rated voltage between conductors, and 
for shielded and single-conductor cable 
the voltage between conductor and sheath 
is used. This rule was apparently based 
on the following: above 85 degrees the 
rate of deterioration in mechanical 
strength of the paper increases rapidly 
with increasing temperature; as the op¬ 
erating voltage increases, the stress, and 
hence the probability of serious ioniza¬ 
tion, increases. 

When this AIEE temperature rule was 
first established (then it was 85 degrees 
minus the rated voltage), ionization had 
not been recognized, and means to meas¬ 
ure it were not available. At that time 
the reason for the decrease in temperature 
with increase in voltage was that the di¬ 
electric losses for high-voltage cables in¬ 
creased rapidly to very high values with 
temperature and increased the possibility 
of cumulative heating. For over 12 
years, impregnating compounds which 
give small dielectric losses have been in 
use. 
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DAYS OF TEST 

Figure 1. Aging test of sample F (three- 
conductor 13-kv cable) 


The rate of deterioration of paper at 
various temperattires has been investi¬ 
gated by Massachusetts Institute of 
Technology,H. "W*. Fisher and R. W. 
Atkinson,® F. M. Clark,® and others in 
individual tests varying from ten days to 
17 months. The results are in agreement 
in showing that lieat above 85 degrees 
centigrade causes an appreciable de¬ 
crease in tensile and tearing strength of 
paper, but that the dielectric strength 
is not influenced, much until the me¬ 
chanical strengths have been almost de¬ 
stroyed. The main consideration, there¬ 
fore, is the iuflaence of heating on the 
ability of the cable to withstand removal 
and reinstallation without material lower¬ 
ing of the dielectric strength of the cable. 

Experience, supplemented by careful 
examinations, has shown that the me¬ 
chanical properties of the insulation of 
cable that has been in service in Chicago 


up to 40 years are sufficient to permit 
withdrawal of the cable and its successful 
operation after reinstallation, except in 
the few cases where the maximum tem¬ 
peratures have substantially exceeded the 
limits given herein for emergency opera¬ 
tion. The cable, however, is graduahy 
scrapped before the useful life of the in¬ 
sulation has expired due to (1) refitting 
to other locations on the system, (2) 
elimination of sheath damages, and 
finally (3) obsolescence. Serious de¬ 
terioration diie to ionization has been 
found mainly in poor high-voltage solid- 
type cable made 12 or 15 years ago; this 
has been due mainly to factors other than 
operating temperatures. Evidently the 
maximum use of the cable was usually not 
being obtained, because the loading was 
insufficient. 

The temperature rule makes no pro¬ 
vision for increased loads in emergencies 
for periods of one or two days. There¬ 
fore, sufficient carrying capacity needs, 
under the rule, to be installed so that in 
the worst expected emergencies the hot¬ 
test part of the cable in the circuits re¬ 
maining in service will not exceed 
the prescribed temperature. Obviously, 
then, almost all of the cable will be op¬ 
erating far below tbe temperature limits 
for the great majority of the time. For 
example, for the 1,030 miles of three- 
conductor cable operating at 12 kv in 
Chicago in 1937, 95 per cent operated up 
to a maximum of 60 degrees or less, 4 
per cent up to 70, and the very maximum 
was 82 degrees centigrade or only 5 de¬ 
grees above the temperature given by the 
rule. For each length of cable, the 
average temperature for the year was 
usually 15 or 20 degrees less than the 
annual maximum. Due to the new 
emergency ratings, it is expected that in 


the future the temperatures will range to 
higher values. ■ ' 

It is, therefore, economical to take 
some chances of exceeding the limits in 
AIEE standards for a few hours or so 
during an occasional emergency in order 
to utilize efificiently the entire system, 
with the understanding that it mi^t 
result in shortening seriously the life of 
the insulation of one or two per cent of the 
cable. 

Tests^ have shown that the wood-pulp 
paper available for cable insulation in 
1926 deteriorated in mechanical strength 
less than about five and ten per cent in 
50 hours at, respectively, 120 and 140 
degrees centigrade and showed no change 
in electrical strength. Tests® reported 
in 1921 showed that Manila papers in use 
at that time deteriorated with heating 
only slightly more than those tested in 
1926 and much less than those tested in 
1905. 

Wood-pulp paper, which began to re¬ 
place Manila paper about 1924, is used 
almost entirely now. Marked improve¬ 
ments have been made in it for electrical 
insulation since 1926. The tearing and 
dielectric strengths increased by about 
50 per cent. In addition, improvements 
have been made in the application of the 
paper. Thus, paper in recently-made 
cables may be permitted much greater 
percentages of depreciation due to heat¬ 
ing than paper in earlier cable before the 
cable becomes unfit for reinstallation. 
The available information indicates that 
recently-made paper may be safely op¬ 
erated about 15 degrees centigrade higher 
than 1920 paper and about 30 degrees 
higher than 1905 paper. 

In general, the subsequent discussion 
on maximum allowable temperature refers 
to the temperature for the cable in the 


Table 1. Tests on 500,000-Circular-Mil Three-Conductor Belted 13-Ky Cable With Pressure-Tight Potheads 


Sample 
Year made 

Service before test (years) 

Compound 

Power factor at 13 k:v and room temperature 

Initial.0.0036 

After 60- and SO-deg cycles.0.0062 

After 100-deg cycles.0.0057 

After 116-deg cycles. 

After final 60-deg cycles. 


A 

1024 

13 

Petrolatum 


B 

1926 

12 

Petrolatum 


C D B 

1928 1937 1937 

9 None None 

Rosin-mineral oil Rosin-mineral oil Mineral oil 


F 

1937 

None 

IVIineral oil 


G 

1938 
, None 

Rosin-mineral oil 


.0.0077 ..0.0042 ,.0,0029 ..0.0026 

. 0.0069 (0.0096).. 0.0043 .. 0.0077( 0.0086) ..0.0031 (0.0033) 

0.0085 ..0.0049 ,.0.0099 ..0.0037 (0.0048) 

.0.0048(0.0060). .0.0218 . .0.0074 (0.0087) 

.0.0047 ..0.0089 .. (0.0086) 


Power factor at 24 kv and room temperature 
Initial............. . ..............0.0098 

After 60- and 80-deg cycles.0.0122 (0.0199) 

After 100-deg cycles...0.0120 (0.0183) 

After 115-deg cycles. 

Aftar final 60-deg cycles. 

Power factor at 24 kv and 60 degrees centigrade 

Initial.... . ....,.0.0137 . 

After 60- and 80-deg cycles.... 0.0163 

^er 100-deg cycles... 

After 116-deg cycles... 

Aft^ final 60-deg cycles,. 


,0.0086 ..0.0043 ..0.0032 ,.0,0027 

.0.0137 (0.0272) . .0.0088 . .0.0106 (0.0136) . .0.0031 (0.0036) 

.0.0181 (0.0182). .0.0094 . .0.0129 (0.0166) . .0.0044 (0.0074) 

.0,0099 (0.0117).. 0.0302 .. 0.0138 (0.0163) 

.0.0096 ..0.0113 ..0.0137 (0.0168) 


.0.0043 ..0.0040 

.0.0060 (0.0071). .0.0049 
. 0,0074 (0.0089).. 0.0067 (0.0076 
.0.0093 (0.0109). .0.0073 
.0.0086 ..0.0062 

.0.0046 ..0.0065 

, 0.0061 (0.0072).. 0.0049 
,0.0078 (0.0089).. 0.0074 (0.0077) 
,.0.0100 (0.0109), .0.0110 (0.0207) 
.0.0106 ..0.0081 


.0.0563 

.0.0400 


..0.0084 

.. 0.0100 

...0.0107 

...0.0126 

...0.0123 


..0.0038 
..0.0061 
.,0.0069 
..0.0090 
..0.0083 


.,0,0026 

..0.0031 

..0.0036 

..0.0062 

.. 0.0101 


,0.0041 

.0.0050 

.0.0065 

.0.0079 

.0.0078 


. .0.0032 
. .0.0043 
. .0.0046 
..0.0066 
..0,0063 


Notbs: Figures In parentheses are maximum values reached in the test period. Samples A and B failed at low temperatures after the lOO-daS*"®® cycles. 
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STUopsis: Operating and test data concern¬ 
ing the maximum safe loading of impreg¬ 
nated-paper-insulated lead-covered cable 
are presented. The results of the study 
may be summarized as follows: 

1. The occasional operation of cable at 
higher temperatures than are permitted by 
present temperature rules effects consider¬ 
able economy. 

2. During emergencies, temperatures of 
6 to 36 degrees centigrade (depending on 
kind of cable) above those permitted by the 
rules are safe for the insulation. 

3. For extra-high-voltage solid-type cable, 
void formation in insulation and expansion 
of lead sheaths may limit allowable tempera¬ 
tures and temperature ranges. 

4. Cracking of lead sheaths due to recipro¬ 
cating cable movement into manholes may 
limit the temperature range for usual daily 
loading. Limitation is more severe for 
longer conduit lengths up to 600 feet, but 
changes little with increase from 600- to 
1 ,000-foot lengths, 

6 . Cracking of sheaths in manholes due to 
cable movement may be reduced by im¬ 
proving manhole conditions. 

6 . For many cables a balanced design re¬ 
quires a lead-alloy sheath that gives in¬ 
creased resistance to effects of cable move¬ 
ment and of internal pressures. 

7. Continuous field temperature surveys 
are essential to efficient use of large conduit 
and cable systems, 

8 . Only a small fraction of the cable ever 
operates at the higher temperatures. 

9. Data on center empty-duct tempera¬ 
tures and on average heat losses over 24- 
hour periods give satisfactory results in heat 
calculations. 

10. Other practices which increase load 
ratings are the use of different ratings for 
various periods of the year, the replace¬ 
ment of poor soil in special cases, and the 
use of extra-large conductors in warmer 
conduits. 


T he purpose of the investigations 
covered in this paper has been to ob¬ 
tain the most efficient use of impregnated- 
paper-insulated lead-covered cable and 
accompanying conduits and manholes. 
Using considerable recent data, the author 
has attempted to cover in one study all 
important factors affecting load ratings. 

With the sharp improvements during 
the past 20 years in tie quality of cable 
and joints and in their installation and 
maintenance, there has been an accom- 
pan 3 dng ^arp decrease in the rate of 
failures; for example, during the past 15 
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years in Chicago the total rate of failures 
of 12-kv lines consisting of 600,000-cir- 
cular-mil three-conductor 13-kv belted 
cable has decreased from about 40 fail¬ 
ures to 6 failures per hundred miles per 
year. At the same time, the quality of 
terminal equipment has improved greatly. 
These trends show a sharp decrease in 
the frequency with which low- or high- 
voltage circuits are being subjected to 
loads approaching their maximum ratings 
on account of outages of parallel circuits. 

The outgrowth of these improvements, 
together with new knowledge on the ef¬ 
fects of high temperatures on cable and 
joints, has been the definite establish¬ 
ment during 1930-37 of emergency 
load ratings for cable in Chicago oper¬ 
ating from 120 volts to 132,000 volts. 
Generally emergency ratings determine, 
with the exception of the 120-volt a-c 
network cables, when additional under¬ 
ground circuits must be installed. 

If, for example, the maximum rating 
of 500,000-circular-mil three-conductor 
13-kv cable is increased by 15 per cent by 
allowing temperatures to exceed occa¬ 
sionally the maximum given in AIEE 
standards,^ then on a growing system 
large reductions in the immediate and 
future investments needed for additional 
circuits and conduit will be obtained. 
With the increases in copper losses, in 
didlectric losses, and in maintenance 
costs at the higher loadings taken into 
account, the net reduction in total annual 
investment and operating charges per 
kilovolt-ampere mile for installed cable 
and conduit would be 9 per cent, assum¬ 
ing that the higher temperatures did not 
cause the cable life to be less than would 
be required from the standpoint of ob¬ 
solescence and system changes. The 
increased ratings might be obtained on 
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future lines without exceediag<,the maxt- 
mum temperature given in the standards 
by using 650,000- instead of 600,000- 
circular-mii cable, but the total annual 
charges per kilovolt-ampere mile would, 
then be reduced only one per cent. 

On account of the use of items having* 
standard ratings, terminal equipment 
frequently can safely carry more load 
than the cable connected to it. In¬ 
creased load ratings of cable, therefore, 
produce substantial reductions in the 
cost per kilovolt-ampere carried through, 
such equipment. An important over¬ 
all advantage is obtained by higher load¬ 
ing in reducing the space required in the 
streets for conduits and at stations and 
substations for terminal facilities. 

Various aspects of the problem of load 
ratings are discussed in four di^sions of 
the paper: 

Part I—^Limitations due to the insulation 

Part II—^Limitations due to the sheath 

Part III—^Heating characteristics of con¬ 
duits 

Part IV—Principles and methods of calcula¬ 
tion 

Part I. Limitations Due to the 
Insulation 

Since 1925 the maximum allowable op¬ 
erating temperature for solid-type im¬ 
pregnated-paper insulation has been 90 
degrees centigrade minus the rated volt¬ 
age in kilovolts, with a maximum of 85 
and a Tninimum of 60 degrees centigrade. 
For multiple-conductor belted cable the 
rated voltage between conductors, and 
for shidded and single-conductor cable 
the voltage between conductor and sheath 
is used. This rule was apparently based 
on the following: above 85 degrees the 
rate of deterioration in mechanical 
strength of the paper increases rapidly 
with increasing temperature; as the op¬ 
erating voltage increases, the stress, and 
hence the probability of serious ioniza¬ 
tion, increases. 

When this AIEE temperature rule was 
first established (then it was 85 degrees 
minus the rated voltage), iomzation had 
not been recognized, and means to meas¬ 
ure it were not available. At that time 
the reason for the decrease in temperature 
with increase in voltage was that the di- 
dectric losses for hijgh-voltage cables in¬ 
creased rapidly to very high values with, 
temperature and increased the possibility 
of cumulative heating. For over IS 
years, impregnating compounds which 
give small didecttic losses have been io. 
use. 
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conductor 13-kv cable) 

The rate of deterioration of paper at 
various temperatures has been investi¬ 
gated by Massachusetts Institute of 
Technology,2*3*4 H. W. Fisher and R. W. 
Atkinson,® F. M. Clark,® and others in 
individual tests varying from ten days to 
17 months. The results are in agreement 
in showing that heat above 85 degrees 
centigrade causes an appreciable de¬ 
crease in tensile and tearing strength of 
paper, but that the dielectric strength 
is not influenced much until the me¬ 
chanical strengths have been almost de¬ 
stroyed. The main consideration, there¬ 
fore, is the influence of heating on the 
ability of the cable to withstand removal 
and reinstallation without material lower¬ 
ing of the dielectric strength of the cable. 

Experience, supplem^ted by careful 
e x a min ations, has shown that the me¬ 
chanical properties of the insulation of 
cable that has been in service in Chicago 


up to 40 years are sufficient to permit 
withdrawal of ^e cable and its successful 
operation after reinstallation, except in 
the few cases where the maximum tem¬ 
peratures have substantially exceeded the 
limits given herein for emergency opera¬ 
tion. The cable, however, is gradually 
scrapped before the useful life of the in¬ 
sulation has expired due to (1) refitting 
to other locations on the system, (2) 
elimination of sheath damageSi and 
finally (3) obsolescence. Serious de¬ 
terioration due to ionization has been 
found mainly in poor high-voltage solid- 
type cable made 12 or 16 years ago; this 
has been due mainly to factors other than 
operating temperatures. Evidently the 
maximum use of the cable was usually not 
being obtained, because the loading was 
insufficient. 

The temperature rule makes no pro¬ 
vision for increased loads in emergencies 
for periods of one or two days. There¬ 
fore, sufficient carrying capacity needs, 
under the rule, to be installed so that in 
the worst expected emergencies the hot¬ 
test part of the cable in the circuits re¬ 
maining in service will not exceed 
the prescribed temperature. Obviously, 
then, almost all of the cable will be op¬ 
erating far below the temperature limits 
for the great majority of the time. For 
example, for the 1,030 miles of three- 
conductor cable operating at 12 kv in 
Chicago in 1937, 95 per cent operated up 
to a maximum of 60 degrees or less, 4 
per cent up to 70, and the very mavimiim 
was 82 degrees centigrade or only 6 de¬ 
grees above the temperature given by the 
rule. For each length of cable, the 
average temperature for the year was 
usually 15 or 20 degrees less than the 
annual m^mum. Due to the new 
emergency ratings, it is expected that in 


the future the temperatures will range to 
Iflgheir values. 

It is, therefore, economical to take 
some chances of exceeding the limits in 
AIEE standards for a few hours or so 
during an occasional emergency in order 
to utilize efficiently the entire system, 
with the understanding that it might 
result in shortening seriously the life of 
the insulation of one or two per cent of the 
cable. 

Tests* have shown tliat the wood-pulp 
paper available for cable insulation in 
1926 deteriorated in mechanical strength 
less than about five and ten per cent in 
50 hours at, respectively, 120 and 140 
degrees centigrade and showed no change 
in electrical strength. Tests® reported 
in 1921 showed that Manila papers in use 
at that time deteriorated with heating 
only slightly more than those tested in 
1926 and much less than those tested in 
1905. 

Wood-pulp paper, which began to re¬ 
place Manila paper about 1924, is used 
almost entirely now. Marked improve¬ 
ments have been made in it for electrical 
insulation since 1926. The tearing and 
dielectric strengths increased by about 
60 per cent. In addition, improvements 
have been made in the application of the 
paper. Thus, paper in recently-made 
cables may be permitted much greater 
percentages of depreciation due to heat¬ 
ing than paper in earlier cable before the 
cable becomes unfit for reinstallation. 
The available information indicates that 
recently-made paper may be safely op¬ 
erated about 15 degrees centigrade higher 
than 1920 paper and about 30 degrees 
higher than 1905 paper. 

In general, the subsequent discussion 
on maximum allowable temperature refers 
to the temperature for the cable in the 


Tdblel, Te ifa on 500,00<Xircular-Mil Thr«c>Conduetor Belted 13-Kv Cable With Presture-Tlolit Pelheads 

Sample ^ ^ 

test (years) ”26 1928 1937 1987 1987 1988 

^.:r:lratl3^a«ar,o„t,»pe.:r“‘"“ 

:r“S^cooo8a,::S;SSf?(o.oo88,::nSJ2(o.oo7i)-tr 

Pow.rft«=t.rat24ky„drc«te«,.,at«r.. ” «»-00«>)-0.0085‘ '..oiSSS 

Initial... .. 

^teriiMe*cydes.... 0.0069 "Sioos* :;5;Som "n'SSS 

.. y.om ; :g;og|g ; --o-oow 

.*u«s a psreatheses are marimua. valaes reached in the test period. Samples d and S tailed at low temperatures after the lOO^egree cycles. 
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Table 11. Teste With Pressure-Tight Potheads— 
Maximum Pressures 


Sample A B C D £ F 6 


Maximum pres¬ 
sure (pounds 
per square 

inch). 6, .92. .86. .68. .110. .83. .107 

Cycle number.... 10.. 8.. 1.. 2.. 1.. 1.. 7 
Temperature at 
which maxi¬ 
mum pressure 
occurred (deg 

C).100..76. .68. .60.. 60..60.. 99 


hottest conduit section along a circuit 
during an emergency of a day or two every 
year or few years, it being known that 
the temperatures of the remaining con¬ 
duits wUl usually be 6 or 10 or even as 
much as 20 degrees centigrade lower, 
and that the usual cable temperatures 
will be materially less than the maximum 
permitted by existing rules in the United 
States. 

Limitatioiis for Low-Voltage Cable 

For cable operating at 7,600 volts and 
less, the electrical stress is so low that the 
deterioration of the insulation from the 
standpoint of electrical strength at tem¬ 
peratures up to limits of 82 V 2 to 85 
degrees centigrade set by the temperature 
rule is practically impossible. Since the 
stresses are low, there is no problem of 
dielectric losses. 

Large amounts of cable have been in 
operation for 25 years or more at about 
120 volts in Chicago and elsewhere, and 
much of it has operated at temperatures 
up to* 106 degrees centigrade or more 
without serious ejffects on the insulation. 
Due to effects of the World War, carrying 
capacity was inadequate in Chicago for 
five years. During this five-year period, 
about 15 per cent of the two-conductor 
concentric cables were operated at least 
once a year at conductor temperatures 
above 125 degrees centigrade, and about 
seven per cent exceeded 126 degrees 
regularly with temperatures of 9 to 25 
degrees centigrade less for the outer in¬ 
sulation. Some of the cable operated 
with copper temperatures over 200 de¬ 
grees. Although the inner tapes in the 
insulation of some of this cable were 
greatly weakened, the outer tapes were 
almost invariably in fair condition and did 
not preclude successful use on reinstalla¬ 
tion. During the past 35 years> several 
per cent of the 1,600,000-circular-niil 
single-conductor cable has operated at 
times at temperatures of 110 to 135 de¬ 
grees centigrade without interfering with 
its continued operation or with its reuse 
after removal, 
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Proposed standards for this countiy set 
maximum hot-spot copper temperatures 
of 95 and 105—115 degrees centigrade, 
respectively, for continuous and emer¬ 
gency operation of transformers of any 
voltage. Even higher temperatures for 
emergencies have been proposed by one 
manufacturer’ for transformers having an 
inert gas over the oil and by some opera¬ 
tors for all transformers. 

AJl factors considered, it seems that a 
reasonable limit for the insulation of low- 
voltage cable for emergency operation is 
105-120 degrees centigrade. For so- 
called continuous loading, the limit 
should be 85—95 degrees, depending on 
how often and long the cable operates at 
the maximum temperatures. 

A somewhat similar conclusion was 
discussed® before the AIEE in 1921 and 
was generally acceptable for practical 
use. The necessity for emergency opera¬ 
tion was admitted, but some of the dis¬ 
cussers were reluctant to provide for it 
in the rules. It appears that the insula¬ 
tion of cable manufactured during at 
least the past 12 years can successfully 
withstand operation up to the suggested 
limits. 

Limitations for Three- 

Conductor 7.5- to IS-Kv Cable 

Half of the high-voltage cable used -in 
this countiy is three-conductor bdted 
cable operating at 7.5 to 15 kv. For 
three years the Commonwealth Edison 
Company has been conducting acceler¬ 
ated aging tests on such cable to deter¬ 
mine the effects of rare overloads on the 
cable on its 9- and 12-kv systems. Fif¬ 
teen samples representing new cable and 
cable removed from the S 3 rstem and made 
by various manufacturers have been 
tested to the time of writing. The ef¬ 
fective test length was usually a little over 
100 feet and ended near the crotch in each 
pothead. 

The first eight samples had test ter¬ 
minals filled with heavy compound ex¬ 
posed to open air. These terminals were 
not effective in preventing migration of 
the filing compound into the cable and 
did not allow the devdopment of high 
pressures and vacuums in the cable. 

Conditions in the middle of long lengths 
of cable between manholes were simulated 
in tests with pressure-tight terminals 
on the next seven samples. The amount 
of filling compound was reduced as much 
as feasible, that is, to 0.4 gallon per ter¬ 
minal. The terminals were filled com¬ 
pletely with a heavy mineral oil as used 
in solid-type cable. 

The test consisted in the appHcation 
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of a continuous overvoltage with super¬ 
imposed heat (ydes. The test voltage 
has been 24 kv, three-phase, 60 cycles for 
all samples except two. The heating- 
was done by induced current through the 
three conductors, eacdi conductor forming 
a one-tum short-circuited secondary oa 
iron-core transformers placed around the 
samples. Heating current was applied 
daily for eight hours, except on Saturdays 
and Sundays, with cooling in open air. 
The nominal tna-riTni^tn copper tempera¬ 
tures began at 60 and increased as the 
testing proceeded to 115 degrees centi« 
grade. After each set of high tempera¬ 
ture cycles, one or more cycles of heating 
to 60 degrees were introduced to deter* 
mine the effects of the higher tempera¬ 
tures on the normal operating cdiarac- 
teristics, 60 degrees representing a high 
value of normal marimtiin temperatures* 
The duration of the aging tests was 
usually four weeks. 

During the aging tests, measurements 
were made daily of power factors at test 




Figure 2. Changes in radial power factor at 
60 degrees centigrade for 13-kv cable ita 
accelerated aging test 

C-S —Conductor to sheath 
C-C—Conductor to conductor 
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Table III. Tests With Pressure-Tlsht Potheads 
—Pressures and Sheath Expansion 



After 

After 

After 


80- 

100- 

115- 


Deg-C 

Deg-C 

Deg-C 

Sample 

Start Cycles 

Cycles 

Cycles 


Maximum pressures during 60-deg-C cycles* 


A . 0/...- 4. 

B . 42....- 6. 

C. 86.... 8.... 8.... 6 

Z>. 68.... 18.... 3....-10 

E . 110.... 11.... 5....- 4 

E . 83.... 1....-12....-16 

G . 57.... 4....- 5....- 6 


(inches of mercury) 

A .-27....-17. 

B .-10....-17. 

C .-18...,- 4....- 2....- 2 

D .-30.... -25.... -28.... -28 

E .-20.... -23.... -27_-22 

F .-18....-18....-19....-19 

G .-18.... -22.... -24.... -24 

Iherease in cable diameter at room temperature 
(mils) 

A.: . 2.... 2. 

B . 6.... 12. 

D . 6.... 12.... 15. 

E . 12.... 18..., 24 

P . 4.... 7.... 8 

G . 2 .... 6 .... 8 


* Pressures (positive values) and vacuums (nega¬ 
tive values) are, respectively! in pounds per square 
inch and inches of mercury. 


voltage at room and elevated tempera¬ 
tures. Power factor-voltage tests were 
made twice a week at room temperature. 
In the tests with pressitre-tight potheads, 
daily measurements were made also of 
maximum and minimum pressures and 
cable diameters. Figure 1 shows records 
for one sample of 500,000-circular-mil 
three-conductor 13-kv cable made in 
1937, Such cable has sector-shaped con¬ 
ductors, V64 and Vw inch of conductor 
and belt insulation, respectively, and 
Vw-inch sheath. Before and after aging 
tests, samples were obtained for visual 
examinations and for power factor meas¬ 
urements of individual tapes radially, 
through the insulation, lypical test re¬ 
sults are shown in figure 2, 

Since the tests with open and tight 
potheads showed some interesting dif¬ 
ferences in results, they are discussed 
separately. 

Tests With Pressure-Tight Potheads 
Table I is a summary of the tests with 
pressure-tight potheads. In the four new 
cabjes njacje re^^ptly,, iopization increased 
during the load cydes to 100 and 116 
degrees as was shown by increases in 
power factor at 24 kv and room tempera¬ 
ture of 0.0063 to 0.0270 and by de¬ 
velopment of some carbon in the com- 
poimd at the center of the cable. How¬ 
ever, in subsequent cydes to 60 degrees 
considerable recovery in power factor 
occurred. Similar cables made 12 or 16 


years ago have sometimes shown similar 
changes in normal operation. Three of 
the tested samples have been placed in 
service at 12 kv to verify over a period of 
years the conclusion that they will still 
operate satisfactorily. 

One of the test samples was from 1928 
cable which had been in service for about 
nine years, during which considerable de¬ 
terioration had occurred. Although some 
further deterioration developed in the 
aging tests, the changes were not so great 
as those in the four new cables. 

Two cables containing petrolatum, 
made in 1924 and 1926, had been in serv¬ 
ice for 12 to 13 years. Ionization in¬ 
creased considerably in botli of these 
cables in load cydes to 60 and 80 de¬ 
grees, and both failed at low tempera¬ 
tures after the end of the series of 100- 
degree cycles. 

The outstanding point in these data is 
that, although ionization increased in all 
samples, the changes in power factor at 
rated voltage were usually small, indi¬ 
cating that, even if void spaces are 
created, little ionization occurs at normal 
voltage. In general,, the first cyde of 
each temperature step seemed to have 
the greatest effect. An exception is the 
maximum power factor at 131^ of 0.0218 
for sample P, which occurred after cool¬ 
ing from 116 to 21 degrees. Such severe 
temperature changes will never occur in 
service. Furthermore, this sample re¬ 
covered in subsequent 60-degree cydes so 
that the power factor decreased to 0.0089. 

The changes in solid losses (losses in 
impregnated tapes only) were of minor 
importance compared with the increases 
in losses due to gaseous ionization. The 
power factors at room temperature and 
6.6 kv increased during aging by 0.0006 
to 0.0077. As table I shows, the changes 


in power factor at 60 degrees were mod¬ 
erate. Also, the radial power-factor 
curves obtained before and after aging 
showed small changes except near copper 
and lead. The changes in the average 
of the radial power-factor curves before 
and after aging ranged from a decrease 
in power factor of 0.0127 to an increase 
of 0.0039. 

Maximum pressures as high as 110 
pounds per square inch were observed. 
As indicated in table II, the maximum 
pressures did not occur at the highest 
temperatures. Four of the samples de¬ 
veloped maximum pressures in the initial 
60-degree cycles; none in the 116-degree 
cycles. The maximum pressures were 
apparently determined by the increase 
in maximum temperature over the highest 
previous temperature level rather than 
by the absolute values of the maximum 
temperature. 

The maximum pressures decreased 
sharply in succeeding heat cycles at the 
same temperature due to expansion of 
the sheath. Table III shows how the 
maximum pressures decreased in the 60- 
degree cycles at various stages of the 
test. For the four new cables, jD, E, 
F, and G, the pressures did not become 
positive at any time during the series of 
final 60-degree cycles, although for 
cable E this final series lasted four weeks. 
The minimum pressures showed little 
change during the aging tests in spite of 
the sheath expansion. 

These pressure data suggest that emer¬ 
gency loading causing temperatures up 
to 100-116 degrees are not likely to pro¬ 
duce much higher pressures than occur 
in the early stages of usual operation, 
especially since the cable will have prob¬ 
ably carried a good load prior to the 
emergency. The data furtiier indicate 


T«bl« IV. Teib on 50O,000.CircuUr-Mil Three-Conductor 1 S-Kv Cable With Open Potheads 


Sample 

H 

I 

Year made 

1923 

1924 

Service before tests 

(years) 

18 

12 

Compound 

Petrolatum 

Petrolatum 

Maximum tempera- 

• 


ture reached (deg 

C) 

117 

107 


J 

K 

L 

1927 

1936 

1936 

6 

None 

None 

Rosin-mineral 

oil 

Rosin-mineral . 
oU 

Mineral oil 

118 

120 

111 


Power factor at 13 k? and room temperature 

Initial.0.0062 ....0.0047 ....0.0060 ....0.0052 ....0.0037 

• Maadmurn...0.9098.(103)... .0.0138 (107)... .0.0080 (118)... .0.0099 (83) ... .0.0062 (111) 

’ .....-,0.0082 ....0.0122 - 0.0080 ’ ....0.0084 ....0.0048^ 


Ionization factor (5.6-241^) at room temperature 


Initial.0.0040 0.0086 0.0042 

Maximum.0.0088 (103).., .0.0202 (62) ... .0.0127 (118) 

Final...0.0028 ....0.0024 ....0.0060 


.0.0006 ....0.0041 

.0.0196 (104). 

.0.0030 _0.0003 


Power factor at 24 kv and 60 decrees centigrade 

Initial..0.0353 ....0.0169 ....0.0164 ....0,0078 

Maximum.0,0390 (103)... .0.0688 (107)... .0.0276 (118)... .0.0277 (104) 

F^nal. 0.0370 0.0221 0.0187 


.0.0039 
.0.0242 (111) 
.0.0214 


Notb: Figur^ in parentheses show maximum temperature in degrees centigrade after which power factor 
shown occurred. 
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Table V. Aging Tests of en Old Rosin-Impregnated Three-Conductor Cable 


Approximate 
Maximum 
Temperature 
(Deg C) 

Number 

of 

Power Factor at Room 
Temperature and 15 Rt 

Ionization Factor 
(5.6-20 Ky) 

Power Factor at 
BleTated Temperature 

Cycles 

Start 

Maximum 

Start 

Maximum 

Start 

Maximum 

60. 

....4.... 

...0.0096.. 

0 niA7 





80 

. 6 .... 

...0.0112 


..0.0107.. 

...0.0121... 

...0.0173... 

..0.224.. 
...0.363.. 

...0.224 

...0.388 

90 

....5.,.. 

...0.0131 

n niAo 

..0.0075.. 

60 

....6.... 

... 0.0142 


..0.0163.. 

...0.0216... 

...0.429.. 

...0.479 

100-110... 

....6_ 

...0.0145.. 

n MCkH 

..0.0208.. 

...0.0184... 

...0.209.. 

...0.238 

60 ... 


...0.018?!! 

»« •U»UXHo••• 
...0.0186... 

..0.0184.. 
..0.0326.. 

...0.0330... 
...0.0319... 

...0.550.. 

...0.334.. 

...0.636 

...0.334 


the overloads will not make the vacuum 
after cooling more severe. 

Tbsts With Open Pothbads op Cables 

Made After 1920 

In contrast to the tests with pressure- 
tight potheads, none of the cables tested 
with open potheads failed or showed 
signs of approadbing instability. No 
high pressures or low vacuums occurred 
in these samples. Table IV summarizes 
the test results. Although the heat 
cycles produced some increases in ioniza¬ 
tion factor, the final values were low. 
The maximum ionization factors did not 
occur in most cases after the highest 
temperature steps. It appears that the 
decrease in viscosity of the pothead 
compoimd at the higher temperatures 
favored migration of compound and re- 
imp;regnation of cable insulation near the 
ends of the samples. For sample L the 
ionization factor was highest at the start. 

The solid losses increased in all cases. 
In sample L the increase in power factor 
was mainly caused by the unusual migra¬ 
tion of asphaltic compound from joints 
in the test leads for at least 20 feet into 
the test length. For other samples, 
the increases in power factor were prob¬ 
ably caused ma^y by deterioration at 
the high temperatures. The increases 
during aging in the average of the 60- 
degree power factors of the indi^dual 



Figure 3. Thermal stability of used 500/000- 
circular-mil three-conductor 13-lcv ^ble 

Solid curves—^Sample J, rosin-mineral com¬ 
pound cable made In 1927 

Dashed curves—^Sample H, petrolatum-com¬ 
pound cable made in 1923 

tapes varied from 0.011 to 0.115 for four 
samples. For the fifth sample the aver¬ 
age of the radial power-factor curves after 
aging was 0.022 less than before aging, but 
this difference was due probably to longi¬ 
tudinal nonuniformity of the quality of 
this sample of used cable. 
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These data indicate that the changes 
in solid losses, even where considerable 
migration of asphaltic compound into the 
cable occurred, are not serious enough 
to cause failures in service, except pos¬ 
sibly in some rare instances. 

Tests With Open Potheads 

OF Old Rosin Cables 

Aging tests were made of three samples 
of cable made prior to 1920. They had 
round conductors and 12 / 54 - and V 64 -inch 
rosin-impregnated conductor and belt in¬ 
sulation, respectively. One sample of 
250,000-circular-mil cable failed in the 
first cycle after having been subjected to 
24 kv for 21/4 hours and having reached a 
copper temperature of about 60 degrees. 
Another sample of fiiTni1a.r cable with¬ 
stood 36 days at 15 kv but showed con¬ 
siderable increases in power factor and 
especially in ionization factor after the 
first 80-degree cycle, as shown in table V. 

The third sample, having number 4/0 
conductors, showed signs of serious in¬ 
stability in the first 60-degree cycle at 
15 kv, the power factor at elevated tem¬ 
perature rising from 0.20 after six hours 
of heating to nearly 0.70 after about seven 
hours of heating. The voltage was 
therefore reduced to 12 kv. The cable 
failed at devated temperature in the 
fourth 60-degree cyde. 

The two failures in this group of tests 
were apparently caused by thermal in¬ 
stability due to high didectric losses. 
The impregnation of these cables was 
poor. The older cable, as represented 
by these two samples, is not considered 
suitable for reinstallation on the 9- and 
12-kv systems, while somewhat similar 
cable made later (1912-18) h^ been so 
satisfactory that it is being reinstalled. 

Thermal STABiLiry 

The thermal instability just discussed 
raises the question of instability due to 
overloads in service. Figure 3 shows 
thermal stability diagrams for two cables 
removed from, service. The curves rep¬ 
resent the total watts generated m the 
cable ^t various loads at operating volt¬ 
age. The straight line shows the total 
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watts which can be dissipated assuming 
at the start a summer duct temperature 
of about 40 degrees, no load for the cable 
in question, and usual loading for the 
other cables in the conduit. The inter¬ 
sections of the curves with the line give 
the copper temperatures reached for one- 
day emergency loads. In deriving the 
curves, the author has in each case used 
unfavorably high values of power factor 
in order to take into account the effect of 
deterioration due to aging during the 
overloads. 

The diagrams show that such used 
cables are thermally stable even at 30 
per cent overload. The approximate 
copper temperatures reached at full 
load, 15 per cent overload, and 30 per 
cent overload, respectively, are 77, 90, 
and 110 degrees. Lower duct tempera¬ 
tures would move the straight line to the 
left, and correspondingly higher loads 
would be permissible. It is of interest 
that, even if a power factor of about 
0.20 is reached at a temperature of 115 
degrees, the dielectric losses on these 
cables would be only seven per cent of the 
copper losses. 

Assuming a base duct temperature of 
about 40 degrees, even old rosin cables 
would probably be thermally stable at 
30 per cent overload. Since the dielectric 
losses were calculated from the average 
power factor of about 100 feet of cable, it 
is possible that in localized spots much 
higher dielectric losses may develop, es¬ 
pecially for some of the older cables. 

Joints 

As the result of high loading, asphal- 
tum-base or petrolatum joint-filling com- 
potind may become so fluid as to migrate 
in large amounts into the cable insulation, 
thereby causing increased insulation 
losses; but this does not seem serious, 
especially since migration is usually lim¬ 
ited to cable in the manhole which is 
subjected to lower temperatures. A 
furriier result is pressures or vacuums in 
the joints which may cause serious bulg¬ 
ing or collapsing of the jmnt sleeves. 
Most lead joint sleeves, especially for the 
larger cables, have been too weak me- 
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chamcally. For CHcago 13-kv 500,000- 
circular-mil joints, the new practice is to 
use only low-loss varnished cambric in¬ 
sulation as appHed insulation instead 
of insulating tubes, and to use a circular 
sleeve of calcium-type lead alloy, 4*74 
inches inside diameter and V 64 inch 
thick, instead of a SVa-inch plain lead 
sleeve which was ridged to provide an 
air space at the top. So far, the prac¬ 
tice is to continue using an asphaltum- 
base compound for filling. 

SUIOIARY 

The outstanding effect of overloads up 
to 115 degrees centigrade upon multiple- 
conductor belted cables made since 
1923 was an increase in ionization; but 
for only two old petrolatiun cables was 
this effect serious enough to cause failure 
at 24 kv. At rated voltage the changes 
in ionization factor were small, and con¬ 
siderable recovery effect was noticeable 
during periods at moderate temperatures 
following overloads. It may, therefore, 
be expected that the effects of emergency 
loading to temperatures of 100-115 de¬ 
grees will not be serious and that cer¬ 
tainly limits of 90-100 degrees are con¬ 
servative. 

Power factors at normal operating tem¬ 
peratures should not be expected to in¬ 
crease much due to overloads, except 
for the cable adjacent to joints. In gen¬ 
eral, this effect should not be expected 
to shorten the life of the cable. 

For copper temperatures up to at least 


Fisure 4. Power feetor of experimental oil- 
Rlled cable at 60 decrees centl$rade 


115 degrees centigrade, thermal instabil¬ 
ity is not a factor of danger, except for 
badly deteriorated or old rosin insulation. 

Temperature Limits for 
Solid-Type 69-Kv Cable 

The maximum permissible temperature 
for the insulation of single-conductor 
69-kv cable has been based in Chicago 
largely on accelerated aging tests and a 
large accumulation of operating data. 
The joints in service are filled with a thin 
oil. Halperin and Betzer® showed that 
cables of good quality withstood for as 
long as seven weeks, without appreciable 
change, tests at 2 V 2 times normal oper¬ 
ating voltage and daily temperature 
ranges of about 35 degrees to maximum 
copper temperatures of 65 degrees centi¬ 
grade. Insulation thicknesses were Ve 4 
to ^/o 4 inch. Cables of the poorest quali¬ 
ties (made in 1926), which are now in 
service, showed considerable increase in 
power factor in a few days of such test¬ 
ing, However, these changes were not 
sufficient to cause failure at normal volt¬ 
age, and such poor-quality cables con¬ 
stitute only a very small percentage of 
the 66-kv system. 

Emergency ratings for the 66-kv lines 
in Chicago have for a few years been 
based on temperatures of 60-65 degrees 
centigrade, depending on the quality of 
the cable insulation, and on a marimiim 
allowable dally range in temperature of 
18 degrees. This limiting range is neces¬ 
sary for the insulation of cable now in 
service because (a) deterioration of the 
insulation occurs almost entirely by 
ionization in voids produced during 


cooling, and (b) the life of the cable may 
be shortened by radial expansion of the 
sheath as discussed later. For the year 
1937, the maximum temperatures were 
45, 50, and 55 degrees centigrade or less 
for, respectively, 75, 90, and 96 per cent 
of the lengths; and the very maximum 
was about 62 degrees. 

Temperature Limits for the 
Insulation of Oil-Filled Cables 

An experimental installation of oil- 
filled cable in underground conduit in 
Chicago, to which brief reference^® has 
been made, consists of 1,000 feet of each 
of three kinds of cable made by two 
manufacturer's and designated as R- 
0.386, 5-0.400, and r-0.500. The num¬ 
ber is the nominal insulation thickness in 
inches. The cables are subjected to 
overvoltages, that is, to 76 kv to sheatli, 
and to surges by means of a tap from an 
adjacent 132-kv three-phase overhead 
line. Heating current is supplied by 
current transformers insulated for 132 kv. 
Provision is made for measurements of 
power factor and average conductor 
temperature. The standard insulation 
thicknesses for 132-kv operation were 
0.719 and 0.506 inch, respectively, in 
1930 and 1938. 

Testing was started in June 1930. 
Except for interruptions for various 
reasons, the cable was subjected to only 
voltage for one month, then to voltage 
with superimposed daily load cycles 
for two years, and subsequently to volt¬ 
age and continuous heating to limit 
effects of daily movement on the sheath. 
As indicated in table VI, tests have been 
up to average temperatures of 91 degrees 
centigrade and to a maximum for short 
portions of the cable of 120 or 130 degrees. 
At intervals of two to three wedss, testing 
has been interrupted to allow measure¬ 
ments at both elevated and duct tem¬ 
peratures of power factors at various volt¬ 
ages from 20 to 100 kv. 

Figure 4 shows the variations in power 
factor throughout the tests for each of 
the three cables, all power factors being 
adjusted to a conductor temperature of 
60 degrees, through data from frequent 
measurements over a range in tempera¬ 
ture. Figure 5 shows the maximum and 
minimum changes found in power factor- 
temperature characteristics among these 
cables. 

Cable i2-0.386 has remained entirely 
stable throughout the test. Cable 5- 
0.400, also, has been relatively stable 
except for a moderate increase in the 
power factor at 20 kv early in the test. 
In general, this cable h^ undergone 
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somewhat less severe heating than cable 
J?'0.386, but the 33 days of heating to con¬ 
ductor temperatures of 90-91 degrees 
had no apparent effect on the power 
factor. 

Cable r-0.500 remained stable during 
the first three years of testing and then 
developed instability, as evidenced by 
increasing power factors. A comparison 
of the temperature data and power fac¬ 
tors for this cable indicates, however, that 
there is no consistent relation between the 
increases in power factor and the testing 
temperature. The 365 dsiys of heating 
to 85-91 degrees had no tendency to 
accelerate the deterioration in electrical 
properties since the power factors at both 
20 and 100 kv showed indications of ap¬ 
proaching a stable condition during this 
period. 

Increases in power factor of the same 
peculiar type, but of much greater mag¬ 
nitude than those which occurred on 



Fisurc 5. Change in power fador of oil-iillled 
cable in eight years of experimental operation 


^ The results of these data and considera¬ 
tion of the earlier data in the paper and 
the references lead to the following con¬ 
clusions: 

(a). Changes in dielectric losses in oil- 
filled cable with time are not materially 
affected by increase in operating tempera¬ 
ture, at least up to 90 degrees. This con¬ 
clusion is not, as might be inferred, at 
variance with published data which indi¬ 
cate that the rate of deterioration in trans¬ 
former insulation about doubles for each 
eight-degree-centigrade rise in temperature 
nor with the finding that rate of oxidation of 
oil exposed to air increases with tempera¬ 
ture. The important deterioration in trans¬ 
former insulation occurs in mechanical 
strength rather than in electrical properties 
and is caused by oxidation of the solid in¬ 
sulating material. T^he deterioration in 
oil-filled cable, which is usually negligible, 
is caused mainly by chemical changes in 
the oil which is in contact with only the 
materials sealed with it in the cable. Chemi¬ 
cal changes of the oil do not necessarily 
result directly in increases in dielectric 
losses of the insulation. 

(&). Oil-filled cable insulation may safely 
be operated continuously at copper tem¬ 
peratures up to 85 degrees and during 
emergencies at 90 degrees * centigrade or 
more. These values are 5 to 15 degrees or 
more above the corresponding limits in the 
present Association of Edison llluminfl.ting 
Companies cable specifications, where the 
limits already have been increased twice 
in the past five years. 


Part II. Limitations Due to the 
Sheath 


Radial Expansion of Sheath 


cable r-0.500, were found also in one 
case on a portion of a commercial 132-kv 
line which had been subjected to only 
moderate temperatures. This showed 
that high operating temperatures are not 
essential for the occurrence of deteriora¬ 
tion of this t 3 rpe and gave additional sup¬ 
port to the conclusion reached above 
that the high temperatures to which 
cable r-0.600 was subjected were not in 
the main responsible for the instability 
found. In general, however, serious de¬ 
terioration in oil-filled cable has been rare. 

Figure 6 shows that such deterioration 
not only raises the power factor but 
changes the power factor-temperature 
characteristic from a relativdy flat or 
falling curve to one which rises with 
increasing temperature. For cable T- 
0.500 the deterioration which has oc¬ 
curred is only a small fraction of that 
which would be necessary to cause failure 
due to cumulative heating. The increase 
in power factor which has occurred is, 
however, sufficient to reduce the carrjring 
capacity by several per cent. 


As the temperature increases with load, 
the thermal expansion of the compound 
in insulation of solid-type cable causes 
an increase in the internal pressure and 
may result in serious sheath expansion. 
The rate of sheath expansion increases 
with increasing internal pressure and 
increasing temperature. Such matters 
and the properties of lead and lead alloys 
are covered in a recent research buHetm^^ 
on lead sheaths by H, F. Moore and 
others. 

As far as load ratings are concerned, 
there seems to be no problem involving 
radial expansion of the sheath for low- 
voltage cable. The percentage of the 
volume inside the* sheath that is occupied 
by compound is relatively small; and, 
because of the low electrical stresses in the 
insulation, void or gaseous spaces are not 
particularly objectionable. For cable 
that operates at about 12 kv and is con¬ 
nected with joints filled with a hard or 
plastic compound, the internal pressures 
at loads corresponding to emergency rat¬ 
ings may be 50 or 100 pounds per square 


Table VI. Tests of Experimental 132-Kv Oil- 
nlled Cable in Chicago From Start to July 8 
1938 


Cable 

Total elapsed time 

(days). 

Days of voltage ap¬ 
plication (76 kv to 
ground). 


i?-0.386 5-0.400 r-O.oOO 
.2,934 ...2,934 ...2.934 

.2,105.1,..2,222.5...2,457.S 


Number of daily load cycles to: 
Less than 65 deg C.. 197 ... 
65 to 74.9 deg C..,. 364 .’. 

75 to 79.9 deg C_ 0 

80 to 84.9 deg C.... 0 .!. 
85 to 89.9 deg C.... 1* ♦ 



216 

345 

0 

0 

1 * 


Total. 

682 ... 

562 . 

. 562 

Days of conttnuous heating to: 



Less than 65 deg C. 

49.8... 

265.0.. 

. 216.9 

66 to 74.9 deg C.., 

692.8... 

871.2.. 

• 404.7 

76 to 79.9 deg C... 

590.5... 

222.6.. 

. 308.2 

80 to 84.9 deg C... 

142.4... 

IS. 6.. 

. 235.3 

86 to 89.9 deg C... 

48.7... 

0 .. 

. 336.8 

90 to 91 deg C. 

27.8... 

32.9.. 

. 27.8 

Total. 

.1,452.0... 

911.3.. 

.1,589.7 


* Dluing this cycle the heating current was applied 
contmuously for nine days instead of the normal 
tune of 12 hours. 

Notb: ^ Copper temperatures are average values 
determined by redstance measurements. A recent 
longitudinal survey of duct temperatures revealed 
extremdiy large variations in temperatures—^ 
condition never before even approached in Chicago 
except where steam mains were present. This 
conduit was installed for test purposes in a prairie 
and the condition and thickness of the S(m1 covering 
varies greatly. It is estimated that for an average 
copper temperature of 90 degrees centigrade the 
maximum at one localized region was 120-‘130 
degrees. 


inch, as shown in the accelerated aging 
tests. Several cycles of emergency load¬ 
ing during the life of such cable may pro¬ 
duce sheath expansion of 10 to 30 mils, 
but such expansion is small compared to 
the expansion that has been found on 
69-kv single-conductor cable in Chicago 
which has operated successfully to date. 
It, therefore, seems that no trouble due 
to sheath expansion will occur on mod¬ 
erate-voltage cable. 

If 69-kv solid-type cable with oil- 
filled joints is loaded rather heavily soon 
after installation, the internal pressure 
rises until the sheath is stretched enough 
to accommodate the heat-expanded in¬ 
sulation; and the pressures may be 50 or 
75 pounds per square inch or more. 
Under usual loading conditions common 
daily mavi-mum pressures are one-third 
or one-half of these values. As the 
sheath expands, oil enters the cable from 
the joints. For the 280 miles of such 
cable in Chicago that has been in service 
up to 12 years, the rate of expansion of the 
cable with sheath is about six 

mils in diameter per year, and this rate 
does not appear to be decreasing. For a 
relatively small amount of the cable in 
which V 64 -hich sheath was used, the rate 
of sheath expansion has been roughly 
twice as much. 

In the first few years of service, open- 
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Figure 6. Gible movement tor line with 
block-type loading 

For 391-foot length of 350,000-clrculdr-miI 
three-conductor 13-l<v cable 



ings developed mainly at defects in the 
sheath structure. With further service, 
openings devdoped at the thinnest , por¬ 
tion of sheaths that varied considerably 
in thickness around the drcumference. 
In most of these cases the miniTnum 
thickness of the sheath initially was less 
than 85 per cent of the average thickness. 
Sheaths produced prior to 1930 developed 
high rates of trouble when the average 
expansion aroimd the drcumference ex¬ 
ceeded about three per cent. More- 
recently-made sheaths are better in 
<juaHty and in concentridty and should 
withstand internal pressures much better. 

Accelerated aging tests® have shown 
that as far as the insulation is concerned 
the daily temperature range for the 69-kv 
cable could be increased from the present 
limit of 18 degrees centigrade to 30 or 36 
degrees. Such an increase is not feasible 
for solid-type cable with thick insulation 
and connected with oil-fiUed joints 
a sheath with increased creep resistance 
is provided. 

Induced Sheath Potentials 
on Single-Conductor Cable 

For single-conductor cable installed 
with insulating sleeves and bonded to 
eliminate sheath losses, the induced 
sheath potentials vary directly with the 
magnitude of the alternating current 
and directly with the distance between 
insulating sleeves. In 1929 it was sug¬ 
gested in an AIEE paper^® that, on the 
basis of laboratory and field experience, 
the limiting a-c potential between sheath 
and ground should be 12 volts in order 
to avoid a-c electrolysis. The general 
idea then was that this limit would apply 
during the time of the maximum ex¬ 
pected load. 
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Since then, in order to provide further 
field data on the effects of the a-c po¬ 
tentials in causing electrolytic sheath 
corrosion, fireproofing has been removed 
periodically in many manholes from 
cable that has been submerged. No 
corrosion was found except in one case 
where the sheath also had a slight positive 
d-c potential on it inadvertently. These 
cables in general had operated with a-c 
potentials up to about ten volts. In view 
of these and other data, it was decided in 
1936 that the maximum safe induced 
sheath potentials to ground for the usual 
daily loading should be 11 volts and that 
during emergencies the potential could 
go to 16 or 16 volts. When the loadings 
cause higher potentials than these values 
with cross or auxiliary cable bonding, 
it is necessary to use sheath-bonding 
transformers to make the sheath poten¬ 
tial to ground one-half of the induced 
sheath potential in the length of cable 
between insulating sleeves. Even with 
bonding transformers and ordinary spac¬ 
ing of the ducts, the usual and Tnaxi mnin 
loadings may be limited to approxi¬ 
mately 875 and 1,250 amperes, respec¬ 
tively, in case the sections of cable are 
about 600 feet long. 

Cable Movement 

It has been accepted usually that in 
the determination of the load rating of a 
cable the allowable copper temperature 
should be based solely on characteristics 
of the insulation, although there has 
been some discussion of the possibility 
that the life of the sheath should also be 
considered. The noticeable number of 
^eath cracks found especially in cable 
which has been installed for ten years or 
more has served to put added emphasis on 
consideration of the life of the sheath 
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Figure 7. Theoretical and actual cable move¬ 
ment 

Data are For 500,000-circular-mll three-con¬ 
ductor 13-kv cable. Lines at left are for cop¬ 
per-bar expansion, while lines at right are 
values of cable movement derived from formula 

and has suggested that limiting ranges 
of copper temperature based on allowable 
cable movement should be established. 

Since no previous published attempts 
have been made to establish practical 
working relationships among sheath life, 
cable movement, and load ratings, it 
has been necessary to start at the be¬ 
ginning and see what could be learned 
(a) about the relation between cable 
movement and loading and (6) about the 
relation between cable movement and 
sheath life. Operating and laboratory 
data bearing on these points have been 
collected and studied for over 12 years in 
Chicago. The results of these studies 
have provided a basis for quantitative 
discussion of both phases of the problem. 

Cable Movement as a 

Function op Load Range 

It has generally been assiuned that 
cable movement should be directly pro¬ 
portional to temperature change and to 
cable length, allowing for a constant 
percentage of reduction of movement due 
to flexing or snaking of the cable in the 
ducts. Field data, however, have failed 
to corroborate this assumption. This 
was thought to be due to the masking 
influence of the many indeterminate dis¬ 
turbing factors which are present in ac¬ 
tual underground systems. It now ap¬ 
pears that by taking into account the 
restraining forces due to friction in the 
duct and to the*training of the,cable in 
the manholes, the field data on cable 

Electrical Engineering 













movement become intelligible. A review 
of the tlieorj" wilt be given. 

Consider a length of cable in a duct in 
which neither tension nor compression is 
present. Evidently a reduction in the 
temperature of the cable, which tends to 
cause it to contract, must develop enough 
tension to *^pull** the length of cable be¬ 
tween the manhole and any given point 
before there can be any movement at that 
point. The maximum possible tension 
which could be developed is that re¬ 
quired to move the cable along the entire 
length from the manhole to the center of a 
duct run. The effect of a temperature 
reduction cannot be manifested entirdy 
as contraction of the cable, since some 
of it appears as tension. 

Assume now that tlie maximum ten¬ 
sion which can be developed by load 
cycles and friction in a duct run is pres¬ 
ent when heating starts. Part of the 
thermal expansion relieves tension. Part 
of it tends to push the cable out of the 
duct mouth, but this takes force, which 
can be devdoped only by compresssion of 
the cable and must be great enough to 
“push** the portion of cable which ac¬ 
tually moves. As heating progresses, 
the remaininjg tension becomes localized 
nearer and nearer the center of the length, 



Figure 8. Cable-moyement Indicator 

Top—Indicator installed to measure cable 
movement at a duct mouth.. The range in 
movement over a period of time is obtained 
by measuring the separation of the two riders 
shown on the rod which butts against the duct 
wall 

Bottom—Indicator installed on a cable joint 
to determine the limits of the lateral movement 
of the joint to and from the manhole wall 
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while the cable near the ends becomes 
compressed and produces movement. 
Finally, maximum compression is de¬ 
veloped, it being that force which is just 
sufficient to push all the cable from the 
center toward either end. The actual 
movement appearing at the duct mouth 
is that portion of the expansion remaining 
after the tension and compression re¬ 
quirements are fulfilled. 

These points are illustrated in figure 
6, which gives movement data obtained 
on a certain well-loaded 12-kv three-con¬ 
ductor line, which had unusually abrupt 
changes in load. During the first por¬ 
tion of the load cycle, the increase in 
copper temperature does not result in 
any appreciable movement at the duct 
mouths. Instead, the cable becomes 
compressed. As the temperature in¬ 
creases, the forces developed finally ex¬ 
ceed the force required to push the cable 
through the duct, and movement takes 
place at the duct mouths. On the cooling 
cyde, considerable drop in copper tem¬ 
perature occurs before the cable com¬ 
mences to move back into the duct. The 
copper temperature must decrease enough 
to relieve the existing compression in the 
cable, and then must build up sufficient 
tension to overcome the frictional forces 
tending to prevent the retraction of the 
cable. 

In the eqiiarions for cable movement, 
the following S 5 niibols are used; 

M =* total movement in inches for a length 
of cable 

L « length of duct in inches 
C « coefficient of thermal expansion of 
cable (16.7 X 10“« approximately) 

A » cross-sectional area of copper in circu¬ 
lar inches 

W •« weight of cable in pounds per mch 
D « coefficient of friction for cable in the 

duct . , 

E = Young*s modulus of elasticity for 
cable in pounds per circular inch (15 X 
10* X 4r/4 approximatdy) 
k =* longitudinal stress which 

may exist in the cable at the duct 
mouth, due to the restraining force 
of the cable in the manhole 
T a= copper temperature change in degrees 
centigrade 

To * (WDL + m/AEC, the temperature 
change necessary to produce the maxi¬ 
mum posrible change in stress 
throughout the cable 

If a condition of maximum compressim 
were present at the start of a heating 
cyde, the total movement would be 
same as for the thermal expansion of a 
copper bar, that is, 

M - LTC jnches 

Under actual conditions of normal cyclic 
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movement, the state of maximum com¬ 
pression or of no initial strain would 
never be present at the start of a heating 
cyde. Either part or all of the cable 
would be under maximum tension. For 
this condition, which is characteristic 
of uniform cyclic loading, the cable move¬ 
ment is given by the following formula: 

M - AEO{T - 2k/ABC)V2WD inches 

( 2 ) 

This formula is to be used up to the 
point where T - T^. At higher tem¬ 
peratures the formula to be used is 

M = LC(T - TJ2 - klAEC) (3) 

Equation 3 takes account of the tempera¬ 
ture rise being more than sufScient to 
overcome the effects of tension, com¬ 
pression, and the restraining force k in 
the manhole. Neither equation 2 nor 
3 takes account of flexing. The cable is 
conadered to act as an elastic column. 
Numerical values for use in these equa¬ 
tions are readily available except for the 
variables C, k, and P. 

The coeffici«it of thennal expansion 
of cable might differ somewhat from the 
co^dent of expansion of a copper bar. 
The coefifldent C for cable would there¬ 
fore indude, for example, the effect of 
buckling strands or restraint due to the 
sheath. No definite evidence that buck¬ 
ling occurs has ever been found in Chi¬ 
cago. The sheath does not appear to offer 
much restraint. The temperature change 

of the dieath is less than for the con¬ 
ductor, but this is almost exactly offset 
stable conditions by ^e greater 
coefSdent of thennal expansion for the 
lead sheath. The lag of the dieath 
temperature behind the copper tem¬ 
perature in normal load cydes may have 
some slight effect, but calculations con¬ 
firmed by one laboratory test diow that 
C for cable in ducts that are not sub¬ 
merged is about the same as for copper, 
that is, C “ 16.7 X approximately. 

The restraining influence k of the cable 
in the ihanholes is variable and data on it 
are scanty. For tj-pical horimntal and 
vertical offsets of the joint wth ^pect 
to the duct mouth, the force is estimated 
from one fuU-scale laboratory test to be 
roughly 300 pounds for a three-conduc¬ 
tor 500 , 000 -circular-mil 13-kv cable. It 
is assumed that the force of 300 pounds 
is bmlt up at some part of the heating 
cyde to oppose the expanaon of the 
into the manhole; then, as the 
cable cools down, the force drops to zero 
and builds up to 300 pounds in the op¬ 
posite direction. An installation of cable 

small offsets in the manhole 
would require a greater force to cause 
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Figure 9. Weekly 
data for cable move¬ 
ment over one year 

For 506-foot length 
of 69-l<v 2,100,000- 
circular-mi I single¬ 
conductor solid-type 
cable 


years. Usually the movement has been 
measured in adjacent manholes at the 
two ends of the length. In some cases 
the lateral movement of the joint has 
been obtained also. Data have been 
gathered at each location for periods 
ranging from one day. to one year. The 
instruments used for obtaining com¬ 
plete records such as shown in figure 6 are 


bending than one with large offsets, and 
the movement would be correspondingly 
less. The flexibility of the fireproofing 
used on the cable in the manhole has a 
marked influence. 

The coefficient of friction of cable dur¬ 
ing installation may vary greatly with 
different cable and duct materials, but a 
fair average value, based on many meas¬ 
urements of pulling strains during the 
past 12 years, is 0.5. This value has been 
used for D, and is probably accurate 
enough for any length of cable being 
pulled or pushed in a duct by cable 
movement, except where a long length is 
being pushed. In the latter case, it 
would be necessary also to include the 
effect of flexing in a duct and the result¬ 
ant component of pressure against the 
sides of the duct. This has not been 
included, as no values for such conditions 
were available. The friction coefficient 
under service conditions may be some¬ 
what reduced where there is vibration of 
the conduit. 

Figure 7 shows curves from equations 
1 and 3 for one type of cable. Field 
data are shown for comparison. The 
straight lines emanating from the origin 
are for the theoretical expansion of copper 
bar, which is given by equation 1. The 
parabolic fan of lines to the right is ob¬ 
tained from equation 3. The dashed 
line .is the calculated movement that 
would occur on an infinite length of cable; 
for example, regardless of length the 
total movement at the two ends could 
never exceed 1.7 inches for a tempera- 
tee range of 20 degrees centigrade. This 
is not due to flexing, since equation 3 
is not set up to take account of it. It is 
due solely to the fact that a large percent¬ 
age of the thermal expansion is taken up 
by longitudinal compression or tension in 
the cable. 

If flexing were taken into account, the 
calculated movement would be even 
smaller. It might be still further re¬ 
duced by the occurrence of enough flexing 
to make the cable anchor itself firmly in 
the duct at widely-separated points, 
thereby reducing the effective cable 
length. Although these phenomena are 
known to occur, the theory is conserva¬ 
tive in not takmg them into account. 

The movement follows the dashed line 


as long as compression is building up 
in the’ cable. When the maximum 
possible compression for the length under 
consideration has been reached, the move¬ 
ment thereafter becomes directly propor¬ 
tional to temperature rise and diverges 
along a straight line. The point of di¬ 
vergence occurs at large temperature 
rises for the longer lengths, for example, 
14 degrees, for a 600-foot length. This 
means that no matter how long a length 
of cable may be installed, its movement 
win be no greater than that of a 600- 
foot length, as long as the temperature 
range does not exceed 14 degrees. Afte 
the point of divergence is passed, longer 
lengths move more than short ones; but 
the 1,000-foot length in figure 7, for ex¬ 
ample, moves only 46 per cent more than 
the 600-foot length for a temperature 
range of 26 degrees. 

The difference between one type of 
cable and another is negligible as long 
as the ratio of conductor cross section to 
total cable weight is similar. The cal¬ 
culated movement for 69-kv 2,100,000-cir- 
cular-mil single-conductor cable and 5- 
kv 375,000-circular-mil three-conductor 
cable is about the same as for the 13-kv 
cable in figure 7. It is much less for 
heavy cables with small conductors, 


graphic recorders. Where only the limits 
of the movement are desired, the indicator 
shown in figure 8 is used. Since this is 
more convenient to install and maintain 
than the recording devices a large number 
have been put into use. 

A continuous record of cable move¬ 
ment for a year is shown in figure 9 for a 
length of 69-kv single-conductor cable. 
The record illustrates that movement 
has two components, the daily move¬ 
ment due to load cycles and the annual 
movement due to changes in ground 
temperature. The two solid lines fonn 
the envelope of the daily oscillations 
which are superimposed on the seasonal 
cyde. Both the seasonal and daily 
movements are fairly well distributed 
between the two ends of the cable. Field 
data obtained in many cases indicate 
that the probable distribution of move¬ 
ment between the ends of a length is 60 
and 40 per cent, although a 50-per-cent 
distribution is not uncommon, and, in a 
jfew cases for pmall movements, the entire 
^movement of a lengtli will appear at one 
end. The assumption used in Chicago is 
a 60- and 40-per-cent division of the total 
movement. 

The amual movement is usually larger 
■than the daily, but obviously only the 


Figure 10. Cable 
movement on a 69- 
kv line of the Cin¬ 
cinnati Gas and 
Electric Company 

O—^Slope of con¬ 
duit three per cent 
or less 

X—^Slope of three 
to six per cent 



such as 132-kv 600,000-circular-mil single¬ 
conductor cable with 719 mils of insula¬ 
tion. 

The condusions derived from the 
theory are strongly supported by the fidd 
data obtained on various cables at more 
than 250 locations during the past 16 


daily movement is of importance in 
causing sheath cracks. The annual move¬ 
ment may have some indirect effect such 
as changing the training conditions in the 
manhole or forcing the joint against the 
wall. In Chicago the seasonal range in 
ground temperature is about 18 degrees 
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centigrade. The usual daily range in 
copper temperature for 500,000-circular- 
niil three-conductor 13-kv cables has been 
about 8 degrees centigrade although it 
has on rare occasions reached 35 or 45 
degrees. 

Figure 7 shows that actual daily cable 
movement is usually less than indicated 
by equation 3, particularly for the higher 
temperature ranges. Some test points 
in the lower temperature ranges are 
higher than the calculated values, but 
this is partly due to errors in estimating 
the temperatures as indicated elsewhere 
in the paper; the cable movements in¬ 
volved, moreover, are small and rela¬ 
tively unimportant. The few recorded 
cable movements for the higher ranges 
that lie above the lines given by equa¬ 
tion 3 are probably for cables installed 
under different conditions than were 
assumed—^that is, less friction in the 
duct, smaller restraining forces in the 
manholes, a different initi gt state of 
tension or compression, or a combina¬ 
tion of these factors. To illustrate, data 
designated by T for 69-kv 2,100,000- 
circular-mil single-conductor cable have 
been inserted in figure 7. These points 
are all for 600-foot lengths of cable which 
were installed in winter and left without 
load until the middle of summer. Thus 
they were subjected to sufficient seasonal 
rise in ground temperature to approach 
maximum compression. Upon applica¬ 
tion of the first load cycle they would 
tend to obey equation 1; that is, the 
movements should be about the as 
the theoretical expansion of bar copper, 
and so they were. Subsequent daily 


movements have been normal, that is, 
much lower. 

The daily movement is less, in general, 
than calculated for all the many types 
of cables installed in Chicago, as illus¬ 
trated for the 13-kv cable in figure 7. 
This means it is safe to accept the cal¬ 
culated values as an upper limit of daily 
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movement. It strongly indicates also 
that flexing or anchoring of the cable 
in the duct often occurs. Undoubtedly 
other factors, such as abnormally high 
values of duct friction and restraint in 
manholes, help to decrease the move¬ 
ment in some cases, but certainly not in 
all cases. For some of the very low 
values plotted for the 400- and 500- 
foot lengths, the field records show that 
practically no movement occurred at one 
end of the length, which definitely indi¬ 
cates flexing and anchoring. Another 
such indication is the wide spread in 
recorded values of movement for any one 
length and temperature range; for 
example, for 300-400 feet and 18 degrees 
the movements range from 0.2 inch to 
1.06 inch. Any assumptions that now 
appear reasonable concerning variations 
in duct friction and manhole restraint 
can account for only part of this spread. 

It is concluded that there is no objec¬ 
tion, from the standpoint of cable move¬ 
ment, to the installation of cable lengths 
that are much longer than have usually 
been considered practicable in the past. 

Some installations of long single lengths 
of cable in normal underground ducts 
have been made in Cinciimati. The 
cable is 500,000-circular-mil, single-con¬ 
ductor, 69-kv, oil-filled with 315 mils 
insulation and V« 4 -iuch lead sheath. 
Cable movement data, for which the 
author is indebted to the Cincinnati Gas 
and Electric Company, are shown in 
figure 10, along with the theoretical 
movement calculated from equation 3. 
The cable movement was entirely in 
accordance with what would be expected 


from the previous discussions herein; 
for example, the movement for 960-1,000- 
foot lengths is only slightly greater than 
for 500-foot lengths, and the movement 
is generally much less than for 13-kv 
500,000-circular-mil three-conductor cable 
in which the ratio of copper cross- 
section to cable weight is relatively much 
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Figure 12. Sheath aacks developed in the 
dummy manhole tests 

Top—Cracks on straight cable near the duct 
mouth 

Bottom—Cracks-adjacent to the joint wipe 

greater. These data are of interest also 
because some of the conduit sloped con¬ 
siderably, while Chicago conduits are 
almost always horizontal. There was a 
tendency for the cable movement at the 
downhill end of a sloping length to exceed 
the movement at the uphill end, but no 
permanent downhill migration was found. 
This is in accordance with the theory 
which indicates that downhill creep would 
occur only for shorter cable lengths or 
larger temperature ranges than prevail 
in Cincinnati. 

Sheath Life 

During 1920-24, the importance of 
sheath cracks on the Chicago underground 
system was coming to be fully appreci¬ 
ated, partly because the number of 
sheath repairs and line failures due to 
cracks was too high. In 1925, inspec¬ 
tors examined as many of the 24,000 
manholes as was feasible, with the result 
that 500 or 600 sheath cracks were fotmd. 
Many of the manholes were found to be 
too small from the standpoint of cable 
movement, and the protection at duct 
mouths and supports was fotmd to be 
inadequate to prevent wearing of the 
sheath. A program for remedying these 
deficiencies was instituted and has since 
been vigorously followed, with the result 
that two-thirds of the present manholes 
conform to present standards. The pres¬ 
ent standards for straight-type manhole 
sizes are 8 feet by 4 V 2 feet for manholes 
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Figure 13. Sheath cracks on 500,000-clrcu- 
lar-mll three-conductor 13.kv cable 


1— Lengths 400-500 feet 

2— Lengths 300-400 feet 

3— Lengths 200-300 feet 

4— Lengths 100-200 feet 

5— Lengths 0-100 feet 

6 — ^Total rate for afl lengths 


to contain three-conductor S-ky cable 
with conductor sizes of 375,000 circular 
mils or less, 10 feet by 6 feet for three- 
conductor 600,000- or 650,000-circular- 
mil 13-*kv cable, 11 Vs feet by 6 feet for 
.750,000- or 1,000,000-circular-mil solid- 
type 69-kv cable, and 13 feet by 6 Vs feet 
for 2,100,000-circular-mill solid-type and 
oil-filled-type 69-kv cable. The minimum 
headroom is 6 feet in all cases. 

As a result of the rehabilitation pro¬ 
gram, the number of sheath cracks found 
p^ year has been cut approximately in 
half. About 86 per cent of the sheath 
cracks on the transmission system are 
found and repaired before they develop 
into electrical failures. The: methods of 
repair have evolved and improved some¬ 
what with time. At best, however, op¬ 
erating experience has demonstrated 
that many of the repairs are satisfactory 
for only a limited time. 

Laboratory studies, carried on along 
mth the rdiabilitation program have con¬ 
sisted mainly of tests made in the full- 
sized “dummy** manhole illustrated in 
figure 11. The manhole is of the stand¬ 
ard octagonal shape used in Chicago, with 
the ducts at the middle of the end walls. 
The length is adjustable. In a test, a 
20- to 25-foot length of cable is used. 
The training, jointing, and fireproofing are 
varied to suit the test, but are done in 


accordance with field procedure. A 
motor-driven device imparts the desired 
amount of reciprocating motion to the 
cable at both duct mouths in order to 
simulate cable movement. The duration 
of a test cycle is either 70 or 110 seconds. 
Three-hundred-twelve cycles are taken 
as the equivalent of one year of life. Tn 
order to indicate sheath failure, oil pres¬ 
sure is supplied to the joint. The ap¬ 
pearance of oil or cable compound shows 
a sheath crack. Figure 12 illustrates the 
appearance of the cracks. They are 
similar to cracks developed in sheaths in 
sepice and their division among joint 
wipes, duct mouths, and bends is about 
the same. 

Sixty-seven tests have been made and 
more are planned. Many of the test re¬ 
sults ^e not directly applicable to prob¬ 
lems in the present study. However, 
they confirm, in general, the proposition 
that sheath life is greater for longer man¬ 
holes and for greater offsets between axes 
of joints and cable at the duct, but the 
data are not sufiSdent to determine nu¬ 
merical relationships. Some calcula¬ 
tions, however, indicate that an increase 
in offset is two or three times as effective, 
within limits, in prolonging sheath life 
as an equal increase in length of bends. 
This benefit of increased offsets is based 
on no acconipan 3 ^g increase in con¬ 
centration of bending at the duct mouth 
and jomt wipe. Tests indicate that 
sheath life is shortened by concentration 
of bending as occurs in service. Studies 
are being made of schemes to prolong the 
sheath life in small manholes that cannot 
be enlarged. 

Some definite figures on the life of 
various sheaths under certain conditions 
have been obtained. The finriings for 
two types of sheaths on 13-kv and 69-kv 
cables instafled in “standard” sized man¬ 
holes are summarized in table VII. The 
average life of commercially pure sheath 
of 13-kv three-conductor 500,000-circular- 
mil cable is about 20 years, when inatailod 
in a ma^ole ten feet long from duct to 
duct, with an <affset of 19 itirhes (18 
inches horizontal, 6 inches vertical), with 
a cable movement of 0.7S inch at each 
duct mouth and with the joint free to 
move on the supporting bracket 
The duty on the sheaths of cable in 
actual service has been considerably less 
severe than in the tests as far as cable 
movement is concerned, but more severe 
with respect to manhole conditions, es- 
spedally for lines which were installed in 
rrmnholes built 12 or more years ago. 
Different lines have, of course, been sub¬ 
jected to different conditions, especially 
as to loading. 


Table VII, Life of Sheaths in Dummy Man¬ 
hole Tests 


Kind of sheath Commercially Calcium-type 

pure lead lead alloys 
Kind of cable 500.000-circular-mt!, three-con- 

ductor, 13-kv 

Number of tests 9 2 

Sheath life in years: 

Minimum.9.6. 31 6 

Average.20.8. ../.[zS.Z 

Maximum.34.6.45 q 

Kind of cable 750,000-circuIar-mil, singlc-con- 

-- ^ , ductor, 69-kv 

Number of tests 4 5 

Sheath life in years: 


Minimum. 9.6. 38 2 

.18.6. .'87 .'8+ 

Maxuniim..23.8....80.0-1- 


Notb: Movement at each duct mouth was about 
0.75 mch. The sheathing of cable with caldum- 
type alloys was done on an experimental basis. 


The effect of differences in loading is 
seen in the fact that 46 per cent of the 
cracks that occurred in 500,000-circular- 
mil three-conductor cable operating at 
12 ky during the five-year period 1933-37 
were confined to the 13 per cent of the 
Hnes which carried the heaviest loads. 
Obviously, some lines must carry rela¬ 
tively heavy loads. These lines had nor¬ 
mal cable movement for daily tempera¬ 
ture ranges of about 15 degrees centi¬ 
grade during the 11-year period 1927-37, 
whereas the average range for the re¬ 
maining 87 per cent of the 12-kv lines in 
the same period was only 7 degrees, with 
correspondingly less movement. The 
effect of small manholes and of inadequate 
protection at duct mouths and supports 



NUMBER OF YEARS IN SERVICE 

Figure 14. Effect of loading on sheath cracks 
in 500,000-circular«mll three-conductor 13-kv 
cable 

Averase Loadins of Lines During 1927-1937 (Amperes) 


Curve 

Range 

Mean 

A. 


Q*»*7 

B.,. 


ooe 

C. 


<1*TC 

D. 

.All lines. 
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was to shorten the life of the cable. In 
spite of the rehabilitation program, the 
effects of previous conditions are still 
being felt. For example, in 21 out of 29 
typical cases of sheath cracks occurring in 
1937, there were prominent contributing 
factors such as small manholes, wearing 
at old duct mouth before manhole was 
enlarged and adequate protection pro¬ 
vided, and abnormalities in sheaths such 
as solder patches applied for bond-wire 
connections or repairs of former cracks. 
All of the 29 cables involved were 10 to 
15 years old. 

Similar findings in var 3 dng degrees 
^so to the cables operating in 
Chicago at 120 to 33,000 volts, ap¬ 
preciable percentages of which were in¬ 
stalled before protection and training had 
been improved. They do not apply to 
the 66-kv and 132-kv cables, which were 
all satisfactorily protected against wear¬ 
ing and were installed largely in man¬ 
holes that still appear to be of sufficient 
size for the usual daily temperature ranges 
of 5 to 15 degrees centigrade that have 
prevailed. The measured daily cable 
movement has been about 0.1 to 0.5 inch 
at each duct mouth, with an average of 
about 0.25 inch. Assuming that the 
sheath life is inversely proportional to 
the amount of daily movement, then, ac¬ 
cording to table VII, an average sheath 
life of about 50 years would be expected, 
with a possible minimum of about 25 
years. It is still too soon to tell what 
the actual sheath life will be, although a 
few cracks have occurred, most of them 
at bond wipes or where the sheath was 
damaged. The oldest lines have been in 
service 12 years. 

The life of 13-kv cable sheaths has been 
studied to determine the influence of the 
age, loading, and length of the cable, with 


the results shown in figures 13 and 14. 
About 7 or 8 years after installation a few 
lengths developed sheath cracks. After 
15 years of service the number of cracks 
has been about two per cent of the number 
of lengths, some lengths having more than 
one crack. The longer lengths developed 
about twice as many cracks as the short 
lengths, but lengths over 400 feet did not 
have many more cracks than those be¬ 
tween 300 and 400 feet. This is to be ex¬ 
pected from the relative amounts of cable 
movement. Also, the lengths over 400 
feet are often part of installations in ex¬ 
ceptionally favorable locations. For ex¬ 
ample, such lengths are common on 12- 
kv lines installed along with 66-kv lines, 
for which especially long manholes are 
provided. 

The rate of cracking was much higher 
on the lines that had higher average loads. 
Figure 14 shows that the group of lines 
having the highest average weekday 
loads (277 amperes) developed about 
130 cracks per 1,000 lengths after 15 years 
of service compared to 30 cracks per 
1,000 lengths for moderately-loaded lines 
(225 amperes average) and 5.6 cracks per 
1,000 lengths for Hghtly-loaded lines (175 
amperes average). In this study the load 
for each line was treated as follows: 

(a) . The maximum three-hour average 
load for each week in the year was taken 
from the records; and the average of these 
52 values was called the yearly average. 

(b) . The yearly average was determined 
for each of the 11 years in the period 1927- 
37, inclusive. 

(c) . The over-all average of the 11 yearly 
averages was used for the average load on 
each line. 

The individual lines were grouped in ac¬ 
cordance with their average loads, as in¬ 
dicated in figure 14, which shows the 


Table VIII. Effect of Increased Loads on Sheath Life of 500,000-Circular-Mil Three-Conductor 

Cable Operating at 12 Kv 


Average of Lighter-Loaded Lines 

(87 Per Cent of Total) Average of Heavier-Loaded Lines 


Former Future Former Future 

Conditions Conditions Conditions Conditioiu 


Average of weekday maximum loads 


(amperes)...195 


.277 

.300 

Daily range in copper temperature 

(deg C). 7 

. 10 

. 15 

. 18 


Average cable movement at a duct 
mouth In inches: 


0 - 200 -foot lengths. 

.. 0.025. 

. 0,046..., 

... 0.07 .... 

... 0.09 

200-300-foot lengths. 

.. 0.06 . 

. 0.11 _ 

... 0.204_ 

... 0.26 

300-400-foot lengths. 

.. 0.06 . 

. 0.16 .... 

... 0,312.... 

... 0.40 

400-500-foot len^hs.. 

.. 0.06 . 

. 0.19 .... 

... 0.400.,.. 

... 0.62 

over 600-foot lengths. 

.. 0.06 . 

. 0.19 .... 

... 0.466.... 

... 0.626 

Approximate number of sheath cracks 
in per cent of lengths in 15 years: 
In 200-300-foot lengths. 

.. 1.0 . 

.* 2.6 

... 9.2 . 

... 14 

In 400'foot and longer lengths. 

1.4 . 

.. 6.8 . 

,...46* . 

... 66 * 

In all lengths.i. 

... 1.8 . 

.. 3.4 ..... 

... 13.0 . 

... 19 


* Based on relatively meager data. 
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mean for each group and also the grand 
average for ah fines. 

One very important application of tiie 
findings on cable movement and sheath 
fife is the determination of the effect of 
increased loading. For example, the 
loading on the 13-kv cables in Chicago i?; 
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DISTANCE FROM DUCT MOUTH-FEET 

Figure 15. Temperature gradients of empty 
ducts at typical locations 


being increased to provide greater trans¬ 
mission efficiency. An increase over the 
past 11-year loading of about 18 per 
cent in the average load is expected for 
the 87 per cent of the lines that cany* 
the lighter loads. The increase for the 
remaining lines, which cany the heavier 
loads, will probably be held to about 8 
per cent to limit sheath cracking. The 
probable effect on the fife of the cable 
sheaths over a period of years is indicated 
in table VIII. 

The increased rate of sheath cracking, 
excluding the effects of increasing age. 
would boost the total rate of cable failures 
from 3.2 to about 3.8 failures per 100 miles 
per year, assuming that the present ef¬ 
ficiency of locating and repairing sheath 
cracks will be maintained and no sub¬ 
stantial changes in manhole conditions 
take place. The increase does not ap¬ 
pear alarming at first, but it is to be ex¬ 
pected that most of the additional fail¬ 
ures will appear on the more heavily 
loaded lines and result in a high rate for 
those fines. There are reasons for sup¬ 
posing that the fife of sheath would de¬ 
crease somewhat faster than the cable 
movement increases. There would be a 
considerable increase, also, in the time 
and expense of repairing ^eath cracks. 
On some of the heavily-loaded lines, 
cable replacements might be necessitated 
because of excessive cracking in certain 
manholes. 

The present study is limited to about 
15 years because of scanty data on older 
cables. For this reason, any figure for 
the total sheath cracks on older cables 
could be obtained only by extrapolation 
on figure 14, with possible error. The 
number of sheath cracks on the oldest 
cables having the heaviest loads is prob¬ 
ably higher than normal now due to 
fingering effects of former manhole con¬ 
ditions. These effects will gradually dis¬ 
appear as the cables with damaged 
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sheaths are weeded out, but an upward 
trend in sheath cracks and service fail¬ 
ures with increased loading and age will 
remain. 

The magnitude of movement which is 
producing sheath cracks is 0.6 inch and 
less at each duct mouth for almost all of 
the cases involved. This movement is 
less than might have been expected to 
cause such cracks and less than that 
which gave an average sheath life of 20 
years in dummy manhole tests. 

One way of obtaining increased loading 
•efficiency without seriously reducing the 
sheath life would be to make the man¬ 


Fi^urelT. Seasonal 
variation in ground 
temperature at vari¬ 
ous depths 

Curve for four feet is 
used ds general am¬ 
bient 

before the full advantage of installing are the highest, and 15 of them make 
such cable could be realized on an under- some routine conduit temperature meas- 
ground system. urements. 



Part ilL Heating Characteristics 
of Conduits 


Annual Temperature 
Surveys of System 


holes still longer and wider, notwith¬ 
standing the small amount of movement 
involved. This has the obvious disad¬ 
vantages of requiring great time and ex¬ 
pense and of not being alwa 3 rs feasible 
owing to lack of space in the streets. 
Another method is to try to improve 
other conditions affecting movement 
and cracking, but the prospects are not 
too bright for such a solution. A better 
method is to obtain more resistant sheath. 

The results of the dummy manhole 
tests (see table VII) show definitely that 
the life of caldum-type lead alloy sheaths, 
which were furnished on an experimental 
basis, is at least twice as great as for 
commercially pure lead. Such alloy 
sheaths have outstanding resistance also 
to radial creep and to abrasion, mfllring 
for an ideal combination of qualities. 
Lead containing two per cent tin was no 


Some work on determining tempera¬ 
tures of conduits has been done in Chicago 
since 1910. From 1923 on, however, 
such work has been unusual in that it has 
been on a continttous basis for the entire 
city and has been supplemented with 
many special investigations. The re¬ 
sultant data have afforded a continuous 
basis for determining the allowable load¬ 
ing of cables and the allowable number 
of cables to put into a given conduit, with¬ 
out the necessity for large factors of safety 
to take care of unusual or unforeseen varia¬ 
tions in the heating characteristics and 
without danger of the conduit tempera¬ 
tures and resultant cable temperatures 
materially exceeding the maximum values 
expected from survey data and calcula¬ 
tions. This eliminates such fears as 
were expressed in a 1921 AIEE meeting^® 



Figure 16. Load 
and temperature rec¬ 
ords for a 69-kv 
750/000-circular- 
mil single-conduc¬ 
tor solid-type cable 


more resistant to bending in a few tests 
than commercially pure lead, and anti¬ 
mony alloy was less resistant. 

It seems that for many cables the ex¬ 
pected time of present-day commercial 
•sheaths to cracking in manholes is only 
one-third to two-thirds of the life of the 
insulation, at least for Chicago. Appar- 
•ently better sheath materials are needed 
to resist the effects of cable movement. 
Then a halmced cable design will become 
available, but rt would be many years 


The operating man does not know 
where the hottest spot in his system is, 
and from the operating man's point of 
view, as I see it, I should prefer to keep 
the rating down to a reasonably con¬ 
servative basis," 

An inquiry just made by the author 
concerning the practice of 18 utilities in¬ 
dicates that most of them (having over 66 
per cent of the cable in the country) 
closely follow the temperatures of con¬ 
duits and cables where the temperatures 


In connection with operating the sys¬ 
tem or with proposed additions to it, the 
Commonwealth Edison Company makes 
routine and special surveys of conduit 
temperatures tyeiy year, thereby meas¬ 
uring 2,500 to 6,000 spot temperatures. 
These surveys 3 rield considerable infor¬ 
mation also on water conditions. Most 
of these data are obtained in the summer, 
which is almost always the time of highest 
cable temperatures, even though the 
loads may be heavier in the winter. 

The duct temperatures are obtained 
with mercury thermometers attached to 
a steel tape and inserted 20-25 feet into 
the apparently hottest empty duct. As 
illustrated in figure 15, the results of 
numerous detailed surveys of tempera¬ 
tures between manholes have indicated 
that temperatures taken 20 feet from the 
duct mouth are not influenced by man¬ 
hole air. This is contrary to the opinion 
that temperatures taken 5 or 8 feet from 
the duct mouth are satisfactory and to 
another statement that 25 feet” is not 
far enough. 

To obtain air temperatures in a duct 
containing cable, it is necessary that the 
cable fireproofing be broken away at the 
duct mouth and then later replaced. In 
addition, it appears difficult to get con¬ 
sistent results on the air temperature with 
a temperature-indicating device inserted 
between the cable and the duct, where 
the clearance is often only one-half inch. 

The gas-filled bulbs of about 36 record¬ 
ing thermometers are installed approxi¬ 
mately 25 feet into the hottest duct in the 
hottest location found in the ann^ia l sur- 
ve)rs for each important line and in¬ 
stalled also at other special locations. 
At any other location along the route 
of the line, the temperature may be esti¬ 
mated at any time during the year on 
the basis of records from these ther¬ 
mometers along with t^nperatures and 
other data obtained in the atini iftl survey. 

A record is kept for each location having 
a recording thermometer as indicated in 
figure 16. Another Chicago practice is 
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Figure 18. Tem¬ 
perature gradient 
laterally from con¬ 
duits 


to determine and record for each week 
the maximum load and the maximum 
three-hour average load for each line 
operating at nine kilovolts and over. 
Periodic load checks are made for lower- 
voltage cable. 

Recording thermometers are installed 
at various depths in the soil at two lo¬ 
cations remote from all other sources of 
heat for the purpose of establishing am¬ 
bient earth temperatures. As indicated 
in figure 17, the annual variation in 
ground temperature becomes less with 
depth. The heating characteristics of a 
conduit section are based on the tempera¬ 
ture rise of the air in that conduit above 
the ambient earth temperature corre¬ 
sponding to its depth. 

Special Surveys 

When large irregularities in the heating 
conditions along a section of conduit are 
indicated or suspected—such as an ex¬ 
ternal source of heat being close to a 
portion of the conduit—then longitudinal 
temperature surveys are made. A 410- 
foot cable with thermocouples attached 
at 20-foot spacings is used. After this 
cable is installed in a selected empty 
duct, it may be moved to permit tempera¬ 
ture readings at any desired spacing. 

Usually the duct-temperature rise var¬ 
ies less than 10 per cent along the conduit 
section, except for tlie end 16 feet or so. 
Where one conduit crosses another, the 
temperature rise has been found to be as 
much as five or ten degrees centigrade in 
excess of normal. Another example of a 
special case occurred where a leaking 
steam main crossing the conduit created 
an excess temperature rise of about 60 
degrees. 

In 1926, thermocouples were installed 
in a plane at right angles through the 
conduit at ten different kinds of loca¬ 
tions. At each location 20 thermo¬ 
couples were placed in the periphery of 
the conduit and in the soil for 2 feet on 
each side of the top and bottom and for 


16 feet each way from the sides. The 
principal findings are illustrated in the 
typical curves in figure 18. This study, 
together with other field observations, 
indicates that from 70 to 85 per cent of 
the total temperature drop from the hot¬ 
test empty duct to the base earth tem¬ 
perature occurs from the side of the con¬ 
duit and through soil, provided the width 
of the conduit is four ducts or less. Fur¬ 
thermore, separations, even though small, 
of adjacent conduits are found helpful. 
To make the heat effect of one conduit 
on an adjacent conduit negligible, the 
separation between conduits should be 
about twice the combined height of the 
two conduits, although separations over 
15 feet are probably unnecessary. A 
slight advantage in heat conductivity 
was indicated for conduits using precast 
concrete ducts as compared to fiber ducts. 

In 1936, thermocouples were installed 
transversely through a variety of con¬ 
duits at four different locations mainly 
to aid in determining what value of ther¬ 
mal emissivity should be used for the 
sheaths in connection with calculating 
the rise of the sheath above empty-duct 
temperatures. Typical cross sections are 
shown in figure 19. 

Although it had been appreciated that 
the temperature rises through conduits 
varied considerably with circumstances, 
the results obtained, as illustrated in 
figure 20, were surprising. If the empty- 
duct temperature is used as the ambient, 
then even for the cable in the hottest 
ducts it appears conservative, especially 
for the heavier loads, to employ the usual 
sheath emissivity constant of 1,200 
degrees centigrade per watt per square 
centimeter. With reference to the air 
surrounding a cable in a duct, the sheath 
emissivity constant is usually 550 or 
less. These statements are based on 
the fact that for losses of four watts or 
more per foot of cable, most of the sheath 
temperature rises were below the lines 
drawn on figure 20 to correspond to the 
sheath emissivity constants of 1,200 and 


550, respectively. Chicago data, to¬ 
gether with other data, indicated also 
that the rise in temperature between the 
air in the occupied duct and the air in 
the hottest adjacent empty duct may be 
roughly, one degree centigrade per watt 
per foot of cable. Kkke}^ has indicated 
that the unit temperature rise of the 
sheath decreases as the cable losses (and 
sheath temperature) increase, and it ap¬ 
pears that this phenomenon might well 
be taken into account for, particularly, 
very high loads, although it has not 
usually been done in Chicago. 

The above tests showed that, con¬ 
trary to the findings of some authors, 
not all the heat comes to the ground 
surface during each season of the year. 
Usually in the summer the top row of 
ducts is hotter than the bottom row'. 
The test results confirm the previous 
finding that the comer ducts are cooler 
by a small margin over other outside 
ducts. 

Other Results of Surveys 

Heating characteristics of conduits 
have been foimd to vary with the follow¬ 
ing conditions, excluding the effects of 
whatever neighboring structures may be 
present: type of soil, moisture content of 
soil, season of the year, size and material 
of duct, number and configuration of 
ducts, depth of conduit, and number of 
cables installed,Considerable in¬ 
formation has been published on the first 
two items. In Chicago, the tempera¬ 
ture rise of the conduits in the soil having 
the poorest heat-dissipating characteris¬ 
tics is five times the rise in the best soil, 
all other conditions being the same, and 
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Figure 19. Installation of thermocouples in 
underground conduits 

Thermocouples were placed in air or attached 
to sheath as indicated, and leads were imbed¬ 
ded in concrete of conduit and soil up to 
special terminals near street surface 
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SHEATH TEMPERATURE RISE — DEG C 


excluding conduit under water. For 
the soils usually encountered, this ratio is 
1.4 to 1. The conduit and soil dissipate 
the heat less readily in the summer than 
in the winter, the variation being from 1.3 
to 1. 

An increase in duct size increases the 
perimeter of the conduit and, thereby, 
decreases the unit thermal drop to base 
earth. Increasing the depth of the con¬ 
duit may bring the conduit in contact 
with vretter soil,^® but imless water is 
reached this is counterbalanced by in¬ 
creased length of the path of the heat 
flow to the ground surface. 

As illustrated in figure 21, the duct 
temperature during any 24-hour period 
almost always varies only a few degrees, 
or less, and this variation is generally less 
than 15 per cent of the temperature rise 
of the duct above ambient earth, even 
though the cables have daily load factors 
of only 50 or 60 per cent. In view of such 
data, the conduit heating constants for 
determining the temperature rise for the 
hottest empty duct are calculated on 
the basis of the average heat loss dining 
the 24-hour period. The maximum duct 


temperature usually occurs two hours 
after the maximum heat load. 

Except for week ends or during emer¬ 
gencies, the heat generated does not vary 
considerably from day to day. In emer¬ 
gencies, correction must be made for the 
effect of the excess heat generated over 
the usual amount of heat; and it has been 
found that the temperature rise due to this 
excess reaches 40 per cent of its ultimate 
value in one day and 60 per cent in two 
days. These attainment factors are 
much lower and much higher than those 
given by some other investigators. 

Instability of the heating constant has 
been found where tlie soil around the 
conduit was unusually dry and perhaps 
full of sizable voids, and where the duct 
temperature was somewhat above 50 de¬ 
grees centigrade. An example of what 

Figure 20. Temperature rise of sheaths above 
air in four conduits 

Ali rises have been corrected to cable with 
2V8-inch diameter when diameter was differ¬ 
ent. One type of point In graph for each 
location 


Table IX. Heating Constants for Under¬ 
ground Conduits 


Heating Constant in Deg C per 
Average Watt of Loss Over 24 Hours 
per Foot of Conduit 


Winter 

Summer (Novem- 

(June 1- ber 1- 

Number of October 31) _ May 31) 


Dttcts 

Chicago KELAn 

Eirkei< 

Chicago 

4. 

.1,42.. 

..0.93.. 

..1.5 .. 

..1.26 

6 . 

..1.17.. 

..0.82.. 

..1.2 .. 

..1.04 

8 . 

..1.02.. 

..0.77.. 

..1.0 .. 

..0.91 

9. 

..0.98.. 

..0.77.. 

..1.0 .. 

..0.87 

12 . 

.0.89.. 

..0.74.. 

..0.86.. 

.,0.79 

16. 

..0.79.. 

..0.72.. 

..0,75.. 

..0.70 

20 . 

..0.72.. 


..0.67.. 

..0.64 

24. 

..0.64.. 


..0.60.. 

..0.57 


Note: Above is based on only the outside ducts 
being occupied with cables carrying load. 


may occur in such rare circumstances 
when the heating load in the conduit in¬ 
creases substantially above its usual 
value is illustrated in figure 22. In a few 
days the heating constant increased from 
1.8 to 2.9 degrees centigrade per watt 
per foot of conduit. Even in this case 
the daily range was not more than 20 per 
cent of the duct-temperathre rise. 

In January 1921 a rare record of heat¬ 
ing load of conduit and duct temperature 
was obtained on a short length of heavily- 
loaded conduit adjacent to a d-c substa¬ 
tion. The conduit had 30 ducts con¬ 
taining 25 cables. The. load on these 
cables was heavy for eight hours of each 
day, and light the remainder of the time. 
The maximum duct temperatures for the 
first five weekda 3 rs were, respectively, 
80, 89, 94, 94, and 96 degrees centigrade 
with a daily variation of 20-25 degrees. 
The soil was a little better than average 
from a thermal standpoint. Since all 
cables involved were operating at 115 
volts direct current, no cumulative cable 
heating resulted. 

From studies of the two experiences 
cited, as well as considerations of soil 
characteristics in general, it appears that 
the maximum allowable duct tempera¬ 
ture, if serious drying out of poor soil is 
to be avoided, is about 50 degrees centi¬ 
grade. This limit agrees with Church’s 
general recommendation.®® For fair or 
average soil, this limit might be increased 
about 10 degrees; and for compact soil 
containing over 15 per cent moisture still 
furtlier increases seem justifiable, al¬ 
though they are unlikely to be useful. 

For a given conduit containing a given 
number of cables, the temperature sur¬ 
veys have indicated that the heating 
constant for a given time of year may 
vary considerably from the average in 
previous years. This is one outstanding 
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Figure 21. Heat and temperature variations 
in a conduit 


reason for making temperature surveys 
year after year. Detailed studies for 
298 locations in Chicago showed varia¬ 
tions ranging-from 0 to about 60 per 
cent, ^the average being 20 per cent. 
The variations in percentage were less 
for the poor but fairly stable soils. 

Heating constants for fair conditions 
with only outside ducts occupied are 
given in table IX. In Chicago, many 
center ducts are occupied by small cables 
used for rela 3 dng, signals, and voltage 
indications. 

When data from temperature surveys 
and cable loads indicate that changes 
should be made in order to avoid exces¬ 
sive temperatures, the procedures suc¬ 
cessfully used are' illustrated by the 
following: 

1. When the problem requires an im¬ 
mediate solution, the conduit is usually 
flooded. 

2. The soil around the conduit, especially 
when the heating characteristics are poor, 
may be replaced with bank-run sand and 
gravel. In such cases the replacement is 
for the soil from the surface to a depth in 
line with the bottom of the conduit and 
extending for about two feet on each side of 


Toble X. Maximum Allowable Temperatures 
for Some Chicago Cables 


Rind of Cable 

Maximum Copper 
Temperature Used 
(Deg C) 

Opera¬ 

ting 

Volt¬ 

age 

(Rilo- 

TOlts) 

Number 

of 

Con¬ 

ductors 

Type 

For 

Normal 

Rating 

For 

Emer¬ 

gency 

Rating 

0.12. 

. .Any..., 

. Solid . 

. 85 . 

. 106 

4 . 

..Any.... 

. Solid . 

. 86 . 

. 105 

9 

.. 3 ... 

.Old rosin. 

. 81 . 

95 

9 

.. 3 ... 

. SoUd . 

. 81 . 

95 

12 

.. 3 ... 

.Old rosin. 

. 77 . 

90 

12 

.. 1 ... 

. SoUd . 

. 80 . 

. 100 

12 . 

.. 3 ... 

. SoUd . 

. 77 . 

90 

66 

.. 1 ... 

. SoUd . 

.58 or 60. 

. 60 or 65 

132 . 

.. 1 ... 

.OU-filled . 

. 70 . 

80 


Notbs; Three-condactor cable is of bdted type; 
same cable of a given dedgn is used for 9 and 12 kv. 
Temperatures for normal ratings are in accord with 
present rules. Above limits are used for the 132- 
kv cable already in service, because they give ample 
ratings for system requirements. 
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the conduit. In one case, for instance, the 
result of this replacement for a 16-duct con¬ 
duit was to reduce the heating constant 
from a range of 1.65-2.23 to 1.05-1.32. 
Since this conduit contained 12 single- 
conductor 13-kv cables which together 
served one side of a large transformer, it 
was not feasible to remove any of the 
cables. Even where it is feasible to remove 
cables, it has been found more economical in 
some cases to replace the soil instead. 

3. One or more cables may be removed 
from the conduit. 

4. The existing cable may be replaced with 
cable having a larger conductor. 

6. A ventilated manhole may be installed 
where one conduit or a steam main crosses 
another conduit. 

6. A steam main crossing a conduit may be 
specially insulated, and the separation per¬ 
haps increased. 

In general, 9- or 12-duct conduits are 
the most economical in Chicago from an 
over-all standpoint, except where space 
is limited, in which case a greater number 
of ducts must be used. On' the other 
hand, if it is known that the total number 
of cables will not exceed, say, four, then a 
4-duct conduit should be built. On the 
Chicago S 3 rstem about 17 per cent of the 
total length of all ducts is in conduits 
having more than 12 ducts. The pres¬ 
ent trend in construction will reduce this 
percentage. 

Part IV. Principles and Methods 
of Calculation 

The method of calculating the ratings 
is in line with literature prepared by 
Simmons*^ and others. The chief prin¬ 
ciples and assumptions follow: 

(a). Thermal resistivity of the insulation, 
the value of which is based mainly on 
Chicago tests, is taken as 650 degrees centi¬ 
grade per watt per cubic centimeter for 
oil-filled cable, 600 for solid-type 69-kv 
cable, 660 for modem solid-type 6- to 36-kv 
cable, 800 for lower-voltage cable, and 900 
for old rosin-impregnated cable. 

(&). The thermal emissivity of the sheath 
is assumed to represent the thermal drop 
from thfe sheath to the air in the hottest 
unoccupied duct, and based partly on some 
test data is taken as 1,200 degrees centigrade 
per watt per square centimeter for cable 
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Rgurc 22. Temperature characteristics for a 
thermally unstable conduit 


with a diameter of three inches or more. 
For smaller cable the constant used is 
smaller, for example, 1,165 and 1,005 for 
two- and one-inch cables, respectively. 
For three cables in a duct, the equivalent 
surface is taken as 2.25 times the surface of 
one of the cables, while for two cables it is 
taken as 1.83 times the surface of one cable. 

W. In calculations of a-c resistance of 
cable, corrections are made for skin effect, 
copper proximity effect, and sheath losses. 
Skin effect is determined from Ewan's 
curves.** The copper proximity for multi¬ 
ple-conductor cable is usually assumed to be 
one-half the skin effect except for “com- 
p^k” conductors, where it is considered as 
zero. The sheath losses in the three-con¬ 
ductor cable are calculated on the basis of 
Meyerhoff's** formula. For segmental sin¬ 
gle-conductor cable, the magnitude of the 
skin effect is assumed to be the same as for a 
conductor having a d-c resistance equal to 
2.6 times the resistance of the conductor 
under consideration. 

(d) . The dielectric losses are determined 
from test data. For each type of cable a 
conservatively high dielectric loss-tempera¬ 
ture curve is used. In determining the 
temperature rise of the conductor above 
sheath, it is assumed that the entire dielec¬ 
tric loss passes through one-half of the insu¬ 
lation resistance for single-conductor cable 
and through two-thirds of the insulation 
resistance for three-conductor cable. 

(e) . The cable dimensions are approxi¬ 
mated for the cable as furnished. For in¬ 
stance, the sheath thickness is taken as 
being five per cent more than the nominal 
thickness, and the insulation thicknesses 
for 13-kv cable are taken as being six per 
cent more than the nominal thicknesses. 

(/). In the calculation of general ratings* 
the heating constant is based on fair soil 
and on normal depth of conduit. In the 
determination of load ratings for special 
cases, investigation is made of conduit and 
ground conditions pertaining to each case 
to determine the specific heating constant 
applicable, 

(g). Ground temperatures are taken as 
practically the highest that will occur during 
the two periods of the year, that is, 14 and 
23 degrees centigrade for winter and sum¬ 
mer, respectively, for conduits at normal 
depths. 

Qi). For general ratings, the first calcula¬ 
tion, which is important, is based on the 
most prevalent size and on conservatively 
large conduit sections. 
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Table XI. Load Ratings for Typical. Gibles in Chicago 



(«)• The characteristics of the loading of 
the cable as to daily load factor, heating 
load factor (ratio of average loss during 24 
hours to loss corresponding to average load 
over the three-hour marimum period), 
and ratio of usual daily marimiiTn three- 
hour average load to normal rating are 
based on present and expected future trend. 
This three-hour average load is usually five 
or eight per cent below the very mflyiTmitn 
load during a day and gives a good prac¬ 
tical value to use in determining tempera¬ 
ture rise of a cable. The heating load 
factor is usually taken, for instance, as 60 
per cent for 13-kv three-conductor cable 
and as 70 per cent for 69-kv single-conduc¬ 
tor cable! and the ratio of daily maximum 
toee-hour average load to normal rating 
is taken as 68 and 90 per cent for the two 
cables, respectivdy. An example of an 
exception is for nine single-conductor cables 
feedmg the 12-kv side of a large transformer; 
then the calculations are based on all nine 
cables having maximum loads equal to the 
normal or emergency ratings. 

0*). The maximum allowable copper tem¬ 
peratures used at present in Chicago, as 
indicated in table X, are, in general, less 
than recogi^d as safe in part I of this 
paper. It is considered wise to be con¬ 
servative on this matter until additional 
test data and, more particularly, operating 
experience are available, especiaUy because 
of the probability of an excessive number 
of sheath cracks incidental to extra-high 
copper temperatures. In some instances, 
the ratings actually used produce lower 
maxnnum copper temperatures than given 
in table X, because of any of the following 
limitations: (1) allowable maximum duct 
t^perature, depending on the type of soil; 
(2) allowable maximum duct temperature, 
depending on o^er installed cable that may 
be predominating in importance over the 
cable under calculation; (3) aUowable 
daily range in temperature for heavy soKd- 
type insulation. 

(^). The cable movement at the duct 
mouth is determined mainly from the stand¬ 
point of the usual ^pected daily maximum 
load. The accepted maximum allowable 

loading is 

0.6-0.76 mch at a duct mouth, the lower 
for the more important 
cable. The cable movement is given a 
ntue consideration in connection with the 
emergency rating. 

i^tings are usually determiued for two 
periods of the year, summer and winter. 


For the important 66-kv tie-lines where 
the desired loading is frequently great 
and the load may be controlled, it has 
been found advantageous to give a spe¬ 
cial set of ratings appl 3 dng for the periods 
of June 1-July 15 and October 1-31 in 
order that during these periods the ratings 
may be above the midsummer ratings. 
For each period of the year, calculations 
are made for all kinds of cable for the 
normal ratings and for the emergency 
ratings. The emergencies are considered 
to last one and two days, respectively, 
for solid-type and oil-filled cable because 
experience shows that repairs may be 
made to a circuit within those periods. 
In addition, special ratings are occasion¬ 
ally calculated where requests are made 
for larger than the general ratings and it 
is found that the lines are installed under 
abnormally favorable conditions, or where 
the surveys of the group following tem¬ 
peratures show the ratings should be 
less than the general ratings on account 
of subnormal local thermal conditions. 
Another special set of ratings is given for 
some tie-lines where the emergency will 
exist for only one or two hours, with the 
result that the temperature rise of the 
cable and conduit during the emergency is 
materially less than would be the case 
for protracted operation. The transient 
heating characteristics of the cable in 
such cases are determined on the basis 
of data by Miller and WoUaston.^^ 

The common size outside the down¬ 
town area in Chicago is the 500,000- 
circular-mil three-conductor 13-kv cable 
operating at 12 kv. It is assumed in the 
first calculation that there are eight su^h 
cables in a 12-duct conduit, and the nor¬ 
mal ratings are determined on the basis 
that seven of the cables have a usual 
daily maximum load of 68 per cent of 
the normal rating and that the eighth 
cable is carrying the rated load. The 
emergency ratings are then calculated on 
the basis that seven of the cables are 
carr 3 dng the calculated usual load and 
the eighth cable is carrying the emer- 

Halperin—Load Ratings of Cable 


gency load. In determining the ratings 
of cable operating at, say, 4 kv, it is as¬ 
sumed that there are five of the 12-kv 
circuits in the conduit and three of tlie 
4-kv cables, and that the 12-kv circuits 
and two of the 4-kv cables are carrying 
the usual loads. 

Where the conduits are abnormally 
warm or congested, as at generating sta¬ 
tions, where 12- or 16-duct conduits may 
be less than ten feet apart or may cross 
in some cases, it is the practice to specify 
an extra-large size of conductor in order 
that the portion of circuits in such con¬ 
duits shall not limit the carrying ca¬ 
pacity of the circuits as a whole. For 
e x a mp le 660,000-circular-mil is used in 
place of the usual 600,000-circular-mil 
conductor on the three-conductor lines 
operating at 12 kv; and 1,000,000-cir¬ 
cular-mil is used in place of the 750,000- 
drcular-mil conductor on the single-con¬ 
ductor lines operating at 66 kv. The 
use of the extra copper for a short part of 
a line has been found to be an extremely 
economical procedure. 

The general ratings are given for some 
typical cable sizes in table XI. 
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Discussion 


G. B. ShankUn: See discussion, page 560. 


Wm. A. Del Mar: See discussion, page 561, 


L. I. Koxnives (nonmember; The Detroit 
Edison Company, Detroit, Mich.): Mr. 
Halperin’s dndings were very interesting 
in regard to the beneficial effect of in¬ 
creased offsets in manholes versus manhole 
lengths. What other means have been 
found in Chicago to prolong the life of the 
lead sheath by changing conditions in the 
manhole outside of lengthening it or broad¬ 
ening it? 

Under the heading ‘^Summary,’* in 
part I of the paper,, a remark is made as 
follows: In general, this effect (power factor 
increased at normal operating tempera¬ 
tures) should not be expected to shorten the 
life of the cable adjacent to joints. It seems 
that in the experience of The Detroit Edison 
Company the presence of joint-filling com¬ 
pounds of petroleum base, because they 
mix readily with the cable impregnating 
compounds, results in a considerably higher 
power factor. 


E, W. Davis (Simplex Wire and Cable Com¬ 
pany, Cambridge, Mass.): Careful field 
records and research data are of infinite 
value to the cable manufacturer. No prod¬ 
uct made is first presented in its perfect 
state even for services in which conditions 
are static; and for utility distribution sys¬ 
tems whi<^ continually change in practice, 
economics, and operating conditions, it is 
even more evident that continual diange 
and improvement is essential in its com¬ 
ponent parts. Such work as here presented 
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which sums up manufacturers' results and 
t^hmque, field experience, and economic 
distribulion practice definitely points the 
way to further work by manufacturers to 
develop more satisfactory cable for present 
day practices. 

The conclusions drawn by the author are 
general. With a problem containing so 
many variables probably no general con¬ 
clusion IS safely applicable to all cases and 
bea^ out the contention of . cable engineers 
which is of many years standing that cur¬ 
rent ratmgs by manufacturers must be 
approximate and then considerably on the 
safe side. 

Undoubtedly some increase in operating 
temperature could be allowed based on the 
probable performance of modem cable 
ii^ulation only. However, such increase is 
counteracted by detrimental features con¬ 
cerned mainly with the performance of the 
lead sheaths such as expansion from pres¬ 
sures, cracking, electrolysis, and also prob¬ 
able changes in heating constants of the 
ducts and surroundings due to drying out. 
It is interesting to note that in the main all 
detrimental features are due to varying 
conditions imposed by load cycles. 

More delate practices and rules govern¬ 
ing permissible overloads have been greatly 
needed for many years. Here again it is 
probably not practical to use a general 
rule but allowable overload temperatures 
and their durations could well be developed 
for various insulations. The present AIEE 
rule for maximum continuous operating 
temperature is not complete enough for 
modem uses. The author's tests and sum¬ 
mation approaches this subject. 

The question of thermal stability of old 
rosin cables is interesting. We know of 
very old rosin-rosin oil cables of high loss 
still operating at 12 kv after many years. 
Thermal stability at this voltage is not 
appreciably affected by losses in spite of the 
great agitation on this subject a few years 
ago. 

The opinion given that admixing of joint 
compound vnth cable compound is not det¬ 
rimental is interesting and also directly 
opposite to the ideas of some other utility 
engineers. We are inclined to agree with 
the present writers in this respect for moder¬ 
ate voltage cables. 

Part II of the paper dealing with sheaths 
is quite unique and well done, particularly 
that part dealing with equations for ex¬ 
pansion of cable. We would not apect 
the coefficient of a cable to be as near to 
that for a solid copper bar as here taken. 
The lay of cabling and stranding must have 
some effect. Considering a stranded single- 
conductor cable in which the strands are 
laid at an angle of 30 degrees, an increase 
in the length of the strand is not directly 
applied to the length of the cable as shown 
below: 

Let 

I * lay or pitch of strand along cable 
d = pitch diameter of layer 
L ss leng^th of strand 

- V/* + 

Let L increase by Ai and assume no change 
in pitch diameter 

L+ AL-m \/(/ + AQ* + (rd)* 

otl — L cos 30® 
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It would be expected that 
AZ - aL X cos 30® « 0.866 aZ. 
and that 

C effective 16.7 X lO”* X 0.866 

« 14.5 X 10”® for the assumed 
case 

This effective coefficient would be different 
for multiconductor cable and different 
again where tension or pressure existed 
since there is no reason why either could not 
change the angle at which the longitudinal 
force of expansion and contraction is acting. 

With reference to sheath life we find the 
probable life as determined by test very 
interesting. Many ^improvements in lead- 
sheath quality and workmanship have been 
made quite recently and undoubtedly 
more will follow. Thicker lead sheaths 
promise some help but alloyed sheaths may 
give equal or better results more economi¬ 
cally. 

Robert J. Wiseman (The Okonite-Callender 
Cable Company, Passaic, N. J.): Mr. Hal- 
perin has written a very remarkable paper, 
describing the researches his company has 
been conducting for many years and now 
have reached a point where the story may 
be told. I think the title might be changed 
to something like “Why Cables Operate as 
They Do" for he gives a very fine exposition 
of the problems of operation and how they 
might be solved. He is helping all of us 
better to appreciate the utility's operating 
problem and we cable manufacturers will 
have to give considerable study to his paper 
and in fact all of the papers dealing with 
cable operation in order to find how we can 
help to improve their operation or increase 
their life. Therefore, our attention is 
brought to the statement in the third 
paragraph under Part I in which he states 
that the main consideration is the influence 
of heating on the ability of the cable to 
withstand removal and reinstallation with¬ 
out material lowering of the dielectric 
strength of the cable. I think that all of us 
will agree that if we could keep a cable at 
a constant temperatiure continuously we 
would be willing to agree to higher tempera¬ 
tures than are standard at the present time, 
but it is the upsetting effects of the high ^d 
low temperatures that the cable is subject 
to that causes a cable to lose its physical 
as well as electrical properties. Its life is 
shortened and, therefore, we must try to 
hold down the maximum temperature in 
order to get as far as we can guess a life 
expectancy that is in fair fi^eement With 
other kinds of equipment. As Mr. Hal- 
perin states, there is a scrapping of a cable 
before its useful life is reached because of 
causes other than insulation deterioration 
and one of these is that the cables have not 
been operated in most cases to their present 
permissible temperature. Until we do get 
this experience it is difficult for us to accept 
higher permissible temperatures than now 
set up. As this experience can only come 
from the utilities we must await their col¬ 
lecting the information for us. 

This is equally true of the emergency rat¬ 
ing of cables. We don't know how much 
a cable will lose in years of life by short 
periods of overloading. It has not been 
possible to determine it because the last 12 
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to 15 years have seen a remarkable im¬ 
provement in the quality of oil and paper 
as well as manufacturing methods. If the 
research were conducted today it is 
possible that we would find less deteriora¬ 
tion than in 1926 when it was made. If it 
were possible to follow closely the daily 
load cycle on a cable and its history for 
several days previously, a method for de¬ 
termining an em^gency rating could be set 
up that would still keep the maximum con¬ 
ductor temperature close to the permissible 
valuw. It would be a tedious job and 
require almost continuous calculating of the 
conductor temperature as the load varied. 
It would not be practical. A comparison 
of transformers and cables in their emer¬ 
gency ratings is not entirely possible. The 
former has plenty of oil which can circulate 
and assist in cooling and also a large volume 
of mat^ial for heat absorption and if 
moved, it is done as a unit without upsetting 
the insulation. For cables we have 
volume, no oil circulation to assist cooling, 
and the cables during their expected life 
will be moved. The aging of transformers 
due to heating has been well studied from 
the Itfe expectancy viewpoint and, therefore, 
the limits set up are probably based on this 
knowledge. Why should cables be set as 
high as transformers in the light of the 
difference in their make-up and operation? 

Mr. Halperin’s description of his aging 
tests on 12 -kv cable with pressure-tight 
potheads and open potheads checks our 
experiences on aging tests on 69-kv solid- 
type cable. When we sealed up the end of 
the cable and conductor to prevent oil flow 
from the pothead into the cable we obtained 
higher pressures and higher vacuum in the 
cable than when the ends were left free to 
permit the flow of oil back and forth and 
obtained a longer life on cables with ends 
2 >en. We then studied the effect of more 
nreedom of flow of oil between a joint and a 
cable by eliminating the varnished cambric 
wrapping and substituting tubes and open- 
mesh cotton tapes directly over the con¬ 
nector. We got better stability, lower 
pressures, and longer life. We have sug- 
gesttd to several utility engineers that 
better operation would be obtained if this 
w^e done ^d I hope some will do so soon. 
This will eliminate the experience described 
by Mr. Halperin on joints in part I. I 
cannot apprecia.te how using low-loss 
varnished cambric taping is going to im¬ 
prove the mechanical problems of his 
jomts. 

Part II deling with limitations due to 
the sheath is very instructive. Mr. Hal- 
pem's expmence that increasing the lead 
mctoess V 54 inch cuts the expansion in half 
IS what we found years ago and I have re- 
ported It at other meetings. We found 
tto to be true when comparing V 64 inch to 
Vu inch and V64 inch to «/„ inch. It is 
one of the reasons that I advocated years 
ago m^easing the wall thickness of our 
Iwge-diameter cables in order to reduce 
the radial expansion. I still beHeve in it. 

For smgle-conductor cables the oval- 
s^ped conductor with a circular sheath is 
ttie soktion of the internal-pressure prob¬ 
lem. This has been proved in tests by our 
^^ate company in England, The Cal- 
lend^ s Cable and Construction Company, 
^d m our laboratories. On new cable we 
^^ ^ mtemal pressure at the 

sheath cf 20 pounds per square inch and a 
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vacuum higher than 6 inches, whereas on 
circular conductors we have gotten 85 
pounds per square inch pressure and 20 
inches vacuum. We have obtained about 
26 per cent longer life on accelerated aging 
tests using oval conductors. An oval con¬ 
ductor and free-flowing joint will give a 
much longer life in single-conductor solid 
cables than obtainable with round conduc¬ 
tors and solid joints. 

I wish to congratulate Mr. Halperin on 
the section dealing with the manner in 
which a cable moves with changes in tem¬ 
perature. It is understandable and sounds 
logical and makes us glad to know that cable 
movement is not as much as we thought and 
how fcntunate we are. If it did move in 
the amount a solid copper rod expands, the 
utilities would be experiencing a greater 
number of lead failures and replacements 
which is costly, or would have to build 
much wider ducts which is also costly. I 
would like to ask one question. How much 
actual influence will the size of the cable 
compared to the size of the duct have? 
The restraining forces in the duct for a cable 
close to the size of duct will be higher than 
for a smaller cable in the same duct, but 
the chance of snaking or flexing in the duct 
ife less in the former. Do they offset each 
other so that we can say that all cables act 
alike in the same duct? 

We have been told by utility engineers 
of the cracking of lead sheaths near the duct 
mouth due to cable movement and have 
been studying ways of overcoming it. 
We have considered cutting the sheath and 
inserting a bellows which relieves the lead 
and permits cable movement at one loca¬ 
tion. One of the companies had the same 
idea. 

Part III, dealing with the heating charac¬ 
teristics, brings forth few questions to dis¬ 
cuss as it is well written and quite detailed. 
Under "Annual Temperature Surveys of 
S 3 retm," fifth paragraph, reference is made 
to using the maximuni three-hour average 
load in detomining the load factor. Al¬ 
though this is usually done, we have won¬ 
dered sometimes on what basis a three-hour 
time period has been taken instead of a 
one-hour period. 

Under "Special Surveys,” fifth para¬ 
graph, is not the low surface emissivity 
constant of 660 likely to be due to inaccu¬ 
racy in measuring the air temperature, the 
latter probably being too high which would 
give a low temperature gradient? We 
consider temperature measurements in an 
empty duct more accurate. The tempera- 
time of the duct wall for a duct containing 
cable is probably not more than one or two 
degrees higher than the temperature in the 
empty duct due to heat conduction of the 
concrete. 

Part IV, item b —we understand the 
thermal emissivity of a sheath is assumed 
to represent the thermal drop from the 
shea^ to the air in the same duct and not 
to the air in the hottest unoccupied duct. 
The thermal duct constant takes care of the 
duct and the surrounding earth. We like 
toe method proposed by Kirke, and which 
IS used in England, to use a separate term 
for toe duct structure and another for the 
®3ito. If this is done, the earth term 
wy according to toe kind of soil. We also 
hope that some day a study of these con¬ 
stants for a small number of ducts in a duct 
bank and very few cables installed will be 
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determined expedmentally so that we will 
be more sure of what they are than we are 
today. 


E. R. Thomas (Consolidated Edison Com¬ 
pany of New York, Inc., New York): Mr. 
Halperin is to be complimented on the scope 
and treatment of the various factors influ¬ 
encing toe load ratings of cable. In part 
II toe treatment of cable movement pre¬ 
sents a fresh theoretical explanation of the 
magnitude of movement which will prob¬ 
ably be encountered and toe wealth of 
field test data seems to confirm toe theory 
advanced. 

In connection with induced sheath po¬ 
tentials on single-conductor cables treated 
in this section of the paper I would like to 
point out that Searing and Kirke in an 
article "Reduction of Sheath Losses in 
Single-Conductor Cable, Electrical World, 
October 6, 1928, suggested the desirability 
of limiting toe voltage between cable 
sheaths to a value of 200 volts during fault 
conditions. This limit was set as one dic¬ 
tated by safety to personnel who might be 
working in manholes containing these cables 
during toe period when a fault occurred. 
It was assumed that high-voltage circuits 
in general had impedances in the form of 
transformers or protective reactors which 
would limit the fault currents to approxi¬ 
mately ten times the full-load airrents and 
thus it was expected that the voltage be¬ 
tween sheaths under normal load conditions 
would be about 20 volts and the voltage 
to ground about 12 volts. Tests were 
carried out on lead electrodes and short 
lengths of cable sheath and the data were 
reported showing the loss in weight which 
might be expected for various current den¬ 
sities of alternating current. From this 
data it was the conclusion that this arbi¬ 
trary value of 20 volts between sheaths set 
up from safety considerations was a value 
of potential so low that the expected sheath 
life of cable due to a-c electrolysis would far 
exceed the expected life of the cable due to 
other causes even when that cable was in¬ 
stalled and operated in the presence of high- 
conductivity tidewater. 

We have not experienced any failures due 
to a-c electrolysis during the period of years 
which we have operated single-conductor 
cable installed with, cross-bonds as de¬ 
scribed in the article by Searing and Kirke. 
Some of these cables normally operate at 
voltages to ground in excess of 16 volts 
^d are submerged in tidewater. I do not 
feel that voltage values of even 20 volts to 
^ound would be a factor detrimental to the 
life of toe cable due to any a-c electrolysis 
which might result even if the cables were 
operated submerged' in high-conductivity 
TOter. If one considers the possible shock 
hazard involved it would seem quite likely 
that considerably higher differences of 
potential may be experienced on a system 
using sheath-bemding transformers. 


(Hastings-on-Hudson, 
JN. y.;: I want to comment on Mr. Hal- 
p^in’s paper, on the section dealing tnth 
tte cable movament. The cable engineers 
should be thankful to Mr. Halperin and his 
rallabc^ators that they considered, for the 
mt ttoe, tte restrmning and frictional 
forces m studying cable movement due to 
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temperature changes. The conditions are 
similar to those occurring in the rails of a 
railroad track which are also subjected to 
movement and to internal stress. In the 
cable technique these problems are, of 
course, of lesser importance than in railway 
engineering, but I am glad that they have 
been broached. 

If one tries to check the formulas pre¬ 
sented in Mr, Halperin^s paper, one has 
some difficulties. Therefore I would ap¬ 
preciate it if Mr. Halperiii would indicate, 
perhaps in an appendix, how and under 
which assumptions these formulas are de¬ 
rived, inasmuch as they form the base for 
the subsequent discussion of the experi¬ 
mental results. 


Herman Halperin: The submitted discus¬ 
sion on this paper, as well as other discus¬ 
sions that have been given me, is greatly 
appreciated. 

Some of the discussers apparently have 
missed one of the main points of the paper, 
which is that emergency ratings have be¬ 
come feasible, not because of mere conjec¬ 
ture, but because of a thorough engineering 
study which brought out the big increase in 
the quality of installed lines during the past 
15 years, the moderate temperatures at 
which cables are usually operated, the indi¬ 
cations of little or no deterioration in tests 
of various kinds of cable and of paper insula¬ 
tion by itself at temperatures much above 
those now allowed by the existing mles for 
cables, etc. Although it may have been 
wise 18 years ago (time of presentation of 
similar papers) to keep temperatures al¬ 
ways below the limits given by the AIEE 
rules, it does not seem wise to do so now in 
view of the various large improvements 
since made by manufacturers and by utili¬ 
ties. 

As is recognized in the paper, the use of 
the emergency ratings may result in moder¬ 
ate increases in maintenance and in failures, 
but even with these increases these items 
will be small as compared with what pre¬ 
vailed 15 years ago. The tendency for 
these items to increase will, of course, be 
counterbalanced by further improvements. 

Another point that pertains particularly 
to the solid-type cables is the fact that 
emergency ratings based on temperatures 
greatly in excess of the temperatures per¬ 
mitted by existing rules are feasible pro¬ 
vided the usual daily loading is moderate. 
If the daily loading is heavy, with the result 
that the cable operates at temperatures 
very close to the limits now allowed by the 
AIEE rules, and furthermore if the loading 
varies considerably during each 24 hours so 
as to result in large daily temperature 
ranges, then the margin of safety in the 
installed imderground circuit is decreased. 
This means that the safe temperature for 
emergency operation becomes less than 
would be the case for moderate loadmg. 

Wiseman points out that the operating 
companies have not collected much infor¬ 
mation on the operation of cable up to 
the present permissible temperatures. Of 
course, this is due to the fact that the per¬ 
missible temperatures were applied to the 
rare emergency conditions, which resulted 
in building cable systems to operate nor¬ 
mally at very low temperatures. In order 
to operate the cables nearer to the present 
permissible temperatures, it is necessary to 
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permit the temperatures to exceed these 
limits during rare emergencies. 

Apparently some discussers have not 
taken full cognizance of the indications, 
as they seem to my associates and me, that 
somewhat higher temperatures than given 
in the recommendations in the paper are 
safe for the insulation for emergency use 
according to the results of the tests and 
field investigations made in Chicago and 
elsewhere. Of course, as indicated in the 
paper, the critical limiting factor may be the 
sheath during the usual daily loading which 
corresponds to the increased maximum al¬ 
lowable loading. 

Shanklin refers to the fact that the maxi¬ 
mum allowable copper temperatures in 
Europe are lower than set by the American 
rules. Our studies of English and continen¬ 
tal literature, as well as private information, 
do not disclose adequate technical explana¬ 
tion for these differences in allowable tem¬ 
peratures. In the successful tests on 
single-conductor cable at 150 kv to ground 
at Arnhem, Holland, the temperatures have 
been usually above the limits allowed by 
rules either in the United States or in 
Europe. Fui-therraore, it is of interest to 
note that when it comes to other equipment 
the maximum allowable temperatures in 
Europe are comparable to those allowed 
in the United States; and, in that connec¬ 
tion, one frequently sees figures such as 100 
or 110 degrees centigrade, which is much 
above the limiting temperatures set for 
cables in Europe. 

It is of interest to note that Shanklin 
sees no objection to “the use of emergency 
overload ratings under favorable conditions 
and where performance can be watched 
closely.” In the paper it was intended to 
adjust the emergency overload ratings to 
the field conditions as well as to limitations 
imposed by the* insulation or sheath or both. 
If the manholes, for example, are small, then 
the effect of this condition must be taken 
into account. 

Roehmann has requested the derivation 
of the formulas relating to cable movement. 
His interest, as well as the interest of others, 
in this general subject is gratifying, but 
nevertheless it seems desirable to omit 
taking the space to present this derivation 
because of the unusual amount of space 
already taken by the paper. I shall, how¬ 
ever, be glad to send a copy of the deriva¬ 
tion to anyone upon request. 

Davis* objection to using the same coef¬ 
ficient of thermal expansion for cable as for 
bar copper (16.7 X lO"*®) seems to be 
based on erroneous assumptions. He de¬ 
rives a value of 14.5 X 10~® on the assump¬ 
tions (1) that the angle of lay of the strands 
in a conductor is 30 degrees and (2) that 
the expansion of the conductor is to be found 
by multiplying the toUil length of the strand 
by the expansion coefficient. The usual 
angle of lay of strands is nearer 12 degree 
than 30 .degrees, wtri^h, would give .a value , 
of 16.34 X lO*”® for the coefficient when 
calculated by. his method. This is only 
two per cent less than the value used in the 
paper. The second assumption is not m 
accordance with the usual practice of multi¬ 
plying the axial length of the cable by the 
coefficient to get the expansion. The value 
given in the paper is correct when used in 
connection with, the axial length of the 
cable, instead of the total length of the 
strand. 
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Regarding the discussion by Thomas as 
to the limiting induced sheath potenrial for 
single-conductor cables, the maximum al¬ 
lowable values set in Chicago were based 
on extensive laboratory and field tests, as 
indicated in reference 12 of the paper. For 
instance, two trial installations in the field 
were operated at 18 volts to ground in one 
case and 20 volts in the other case for l^/ 2-2 
years, and corrosion was found in both 
cases. It therefore seemed to us from these 
and other data that normally the sheath 
potentials to ground should be considerably 
below 18 volts in order to avoid a-c elec¬ 
trolytic corrosion over a period of many 
years. It is recognized that in some in¬ 
stances such potentials may be safe, but 
once corrosion starts, mitigating measures 
may not stop it entirely. We have, there¬ 
fore, set a limit of 11 volts to ground for 
usual daily loadmg, and periodic examina¬ 
tions of cable under water in manholes have 
indicated this limit to be reasonable. 

When it comes to the personal safety 
angle in connection with sheath potentials, 
it should be recognized that the transient 
sheath voltages may be a matter of several 
kilovolts instead of just the 200 volts at 
generated frequency mentioned by Thomas. 
This fact, plus the fact that there is no con¬ 
siderable difference in the order of magni¬ 
tude of the transient sheath potentials 
between bonding systems using the cross¬ 
bonding scheme or open-end bonding or 
sheath-bonding transformers, is given in the 
paper “Transient Voltages on Bonded Cable 
Sheaths” in the January 1936 issue of Elec¬ 
trical Engineering. These transient po¬ 
tentials cause no harm to individuals nor to 
sheaths, and experience has demonstrated 
that they will cause no harm to insulators 
or other accessories provided the presence 
of the transients is recognized and adequate 
insulation is provided to withstand them. 

Replying to Komives, careful training of 
cable in manholes has been quite effective 
in prolonging sheath life. We have stand¬ 
ards set up for all t 3 ^es of manholes 
(straight, A*", T, etc.) and all numbers of 
ducts. These are closely followed. The 
desired joint position is accurately indi¬ 
cated on the cable installation print for each 
job. In the case of manholes not conform¬ 
ing to standard, the cable training is worked 
out with the aid of a scale modri of the 
manhole. 

Regarding the effect of nonfluid joint 
compounds on the power factor of cable, we 
get high power factors in solid-type cable 
adjacent to joints filled with asphaltum- 
type compounds, but we have never had a 
failure ascribed to this cause. Neverthe¬ 
less, as a matter of improvement, we are 
continuing to give consideration to insoluble 
compounds. 

It has been found also in Chicago that 
thin joint oil entering solid-type cable has 
caused increased power factor of the cable 
insulation, due mainly to contamination of 
the oil by the varnish of the old-^e 
varnished cambric used in existing joints. 
This action occurs essentially in manholes 
where the ambient temperatures are lower 
than in the ducts and, except for a few 
special cases, this cable will remain ther¬ 
mally stable to the highest temperatures 
mentioned in this paper. 

The use of the taped joint decreased the 
possibility of bulging and collapsing of 
three-conductor joints by permitting the 
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Maximum Safe Operating Temperature 
for 15-Kv Paper-Insulated Cables 


field investigation of the kind that has 
been made on cable as a unit instead of 
on constituent parts of the cable and, 
for that reason, may be of interest. 


C. W. FRANKLIN 

MEMBER AIEE 


T he capital investment in the under¬ 
ground cable system of any large 
metropolitan utility is so great that any 
means of increasing its usefulness is of 
great and immediate interest. The opera¬ 
tion of paper-insulated cables at higher 
copper temperatures than are accepted 
as normal, offers one obvious means of 
increasing the usefulness of the cable 
system where voltage regulation does not 
limit load. 

Previous reports on thermal limits of 
paper insulation have been presented by 
Del Mar,* Torchio,^ Roper,^ Clark,® 
Fisher and Atkinson,® and Bush,^ Elec¬ 
trical and ph 3 rsical characteristics of 
impregnated paper as affected by tem¬ 
perature were investigated at the Massa¬ 
chusetts Institute of Technology under 


Paper number 3a-70, recommended by the AIEE 
comxnittee on power transmission and distribution, 
and presented at the AIEE winter convention, New 
Ym-k, N. Y., January 28-27, 1989. Maniucript 
submitted November 25,1938; made available for 
preprinting January 3, 1939. 
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search, test, and engineering divisions of the com¬ 
pany who collectively made possible the carrying 
on of this study. 

1. For all numbered references, see list at end of 
paper. 


use of a substantially smaller diameter of 
sleeve than was feasible with the cell-type 
joints formerly used. 

We do not know exactly what effect the 
ratio of cable diameter to duct sb^e has on 
cable movement at the manhole. Our 
data do not show that there is any definite 
corrdation. We would expect less move¬ 
ment in larger ducts. It is difficult to get 
si g ni fic a n t data on this point because we do 
not have the larger ''stiff” cables in very 
large ducts which could be studied for 
comparison with similar cable in normal- 
sized ducts. We do have cables that are 
small compared with the duct size, such 
as 4/0 fouTrConductor four-kv cable in 
SVa-inch duct, but such cable is relatively 
flexible, and the ratio of copper cross- 
section to total weight is low. 

Our studies on cable movement and re¬ 
lated problems are continuing. 

^eman, in referring to part III of the 
paper, inquires as to why the mflyiTniim 
three-hour average load is used in deter- 


E. R. THOMAS 
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the direction of a joint committee on 
research set up by the National Electric 
Light Association and the Association 
of Edison Illuminating Companies. This 
work was reported from time to time 
over the period between 1921 and 1929. 


About five years ago, the Edison Com¬ 
pany in New York started a series of 
laboratory and field tests to learn the 
effect of intermittent operation of paper- 
insulated cables of the 15-kv class at 
temperatures above the level generally 
accepted as maximum for their class. 
This we believe is the only extensive 


mining the load factor. Step-by-step 
calculations have been made in the past to 
determine the maximum temperature based 
on readings of the current taken every half 
hour, and it has been found that the result¬ 
ant temperature is very dose to what is ob¬ 
tained by using for Chicago conditions the 
simple arithmetical average load over the 
peak three-hoiu: period. 

He refers to the possibility of inaccuracy 
in taking the air temperatures in connection 
with figures 19 and 20. It may be noted 
that considerable care was exercised in 
taking these readings. In fact, the care 
was greater than may be expected from a 
field crew when taking temperatures of 
occupied ducts by the usual methods. As 
to his further remarks on thermal emissivity, 
we have found it reasonably correct (see 
figure 20) to use an emissivity constant ap¬ 
proaching 1,200 and have the calculated 
thermal drop represent the thermal drop 
from the sheath to the air in the adjacent 
warmest unoccupied duct. 


Laboratoiy Test 

Investigation was begun in January 
1934 with laboratory tests on five 60-foot 
lengths of cable withdrawn from service. 
The cable was three-conductor round 
250,000 - circular - mil paper - insulated 
belted - construction lead-covered cable 
which had been in service on the system 
for about 26 years. For about half of, its 
life, prior to these tests, it was operated 


at 6.6 kv, 26 cycles, and thereafter at 
11 kv, 25 cycles. The cable has rosin- 
compound-impregnated Manila-paper in¬ 
sulation, 170 mils conductor instdation, 
155 mils belt insulation, jute fillers, and 
125 mils lead. Examination of samples 
prior to the testing showed the paper 
tapes to be wide and badly wrinkled, 
dry, lifeless, and covered witii powdered 
rosin. A few of the sections examined, 
however, showed the paper tapes to be 
fairly well saturated. 

The laboratory test connections were 
arranged so that load current could be 
circulated in each phase conductor and a 
three-phase test potential of 13.4 kv, 60 
cycles, applied continuously. The load 
currents were applied for a period of 
eight hours during each working day and 
then removed for the remaining period. 
The values of the current were adjusted 
to obtain different maximum copper 
temperatures. 

The potheads used on the first sample 
of cable to be tested were filled with 
petrolatum. Some of the potheads used 
were not of an oil-tight type and com¬ 
pound was forced out during the loading 
cycles. Potheads on the second sample 
were filled with paraffin in order to see 
what effect this compound might have 


Figure 1. Load- 
test measurements at 
three phase, 13.6 
kv, 60 cycles 

Three - conductor 
250,000-clrcular-mll 
15-kY cable 
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Table I. Classification of Troubles, Long- 
Time Test on Three-Conductor 250,000- 
Circular-Mil Cable 


During After 

Test Test Total 


Cause of 
Trouble 

Num¬ 

ber 

Per Num- 
Cent ber 

Per Num- Per 
Cent ber Cent 

Cable 
Dielectric 
failure . 

..16.. 

. 64... 2.. 

. 17...18... 43 

Lead-sbeatb 
failure. 

.. 7.. 

. 23... 6.. 

. 60...13... 31 

Miscellaneous 

.. 1.. 

. 3... 2.. 

. 17... 3... 7 

Unknown.... 

.. 1.. 

. 3... 1.. 

. 8... 2... 6 

Joints 

All 

6.. 

. 17... 1.. 

. 8... 6... 14 

Total. 

..30.. 

.100...12., 

.100...42...100 


on the cable under test because some of 
the joints on this cable in the field were 
filled with paraffin. The potheads in¬ 
stalled on tie remaining three samples 
were filled with an oil-insoluble hard 
compoimd. This prevented the migra¬ 
tion of compound into or from the cable 
during loading cycles. At the end of each 
loading cycle dielectric power loss, volt¬ 
age, charging current, and sheath and 
ambient temperatures were measured. 

The curve shown in figure 1 is typical 
of the values measured on the test 
samples. The sample for which data are 
shown in figure 2 failed before the end of 
the 16th load cyde. An attempt was 
being made on this sample to operate it 
at a copper temperature of 140 degrees 
centigrade. This temperature was at the 
borderline of thermal instability and 
slight changes in the load current resulted 
in a runaway condition and failure. 

Examination of this cable at the end 
of the tests showed severe carbonization. 
The tapes near the conductor were re¬ 
duced almost to ash for the entire length 
of the sample. The cables used for the 
other tests showed signs of carbonization 
in each case where the temperature had 
exceeded 130 degrees centigrade to any 
extent during the test. One sample 
whose temperature varied between 120 
degrees and 130 degrees centigrade 

Table II. Failure Rates by Manufacturers, 
Long-Time Test on Three-Conductor 250,000- 
Circular-Mil Cable 


Failures per 100 
Section- Section-Years 
Years ■ 

During During After 

Manufacturer Sections Test Test Test 


A . 

...49. 

.95... 

. 6.3.. 

.. 4.6 

B . 

...22. 

.27... 

. 3.7.. 

.. 0 

C . 

...22. 

.86... 

.39.0.. 

.. 6.3 

Other. 

...21. 

.21... 

. 0 .. 

.. 6.0 

Unknown... 

...16. 

.20... 

.25.0.. 

..20.0 


showed no signs of carbonization. The 
only sample whose temperature never 
exceeded 116 degrees centigrade also 
showed no signs of carbonization. At the 
end of the test, the paper tapes near the 
conductor on this sample seemed some¬ 
what drier and more brittle than at the 
beginning of the test. This was the only 
noticeable change. 

The conclusions drawn from these 
tests were that the practical limit for 
safe maximum operating temperatures 
in the field should be 100 degrees centi¬ 
grade. It was also concluded that if any 
failures were to occur as a result of cu¬ 
mulative heating from high dielectric 
loss, they would occur within the first 
few load cycles, since the trend of dielec¬ 
tric loss showed little tendency to change 
after the first few test load cycles. 

Long-Time Field Tests 
on Old-Type Cable 

The conclusions based on four months 
of laboratory operation could be verified 
only by similar tests carried out under 
field conditions over a longer period of 
time. Four 11-kv 25-cycle feeders were 
selected for the field test. A tempera¬ 
ture survey was made along the routes of 
these feeders in order to determine the 
existing empty-duct temperatures. These 
values ranged from 30 to 40 degrees centi¬ 
grade. Based on this information, a value 
of current was calculated which would 
result in a 100 -degree-centigrade copper 
temperature for this cable having dielec¬ 
tric loss characteristics as determined 
from laboratory tests and for an as¬ 
sumed average empty-duct temperature 
of 35 degrees centigrade. The computed 
value of current was 290 amperes and 
this was the assigned value of loading 
to be carried on the cable in these feeders. 
The field tests on the four feeders started 
in July 1934. These feeders contain a 
total of about 6 V 2 miles of old 250,000- 
drcular-mil cable. 

The feeders under test supplied d-c 
substations from a generating station. 
Daily load cycles of 290 amperes on each 
feeder over an eight-hour period were 
obtained by using substation tie feeders 
to transfer load to and control load on 
the feeders under test. The tot loads 
were not applied on week ends or holi¬ 
days, and there were a few short intervals 
when operating conditions necessitated 
the omission of the test loads. The week¬ 
end periods were utilized to make keno- 
tron tests at 20 kv to ground for five 
minutes in order to determine whether 
the insulation resistance changed as 
indicated by the miUiampere leakage 


current during the test. The values of 
current measured during these tests 
show very little change and could prob¬ 
ably be accounted for due to variations 
in temperature. It was further felt that 
the tot might serve a useful purpose in 
developing incipient failures and thereby 
avoid some operating failures. 

Due to the variations in duct constants 
and heating from other underground 
structures, the actual copper tempera¬ 
tures which resulted had maximum 
values ranging from 78 degrees centigrade 
to 133 degrees centigrade as determined 
from calculations based on meastued 
empty duct temperatures obtained at 
various locations during the testing pe¬ 
riod. 

The last of the original four long-time 
test feeders containing the three-conduc¬ 
tor 250,000-circular-mil cable was taken 
off test in February 1937, about 2 V 2 



Figure 2. Load-test measurements at three 
phase, 13.6 lev, 60 cycles 

Three-conductor 250,000-clrculdr-mll 15-kv 
cable 


years after the test began. The other 
three feeders had been on test for 1 , 
1 V 2 , and 2 years, respectively. 

During the testing period a total of 30 
cases of failure and removal before failure 
had developed on the 250,000-circular- 
mil cable in these feeders. Between the 
period in which these cables had been 
removed from test and November 1938, 
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12 additional failures occurred. A sum¬ 
mary of the classification of this trouble 
is shown in table-L 

The cable in the feeders xmder test 
was made up principally of three different 
makes. The cable of one manufacture 
had an extremdy high rate of dielectric 
failure compared to the other makes of 
cable. Comparison of cables by manu¬ 
facturers is ^own in table II. The vari¬ 
ous makes of cable were distributed 
among the four feeders tested as shown 
in table III and for comparison the range 
of duct temperatures in which these 
feeders operated is shown below the 
respective feeder numbers. While the 
one make of cable which showed a very 
high rate of dielectric failure was con¬ 
fined principally to one feeder, this 
feeder was installed in duct banks which 
had lower empty-duct temperatures than 
the other feeders. It does not seem prob¬ 
able that the high failure rate was due to 
operating conditions more severe than 
on the olher three feeders tested. 

Examination of the cable samples 
showed that in 14 cases of the 18 di¬ 
electric failures evidence of carbonization 
of the paper and occasionally of the com¬ 
pound appears in the conductor insula¬ 
tion adjoining the burnout area. This 
carbonization ranged from light and dark 
colored bands on the tapes to a charred 
mass of filler in the cable crotch. 

In several instances the carbonization 
was strictly local, suggesting nonuni- 
formity in the cable or excessive local 
duct temperatures, such as a steam- 
main crossing might occasion. In fact, 
six of the carbonization cases were 
definitely associated with copper tem- 
peratxn-es of 110 degrees centigrade or 
higher as calculated from empty-duct 
measurements. In the remaining eight 
cases where carbonization of the paper, 
as well as of the compound, -was found, 
these sections of cable were not believed 
to have been operated at temperatures 
in excess of 100 degrees centigrade during 
the loading test. 


In order that the investigation be not 
confined solely to those sections of cable 
which had failed, six sections from these 
feeders were removed before failure for 
visual examination of dissected speci¬ 
mens and laboratory tests to determine 
dielectric loss and thermal resistance of 
the insulation. The sections selected 
had been subjected to from 225 to 366 
cycles of test loading. There were speci¬ 
mens of each of the three different makes 
of cable. Physical inspections showed no 
marked difference in the appearance of 
the instdation made by any of the manur 
facturers. Varying degrees of saturation 
were found but most of the insulation 
was fairly dry. The compound was fre¬ 
quently found to have become discolored 
and hardened, particularly next to the 
conductor. In two instances flecks of 
carbonized compound were discovered 
but in one of these cases the carbonized 
specks occurred at a point in the cable 
which had been at a higher temperature 
caused by a steam main. No carbonized 
paper was found. 

The results of laboratory tests on these 
removed samples of cable showed that 
their measured thermal resistivity was 
from 8 to 24 per cent above the value of 
700 degrees centigrade per watt per 
centimeter cube which value had been 
used in computing the rated current for 
the load tests. While these test values 
were higher in each case than those 
measured on cable samples removed prior 
to the loading tests no change was made 
in the value previously used in computing 
copper temperatures. It is quite possible 
that copper temperatures may have been 
a few degrees higher or lower in some in¬ 
stances than those calculated. The di¬ 
electric-loss measurements on these sam¬ 
ples were different in some cases than the 
values obtained on samples preceding 
tlie starting of load testing at which time 
a dielectric loss of one watt per foot had 
been assumed for a copper temperature 
of 100 degrees centigrade. Typical 
measured values of dielectric loss for 



Fi9ure 3. Dielectric loss measurements, 13.6 
kv/ 60 cycles 

Three-conductor 250,000-circuldr-mll 15-kv 
cable 


these removed samples are shown in 
figure 3. These values are shown to 
indicate the relative variations between 
makes of cable. The actual dielectric 
loss when operated at 11.4 kv, 25 cycles, 
would be approximately one-half of 
these values. It will be noted that the 
samples of cable of manufacturer C are 
among the highest values for each tem¬ 
perature. This was the make of cable 
which had the highest dielectric-failure 
rate. 

Several specimens of 250,000-circular- 
mil cable from a faulty feeder which had 
not been subjected to load tests were 
examined. Striations of carbonized paper 
and compound were noticed near the fault 
and evidences of carbonized paper near 
the conductor were found at several 
other locations. The presumption is 
that this portion of the feeder had been 
subjected to overloads at some previous 
time. The presence of carbonized paper 
in these samples serves as a warning that 
the test load cycles must not be charged 
too readily with the full responsibility 
for similar conditions in samples from the 
tested feeders. 

Long-Time Field Tests on 
Modem-Type Cable 

After nine months of load cycle testing 
on old 250,000-circular-mil cable, it was 
decided that similar long-time tests 
should be started on a small amount 
of three-conductor 600,000-circular-mil 
shielded cable, 220 mils insulation, 125 
mils lead, in order that it might be pos- 


Table III. Distribution of Failures in Feeders, Long-Time Test on Three-Conductor 250,000- 

Circular-Mil Cable 


Manufacturer 


Number of Sections Tested and Number of Faulty Sections 


Feeder No. 1 

Feeder No. 2 

Feeder No. 3 

Feeder No. 4 

Tested 

FaUed 

Tested 

FaUed 

Tested 

Failed 

Tested 

Failed 

A . 


_ 1_ 

,...11 . 

.,.2.... 

., 4 

0 

18 

2 

B . 

.... 3..., 

.... 0.... 

.... 2. 

...1..., 

....16..,. 

....0.!.! 

\\\\ iV.V. 

..,.0 

C. 

....16..., 

....13,,.. 

.... 3. 


.... 3_ 

....0.... 

_0_ 

....0 

Other. 

.... 0..., 

.... 0..., 

.... 1. 

...0.,,. 

_20_ 

_0..,. 

_ 0.... 

... .0 

Unknown.... 

. 0.... 

_0_ 

_2. 

,. .2.... 

....11.. . 

*? 

2 

1 

Average empty-duct tern- 








perature. 


.36 



% 


Maximum empty-duct 








temperature.... 
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Tible IV. Classification of Trouble During 
Test/ Long-Time Tests on Three-Conductor 
600,000-Cireular-Mil Cable 


Cause of Trouble 

Number 

Per Cent 

Cable 

Dielectric failure. 

. 0.... 

.... 0 

Lead-sheath ftulure.. 

.8.... 

.... 62 

Miscellaneous. 

. 2.... 

.... 16 

Joints 

Cracked sleeves. 

. 3.... 

.... 23 

Total. 

.13.... 

....100 


Table V. Distribution of Failures as to Time 
of Occurrence, Three-Conductor 250,000- 
Circular-Mil Cable on Short-Time Tests 


Number of 

Per 


Failures 

Cent 

During test period 

Preliminary kenotron test... 

.... 3. 

... 3 

During loading test. 

...21. 

...24 

Final kenotron test. 

... 7. 

... 8 


.... 



31 

35 

After load testing 

Operating failures. 

...22 . 

...26 

Test failures. 

...29 . 

...34 

Removals before failure.... 

.... 6 . 

... 6 


56 

65 

Total. 

...87. 

...100 


sible to determine whether or not the 
effects of these heavy loads on modem- 
type cable is different from the effect 
on the older type of cable. 

Such a test was started in April; 1935, 
on two miles of this cable in one feeder 
which had been in service about five 
years. The cable had been purchased m 
1929 and 1930. Joints on this cable were 
filled with petrolatum. The feeder con¬ 
taining this cable was tested until August 
1936 and again from October 1937 to 
May 1938, a period of about two years. 
More of this type of cable, 4,000 feet 
long, was put on test in December 1937 
and is still under test. The intermption 
of the test on the first feeder was made 
necessary by operating conditions. 

During the period of these tests a total 
of 13 troubles have developed. One 
trouble developed on this cable during 
the period when the feeder was tempo¬ 
rarily removed from test. The causes of 
the troubles which occurred on this 
cable during the tests are shown in table 
IV. 

The trouble rate on this cable during 
the period that the test was in progress 
was high compared with similar cable not 
under test. During the interval the test 
was discontinued, there was a marked 
decrease in failures in tiiis cable. 

An examination of the sheath and 
insulation was made on all cable removed 


from service. The sheath in some cases 
was slightly swollen but not excessive 
as might be attributed to a “ratcheting” 
action as occasioned by successive load 
cycles. The cable insulation in all cases 
was in good condition and showed no 
signs of carbonization. The troubles 
caused by cracked and swollen joints 
cannot be attributed definitely to the 
load test as the joints in manholes were 
not inspected prior to the test and several 
similar cases have been found on cable 
operated at normal copper temperature. 
It seems quite probable ^at a great num¬ 
ber of sheath failures can be directly 
attributed to the test loading. 

Short-Time Field Tests 

After about nine months' experience 
with cyclic loading to 100 degrees centi¬ 
grade copper temperature on the four 
feeders containing 250,000-circular-mil 
cable, it was found tliat most of the 
failures had been due to dielectric heat¬ 
ing, and rdatively few were due to me¬ 
chanical trouble. It was tentatively 
decided to rate cable of this type and 
vintage for emergency operation at cur¬ 
rent values corresponding to 100 degrees 
centigrade copper temperature. The 
feeders containing such cable were for 
the most part made up with cable having 
larger-size conductors than 250,000 cir¬ 
cular mils, and it was felt that these 
higher operating temperatures could be 
tolerated, even should they cause in¬ 
creased operating failures, in order not to 
unduly limit the capacity of the feeders. 

Beginning April 1935, a series of short- 
time field tests was begun. This was 
undertaken because it was felt undesirable 
to increase the rating of some 74 feeders 
containing three-conductor 250,000-dr- 
cular-mil cable similar to that in the long¬ 
time test feeders without attempting to 
precipitate incipient failures which might 
otherwise occur at a more inconvenient 
time from the operating standpoint. 
Cyclic loads calculated to result in 
maximum copper temperatures of about 
100 degrees centigrade were applied for 


eight hours each working day for two 
weeks. Sixty-six of a total of about 74 
feeders were tested in this manner. The 
remaining feeders could not be tested 
because of operating difficulties in ob¬ 
taining the desired loads. There is a 
total of 72 miles of three-conductor 
250,000-circular-mil cable in the tested 
feeders. The ratings of about 50 feeders 
containing three-conductor, 250,000-cir¬ 
cular-mil cable have been increased to a 
value of current corresponding to 100- 
degree-centigrade copper. It was pro¬ 
posed that the rating of the other feeders 
be increased later. Notwithstanding the 
increase in the rating, it was found in 
December 1937 that the loads actually 
carried had increased very little above 
those which these feeders carried prior 
to the testing. As a result, the operating 
record of these cables since the conclusion 
of tlie testing cannot be considered indica¬ 
tive of their operation at loads correspond¬ 
ing to 100 degrees centigrade. Eighty- 
seven cases of trouble have occurred on 
this type of cable in these 66 feeders dur¬ 
ing a period .of 3 V 2 years. Sixty-nine 
of these were cable failures and 18 were 
joint failures. The distribution of fail¬ 
ures as to time of occurrence is shown in 
table V. The ascribed causes of failure 
in cable are shown in table VI. 

In two of the cases where the cause 
was ascribed to dielectric failure, the 
cable had carried loads far greater than 
the test load and in two other cases the 
faulty cable was found to have been near 
steam-main crossings wliich increased the 
duct temperatures to values which gave 
calculated copper temperatures over 100 
degrees centigrade. 

Carbonization of the insulation adja¬ 
cent to the failure or in end samples was 
observed in 28 cases. The degree of this 
carbonization varied over the same wide 
range noted in the discussion of the long¬ 
time tests on this cable. The cable insu¬ 
lation in many of the remaining cases of 
failure was found to be generally desatu- 
rated and dry and carbonized compound 
was often found. 

The results obtained on these tests 


Table VI. Classification of Troubles, Short-Time Test on Three-Conductor 250,000- 

Cfrcular-Mil Cable 


Cause of Trouble 

During Test’*' 

After Test 

Total 

Number 

Per Cent 

Number 

Per Cent 

Number 

Per Cent 

Dielectric failure. . . ... 

...,20...., 

... 80,0. 

. 24 . 

... 54.6 . 

. 44.... 

. 63.7 

Lead-sheath failure . .. 

.... 2. 

,... 8.0. 

.12. 

... 27.3. 

.14.... 

.... 20.3 

Miscellaneous . 

.... 3 . 

_ 12.0 . 

. 4 . 

... 9.1 . 

. 7.... 

. 10.2 

TTwIrrtrkwrn , ..,, . ^ I , . ^ * 



. 4 . 

... 9.1 . 

. 4..., 

. 5,8 

Total . 

....26 - 

,...100,0.,..; 

. 44 . 

...100,0 . 

. 69,.., 

. 100,0 


* Includes failures due to kenotron tests which were made before and after the two*week loading periods. 
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Tabic VII. Comparison of.Failure Rates 

Failure Rates per 100 Mile-Years of Operation 


Discussion 


AU Cable Operating at 11.4 Sv 
All 250,000>Circtilar-Mjl Except Tbree-Conductor 250,- 

Belted Cable OOO-Circular-MU Belted 


Year 


Cable Joint Total Cable Joint Total 


1931. 

.32.0 .. 

3 6 

36 6 

.11,7... 


...17.7 
...13.6 
12 0 

1982. 

.22.9 .. 


22 9 


1933. 


... 4.8 .. 

....23.3 

8 8 

3 1 

1934*. 




9.7.. 

,..3.6... 

.. .13.3 

Jan.-May* 1934. 

June-Dee.* 1934. 

.16.9 .. 

... 4.4 1 
... 3.0 i 

41.8 





1936*, 

1936*. 

1937*. 


66.8 .17.6 . 84.4 .16.1. 

66.6 .4.1 .69.7 .13.0. 

12.8**.9.5**.22.3**.... 12 4 


.6.9.22.0 

.6.5.18.5 

.2.7.16.1 


♦ These rates include removals before failure, 
feeders between July 1934 and February 1937. 
ers between April 1936 and July 1937. 


Long-time load tests were in progress on one or more 
Short-time load tests were in progress on one or more feed- 


** Rate obtained over period from May 1, 1937 to October 1, 1938. 


L. I. IComives (nonmember; The Detroit 
Edison Company, Detroit, Mich.): It 
would be interesting to know the distribu¬ 
tion of cable failures due both to the dielec¬ 
tric and to the lead sheath in regard to its 
location, that is, what percentage of fail- 
.ures were in the manhole, near the manhole 
in the duct, and in the duct section. 

Conclusions drawn in the paper seem to 
be less enthusiastic than in the presenta¬ 
tion by the author. However, in either 
case, the author and his company should 
be congratulated in taking such a bold 
step to find out the economical life of a 
highly loaded cable. 

It seems to be a moot question whether 
the fact that an overloaded cable cannot be 
salvaged to be reused was taken mto con¬ 
sideration when economical loading of 
cables was considered by the author. 


indicate that the failure rate during the 
heavy-load testing was several times the 
failure rate usually experienced with that 
type of cable when operated normally. 
The failure rates of these same cables 
after conclusion of the testing was lower 
than the value during the testing and 
tended to approach that usually experi¬ 
enced with tiis type of cable as normally 
operated. The comparison of failure 
rates between old 260,000-circular-mil 
cable and all other cable operated at 
11.4 kv is shown in table VII. A period 
of time was included to show the operat¬ 
ing experience prior to and subsequent 
to the load testing. It will be noted that 
the vintage of cable tested had had a 
consistently higher failure rate than other 
cable before the test. During the test 
period, the failure rate increased markedly 
and at the conclusion of the tests it had 
closely approached the average of the 
other cables. 

Conclusions 

1. Operation over a continuing period 
of load cycles to copper temperatures of 
100 degrees centigrade of old types of 
paper-msulated cables which were dry and 
contained rosin, results in a marked increase 
of dielectric failures. 

2. Similar operation of modem well- 
impregnated paper-insulated cables resulted 
in no failures caused by dielectric heating or 
aging. 

3. Both old types of cable and modem 
types of cable had an increase in the rate 
of failure due to wearing and cracking of the 
lead sheath when operated at these load 
cycles. 

4. It is our opinion that the occasional 
operation of pap^-insulated cables during 
emergency conditions to copper tempera¬ 
ture as high as 100 degrees centigrade 

be justified where a small number of sec¬ 
tions of cable in any feeder otherwise set 
up loading retrictions. 


6. It is our opinion that those t 3 rpes of 
modem cable which provide means for 
taking care of the expansion and contraction 
of the cable compound, such as not to un¬ 
duly stress the lead sheath, could be oper¬ 
ated repeatedly to copper temperatures as 
high as 100 degrees centigrade. 

6. It is our hope that others may be 
inter^ted in carrying on similar operating 
experience on cable systems of this and other 
voltage cl^sifications, in order to obtain 
a more widespread knowledge of practical 
operatmg limitations for paper-insulated 
cable. 
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G. B. Shanklin (General Electric Company, 
Schenectady, N. Y.): I desire to discuss 
briefly maximum safe operating tempera¬ 
ture of underground cable as covered by the 
two outstanding papers presented by 
Franklin and Thomas, and Halperin. 

Bach of these two papers has made a 
valuable contribution to cable engineering. 
The paper by Franklin and Thomas is out¬ 
standing in giving us for the first time a 
systematic study of controlled overloading 
of cable under actual field conditions. I 
have always felt that this problem would 
never be solved in the laboratory and that 
practical knowledge could only be gained 
in the field, because of the large number of 
variable factors involved. It is not possible 
to reproduce these in the laboratory. 

Mr. Halperin's paper is outstanding in 
giving us for the first time a systematic 
study of cable movement under load condi¬ 
tions in ducts. Now that Mr. Halperin 
has placed this problem on a scientific 
basis we need an extension of this informa¬ 
tion covering all possible conditions of 
field service. The severe duty require¬ 
ments on lead sheath, especially with mod- 
well-impregnated cable, represents a 
limiting factor in determining maximum 
safe operating temperature for cable. 

An analysis of the data records in both 
papers leads to the same important con¬ 
clusion, which is, that when underground 
cables are loaded above what we now con¬ 
sider normal loads, there is a noticeable 
increase in the rate of service failures. This 
is true whether the cable is of the old poorly 
impregnated type or the modem well- 
impregnated type using thinner compound. 
Overloading of the older cable leads to 
dielectric loss failures and fatigue of the lead 
sheath due to cable movement. Overload¬ 
ing of modern cable causes an even greater 
burden on the lead sheath^ and the majority 
of service failures are due to lead-sheath 
troubles. With modem cable, overloading 
causes greater stretching of lead sheath 
which not only adds to the sheath troubles 
mentioned but aggravates migration of 
compound, leading to ionization damage in 
drained sections of cable. Thinner 
insulation and higher working stresses in 
modern cable do not allow pronounced 
dramage of this kind, and this can only be 
avoided by keeping the operating tempera- 
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tures within reason. The same lesson has 
been learned In Europe, and maximum al> 
lowable copper temperature is invariably 
lower than allowed by our present standard 
rules. 

At the AIEB winter convention in 
1921 a symposium of six papers was pre¬ 
sented on exactly the same subject. In 
discussing these papers the present writer 
summarized the various factors involved 
and then made the following statement: 

When these factors are considered, it is apparent 
that the temperature limit of (low-voltage) paper 
cable insulation should be something less than 105 
degrees centigrade. If the temperature limit of 
85 degrees centigrade is to be raised, this change 
must be approached with caution and an increase 
to 90 degrees or 96 degrees centigrade is all that 
should be attempted until more is known of the 
subject. 

Thanks to the authors of these two 
papers and the experience we have all 
gained since 1921, we now know more about 
this subject. Nevertheless, the above state¬ 
ment still holds. The margin for tempera¬ 
ture increase to take care of emergency 
loads is without question quite narrow, and 
the data records in the two papers by 
Franklin and Thomas, and Halperin show 
that an increased rate of service failures 
must be accepted. 

The writer does not believe that the cable 
industry is yet in a position to draw up safe 
emergency overload ratings for cable that 
approach the temperature limits suggested 
by these two papers, in the order of 100 
degrees centigrade for 16-kv cable. This 
will definitely mean an increase in service 
failures. The burden on the lead sheath is 
greater than it used to be. If this is a 
limiting factor, as indicated by these two 
papers, we must know more about the 
general conditions of cable movement and 
training of cables in maxiholes. Many of 
these manholes around the country are rela¬ 
tively small and extremely crowded, with 
short radius of bend on the cable. In draw¬ 
ing up national standard rules we must pro¬ 
tect both the users and the manufacturers 
who must meet these kinds of conditions. 
This in no way precludes the use of emer¬ 
gency overload ratings under favorable 
conditions and where performance can be 
watched closely. These special conditions 
cannot very well be included, however, in 
standard rules covering all possible field 
conditions. 

Temperature increases for emergency 
load rating as proposed by Mr. Halperin 
are outlined in table X of his paper. In my 
opinion the proposed temperatures should 
be decreased by at least five degrees centi¬ 
grade in some cases and by ten degrees 
centigrade in other cases for safe use around 
the country. This would mean that there 
would be no margin at all for 66-kv single¬ 
conductor cable. The present normal load 
limit of 60 degrees centigrade for cable of 
this voltage rating is already too high. 


Wm. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
The papers by Franklin and Thomas and 
Halperin present a mass of data tending to 
show that the present standard temperature 
limits for paper-insulated cables are not 
sufficiently high, as far as the dielectric is 
concerned but, if materially exceeded, may 
lead to early sheath and joint trouble. 


Such developments as may occur in solid- 
tsrpe cable in the near future are more 
likely to increase the stability of the dielec¬ 
tric than the life of the lead and, therefore, 
will not raise the temperature limit. 

Moreover, some effects not anticipated 
may limit the tendency toward higher 
temperatures such as, for instance, the 
cumulative effect of soil drying around duct 
lines operated at very high temperatures 
or the eventual rise in power factor which 
must result from ionization during cold 
periods of the exaggerated load cycle. It 
must be remembered that the tests were at 
rated voltage, not under accderated aging 
conditions as far as voltage is concerned, 
and that a two-year test only indicates 
what will happen in two years, not five 
or ten years. Accelerated aging tests at 
voltages well above those of normal opera¬ 
tion do not show much change in power 
factor or hot-spot-temperatme develop¬ 
ment in the early stages but, at some un¬ 
expected moment, start up rapidly, as a 
prelude to failure. 


J. A. McHugh (Consolidated Edison Com¬ 
pany of New York, Inc., New York); Out¬ 
standing features of this paper appear to be 
the importance of the condition and me¬ 
chanical construction of paper insulated 
cables in determining their ratings. 

1. The cables of the vintage of a quarter century 
ago show, as the authors point out, a wide difference 
of present condition, overloads sustained in more 
rigorous years being a serious factor. Perhaps dis¬ 
tention of the sheath and absorption of excess com¬ 
pound by the paper are causes of th^ high dielec¬ 
tric loss. The use of the load cycle test at high 
temperature appears, from the data of table V, to 
be effective in precipitating voltage-test fculures 
and removing the poorer cable from service at con¬ 
venient intervals. 

2. The modern cables, of essentially *'hard’* core 
construction, are limited in thtir ratings by the 
sheath, as the authors have indicated in table IV. 

3. Conclution 5 regarding modern cable which 
provides means for taking care of the expansion and 
contraction of the cable compound is inevitable. 
Distinction might well be made between construc¬ 
tions which simply control the internal hydrostatic 
pressure and those which also maintain continuous 
impregnation, in further investigations. 

It is to be hoped that this investigation, 
so logically developed, will be helpful in 
increasing the economic availability of the 
improved cable constructions. 


E. W, Davis (Simplex Wire and Cable Com¬ 
pany, Cambridge, Mass.): Conclusion 
numl^ 4 states that 100 degrees centigrade 
is justifiable for occasional operation. It is 
interesting to notice how closely this repre¬ 
sents the general opinion of 18 years ago 
in 1921, as indicated by the AIEE sympo¬ 
sium on this subject at the winter convention 
of that year, particularly if allowance is 
made for the reasonable differences of 
opinion that existed then. 

The authors' test results indicate that the 
principal limitation to more severe service 
is sheath trouble rather than actual tem¬ 
perature deterioration of the paper. This 
is further reason for the present-day ten¬ 
dency to improve the quality of lead sheath 
and to develop superior types of sheath 
where possible. 

In connection with the interesting supe¬ 
riority of the new cable over the old we are 
wondering to what extent this is due to the 


fact that the new cable was type H and the 
old was belted. Other things being equal, 
type JET cable is somewhat superior to 
belted in allowable operating temperature. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): The information, 
given in this paper, on trials in the labora¬ 
tory and in service of unusually high opera¬ 
ting temperatures for high-voltage cables, 
constitutes an important and comprehensive 
contribution on the subject. 

The laboratory tests show that tempera¬ 
tures over 130 degrees centigfrade are too 
high for these old rosin-impregnated trans¬ 
mission cables. However, this value is con¬ 
siderably above the present limit of about 
76 degrees centigrade for the cable in¬ 
volved, and much can be gained by using 
some limit between these two values. 

In the fi^eld tests the authors assumed that 
the dielectric losses amounted to one watt 
per foot although their figure 3 shows much 
higher measured values. Also, the authors 
found that the thermal resistivities of the 
insulation were from 8 to 24 per cent higher 
than the values that they had assumed. 

The authors state that in eight cases 
carbonized paper was found in cable that 
was believed to have operated at tempera¬ 
tures less than 100 degrees centigrade. 
Could not these temperatures have been 
much higher, also, due to higher values of 
dielectric loss and thermal resistivity than 
those assumed? 

The paper indicates that high rates of 
trouble occurred during the overload tests 
but that some weeding out of weak spots 
occurred with a decrease in troubles for a 
short time after the tests. The authors 
seem to suggest that the weak spots be 
eliminated by an overload test before the 
emergency ratings are increased. The 
emergencies during which the temperatures 
might approach the limits occur at very 
infrequent intervals. Probably by the 
time the occasion arrived, other weak spots 
would have developed.* To be effective, 
then, the elimination testing would be nec¬ 
essary at regular periods. 

Trials of higher temperatures of the kind 
discussed constitute an important step 
toward more economic use of underg^round 
cables. For full effective use of the results, 
more detailed analysis of the troubl^ 
experienced seem necessary, especially in 
regard to the increases in troubles due to 
ionization, dielectric losses, sheath cracks, 
etc., incidental to operation at the increased 
temperatures. 


W. F. Davidson (Consolidated Edison Com¬ 
pany of New York, Inc., New York): In 
support of the data presented in substan¬ 
tiation of the suggested higher operating 
temperature for paper-insulated cable, I 
should like to present some data secured 
about five years ago in connection with a 
rather extensive investigation of 27-kv 
paper-insulated cables. The particular 
study was initiated for the purpose of 
determining the practicability of reducing 
insulation thicknesses but as it progressed 
it became apparent that the most valuable 
information was concerned with operating 
temperature limits. The cables were three- 
conductor 360,000-circular-mil shielded type 
with 280 mils insulation. Samples were 
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made by two manufacturers each of whom 
supplied approximately 4,000 feet. Cables 
for test were installed in the street and in 
addition 100-foot lengths were tested by 
load cycle procedure in the laboratory. 
The number of daily load cycles ranged 
from 109 to 114. Maximum load tempera¬ 
tures varied from 70-75 degrees centigrade 
to 100-105 degrees centigrade with a few 
load cycles falling within other temperature 
ranges. The principal criteria of cable 
performance were the increase in dielectric 
loss and the reduction in life of residual 
samples when tested at room temperature 
and four times rated voltage. An examina¬ 
tion of the detailed test results shows that 
the room temperature dielectric loss was 
practically unchanged as a result of this 
load cycle testing. There was a progressive 
increase in the dielectric loss at elevated 
temperatures but an analysis of the data 
has failed to show any clear cut difference 
in the rate of increase during the 60 load 
cycles in temperature range 70-75 degrees 
centigrade as compared with the 35 or 40 
load cycles when temperature ranged 100- 
105 degrees centigrade. Such differences 
as may exist are obscured by the inevitable 
variations in observed values. 

After completing the load cycle tests, 
five-foot specimens were removed and tested 
to destruction at four times rated voltage 
to obtain a measure of the comparative 
residual life. For one make of cable, the 
duration to failure was 4.5 hours as com¬ 
pared with more than 570 hours for samples 
that had not been subjected to load-cycle 
testing. For this make of cable, the dielec- 
trie loss at 80 degrees centigrade had in¬ 
creased to a value 90 per cent above that 
obtained on tests made at the factory. For 
the other make, the life of samples after 
load cycle aging was 11 hours as compared 
with 40 hours for cable which had not been 
subjected to the test and the dielectric loss 
at 80 degrees centigrade had increased six¬ 
fold. 


C- W. Franklin and E. R* Thomas: In 
reference to the question of L. I. Komives 
regarding the distribution of cable failures 
as to location of failure, 85 per cent of the 
dielectric failures occurred in the duct, 10 
per cent in the manhole, and the remaining 


at the duct edge or unknown. Similarly 
51 per cent of the sheath failures occurred 
in the manhole, 40 per cent at the duct edge, 
and the remaining in the duct. 

We are in agreement with E, W. Davis 
that sheath troubles constitute one of the 
major limitations in the operation of solid- 
type paper-insulated cables and that every¬ 
thing possible should be done to improve the 
quality of cable sheaths. While the dielec¬ 
tric failures found during the heavy load 
testing were confined entirely to old belted 
cable, and while age and type of cable both 
probably were contributing factors, we feel 
that the age of the cable more than the t 3 q)e 
of cable was the major contributor to the 
dielectric failures. The impregnating com¬ 
pound used in cables of the vintages tested 
had dielectric loss characteristics which rose 
very sharply with temperature and thus 
tended to make for greater instability of 
cable operation at the higher temperature 
levels. 

In reference to Herman Halperin*s com¬ 
ments regarding the dielectric loss values 
used, the test values shown in figure 3 were 
measured at 13.6 kv, 60 cycles, while the 
cable under test in the field was operating 
at 11 kv, 25 cycles. The average dielectric 
losses assumed to be about one watt per 
foot at the operating conditions are believed 
to be in agreement with data obtained on 
test lengths. The eight cases where car¬ 
bonized paper was found in cable which was 
believed to have operated at temperatures 
less than 100 degrees centigrade are based 
on assumed values of dielectric loss and 
thermal resistivities. It is recognized that 
deviations in these latter quantities may 
easily have been of the order of ten per cent. 
Considering these deviations and measured 
duct temperatures we believe that during 
the test period these particular cables had 
not exceeded the 100 degrees centigrade 
copper temperature. It is quite probable 
that these cables some time during previous 
periods of operation may have been sub¬ 
jected to loads which might have caused 
carbonization of paper to develop. The use 
of tke high-load tests for a short time on the 
various feeders was believed to be a satis¬ 
factory way of eliminating those sections of 
cable having unstable dielectric-loss charac¬ 
teristics when operated at copper tempera¬ 
tures of 100 degrees centigrade. The test. 


however, was not intended to determine the 
thermal limitations along the particular 
feeder as these had previously been checked 
by temperature survey. We did feel that 
this method of test would show up existing 
unstable cable and that it would not neces¬ 
sarily have to be repeated at any particular 
period unless it was felt that there was 
progressive continued deterioration going 
on in the cable on the feeder. 

The data on aging tests conducted on 
27-kv cable which W. F. Davidson reported 
is interesting in showing that the elevated 
temperature operation did not tend to .show 
a decrease in dielectric stability. 

In answer to W. A. Del Mar, we have 
not experienced the effect of soil drpng 
around our duct lines in such a manner as to 
create an unstable thermal condition for 
the duct bank. The fact that these load- 
cycle aging tests were conducted at normal 
voltage seems to us to be more convincing 
evidence of the cable operation ability than 
short-time tests at overvoltages. 

We are in agreement with G. B. Shanklin 
that paper-insulated cable can well be oper¬ 
ated at temperatures of from 90 to 100 de¬ 
grees centigrade without probable injury 
to the dielectric but that cable-sheath design 
and technique of manufacture constitutes the 
greatest drawback to operating our existing 
cables at these temperatures. 

In closing, we fed that as the result of the 
papers presented on cable operation at the 
higher temperatures and the resulting dis¬ 
cussion of these papers, we come to the 
generalization that oil-impregnated paper 
insulation as used in modem cables is not 
in itself affected when operated at tempera¬ 
tures up to 100 degrees centigrade but when 
insulation is incorporated as an integral 
part of cable it may be subjected to some 
increase in deterioration due to resulting 
void spaces which may form due to heating 
and cooling cycles. The sheath problem, on 
Ike other hand, is one of a material limited 
in mechanical strength and affected more 
from stresses set up in it due to changes in 
loading than to the magnitude of the tem¬ 
perature. A satisfactory solution of our 
cable-sheath problem is probably of more 
immediate concern in securing a more 
economical high-voltage cable tha-n the 
devdopment of improvements in oil and 
paper dielectric. 
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Voltage Control of Mercury-Arc Rectifiers 

G. R. McDonald 

ASSOCIATE AIEE 


T he mercury-arc rectifier competes 
with the older well-established types 
of apparatus, the synchronous converter 
and motor generator set. Both of these 
types of apparatus are flexible in applica¬ 
tion as they may be adjusted through a 
range of different output characteristics 
and in the case of the booster-type con¬ 
verter and motor generator set, consider¬ 
able range in voltage control is possible. 
In order to take full advantage of the de¬ 
sirable features of the mercury-arc recti¬ 
fier, its output voltage should duplicate 
that of its rivals. 

The output of a rectifier and its asso¬ 
ciated transformer without any special 
means of modifying or regulating the 
voltage is similar to that of a shunt- 
connected generator in that an increase 
in load causes a reduction in the direct 
voltage. The characteristic is a straight 
line from light load to the rated capacity 
of the equipment. The slope of this 
characteristic is dependent upon the 
type of transformer connections used, the 
reactance and resistance of the trans¬ 
former and supply system, and the arc- 
drop characteristic of the rectifier.^ 

The importance of the flat-compound 
characteristic has long been recognized 
particularly in the railway field. One 
of the earUest attempts at modifying the 
voltage output of a rectifier consisted of a 
scheme to produce the flat compound 
characteristic.* In figure 1 a commonly 
used rectifier circuit is shown^ with the 
exception that the interphase trans¬ 
former is provided with a saturating 
winding. If this transformer and its 
winding were short-circuited by the 
dotted connections x and y, a six-phase 
diametric connection would be obtained 
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having an output characteristic as shown 
by AB. 

If the dotted connection x is now re¬ 
moved the interphase transformer is 
placed in operation and six-phase opera¬ 
tion is still obtained but the resulting 
connection is known as double three 
pliase, the two wyes being forced to 
operate in multiple by the interphase 
transformer. The output of the rectifier 
is still six phase as the two three-phase 
systems are displaced from each other 
by 60 degrees.* This characteristic is 
shown by A CD. 
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Rgure 1 

HV — ^Transformer high-voltage winding 
LV'—Transformer lowwoltage winding 
I — Interphase transformer 
R — Rectifier 
A — ^Main anode 
C—Cathode 


It is apparent that any gradual means 
of making the iuterphase transformers 
ineffective with an increase in load would 
produce a characteristic similar to ACE. 
If the short circuit across the interphase 
saturating winding is now removed and 
the interphase transformer is made 
ineffective by saturation in proportion to 
the d-c output, the desired compound 
characteristic would be obtained. 

An equipment of this kind was de¬ 
scribed in the Transactions of the 
AIEE. The actual characteristic ob¬ 
tained was shown in the article.* 

The circuit for compounding described 
above has the disadvantage of emplo 3 dng 
saturation of the magnetic circuits, mak¬ 
ing it difficult to obtain a smooth curve 
of the desired shape. In addition it 
causes a poor power factor. To over¬ 
come these difficulties a more flexible 
sdieme of compounding was developed as 
shown in figure 2. In this figure the 
interphase transformer has connected 
across it a circuit made up of a saturating 
reactor and capacitor. The capacitors 
used in this way advance the firing period 
of the rectifier anodes, thus compensat¬ 
ing for the reactive part of the normal 
rectifier regulation. The point at which 
tlie capacitors have the maximum effec¬ 
tiveness is determined by the constants 
of the circuit. The advantages of this 
circuit are: increased flexibility in ad¬ 
justment, better utilization of the main 
transformer windings, improvement in 
power factor, and decreased losses. 

A simple way of changing a rectifier 
direct output voltage is to vary the 
altemaring voltage applied to the recti¬ 
fier. This can be accomplished by any 
of the commonly used methods for regu¬ 
lating or changing the voltage of an 
a-c circuit. In general, however, this 
type of voltage control is not suitable 
with rapidly fluctuating loads. 

With progress in the art of rectifier 
design, control grids were introduced 
which were capable of modifying the 
starting point of the arc from the recti¬ 
fier main anodes. By delaying the firing 
of the anodes, a reduction in the output 
voltage is possible. Voltage regulation 
by this means has been fully described in 
a number of articles.®”^ This t 3 rpe of 
regulation is very flexible and any desired 
output voltage can be produced pro¬ 
viding the desired voltage lies below the 
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natural output characteristic of the 
rectifier. 

This type of .voltage regulation im¬ 
poses some additional duty on the rnain 
anodes. It makes no change in the mflin 
transformer but does cause an increase in 
the size of the interphase transformer if 
used. One of the main objections to 
excessive use of voltage reduction by grid 
control is the distortion which it pro¬ 
duces in the a-c power supply system and 
the d-c output of the rectifier. 

In order to produce this type of regula¬ 
tion it is necessary to obtain the proper 
sequence in making the grids positive 
with respect to the voltage of the recti¬ 
fier cathode. One of the simplest means 
of doing this is by a Selsyn phase-shift¬ 
ing transformer as shown by figure 3. 



Figure 2 

HV'—Transformer hish-voltage windins 
l-V—Transformer low-voltage winding 
/—Interphase transformer 
Ca—Capacitor 
X — D-c saturating reactor 
R —Rectifier 
A — ^Anode 
C—Cathode 


The normal unregulated characteristic 
of the rectifier is shown by the curve 
ABC, When the Sels)m transformer is 
adjusted to retard the firing of the anodes 
and left in position, a characteristic curve 
parallel to the normal characteristic of 


the rectifier is obtained but at a lower 
voltage such as ADE, A number of 
equipments have been installed with 
control of this type so that the voltage of 
the rectifiers could be manually adjusted. 

A simple modification of the scheme 
shown in figure 3 is the addition of a 
voltage regulator equipment and motor 
drive for the Selsyn transformer. With 
this equipment the regulator serves to 
maintain constant direct voltage. This 
type of regulation has been used for a 
number of equipments operating under 
steady load conditions where rapid 
control of the direct voltage is not 
necessary. 

By means of a winding on the voltage 
regulator, carrying direct current in 
proportion to the rectifier output, the 
voltage can be made to rise or fall with 
an increase in d-c load as desired. 

Load balance coils on the regulators will 
also balance the load quite accurately 
between two or more equipments. Figure 
4 illustrates one method of obtaining a 
directional indication of the magnitude 
of the load being carried by a rectifier. 
The load indication is taken from a cur¬ 
rent transformer in the supply to the 
rectifier. It will be noted that if one 
equipment tends to carry more load 
than the other a current will flow through 
the equalizing coil circuits in such a i- 
rection as to cause the regulators to tend 
to boost the voltage of the rectifier carry¬ 
ing the least load and to reduce the volt¬ 
age of the rectifier carrying the greater 
load. As both units are connected to 
the same bus, their output voltages 
cannot be different. The regulators 
therefore shift load between the units 
until the desired balance in output is 
obtained. 

Although current transformers are 
shown in figure 4, other means of ob¬ 
taining the load balance indication may 
be used sudi as using the drop across a 
shunt in the rectifier load circuit, the d-c 
drop through the interphase transformer, 
or any other convenient means depending 
on the particular installation. 

For railway and similar types of serv¬ 
ice a more rapid type of regulation is 
desirable which would eliminate the slow- 
moving motor-driven Selsyn transformer. 
Accordingly, the circuit shown in figure 5 
was developed in which the Sels 3 m 
transformer is still retained but merely for 
making the initial phase^angle adjust¬ 
ments. The necessary phase shifting of 
the grid voltage with respect to the 
voltage of the main anodes is obtained by 
applying a d-c bias to the neutral of the 
Sels 3 m transformer. The biasing voltage 
is obtained from a small d-c generator, 



CURRENT 

Rgure 3 


W—^Transformer high-voltage winding 
Transformer low-voltage winding 
/—Interphase transformer 
S — ^Selsyn phase-shifting transformer 
R — Rectifier 
A — Anode 
G—Grid 
C—Cathode 

the output of which is controlled by the 
regulator. This does not produce any 
phase-angle shift of the a-c supply to the 
grids but by biasing the grid voltage 
there is, however, available a change in 
the time at which the grids go positive 
with respect to the cathode of approxi¬ 
mately 90 degrees, although a much 
smaller shift is commonly used. 

In figure 5 a biasing generator is con¬ 
nected between the cathode of the recti¬ 
fier and the heutral of the six-phase grid 
transformer. This generator is provided 
with two separately excited shunt fields 
connected to oppose each other, one 
double the strength of the other. With 
this scheme of excitation the full range 
in voltage of the bias generator may be 
obtained in either direction. The out¬ 
put voltage of this generator is controlled 
by the regulator. 

From the wave shapes shown in figure 
5, keeping in mind that a rectifier anode 
cannot fire until its associated grid be¬ 
comes positive with respect to the 
cathode, it will be noted t^t by means 
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^““Copper-oxide rectifier 
/?P—Voltes^ reaulator potential coll 
PL5“~Voltase regulator load balance coll 



Figure 5 

HV—Transformer high-voltage vy^lndlng 
LV—Transformer low-voltage winding 
5—Selsyn transformer 
/?—Rectifier 
A —^Anode 
G~Grld 
C—Cathode 

REG—Voltage regulator 

MG —Grid-bias motor generator set 

of this d-c bias there is a range of 90 
degrees through which the firing of the 
main anode may be controlled. This 
gives a range from the normal unregulated 
voltage of the rectifier to approximatdy 
zero voltage if the load is sufficiently 
inductive to maintain the flow of current. 
This extreme range is not normally used 
but illustrates the flexibility of this type 
of control. 

With this method a regulator can hold 


constant direct voltage or can be under- 
or overcompounded. The regulators 
can be equipped with load balance coils 
for balancing load between units. 

The response of the rectifier to a 
dhange in grid voltage is practically 
instantaneous. This t 3 rpe of regulation is 
therefore very fast, the only delay being 
in the response of the regulator itself and 
in the ability of the separately-excited 
bias generator to change its voltage. 
There is no difficulty therefore in main¬ 
taining any desired voltage regardless of 
the fluctuations in d-c load demand. 

As an illustration, this type of voltage 
control in railway service is being used 
with the equipment supplied for the 
electrification of the San Francisco- 
Oaldand Bay Bridge.® 

By substituting a current coil in place 
of the voltage coil of the regulator, the 
same scheme may be used to obtain a 
load-limiting effect; that is, as the cur¬ 
rent approaches limiting values, the 
voltage of the rectifier will be reduced to 
prevent any further increase in load. 
This scheme has been used in a number of 
installations. While they did not employ 
voltage control this feature together wilh 
load limiting could be applied by simply 
using a voltage regulator and a load 
regulator working on the same biasing 
generator. 

This same type of control using a 
counter-electromotive-force generator has 
been used for voltage regulation of d-c 
generators. It is, therefore, compara¬ 
tively simple to operate a d-c generator 
in multiple with a mercury arc rectifier 
with any desired load division between 
the units. 

As noted above, grid control of rectifier 
voltage causes distortion in the a-c 
power supply and in the d-c output. 
The amount of this distortion increases 
with the amount of regulation. When 
long continued operation at reduced 
voltage is required, transformer tap 
changing under load and grid control 
forms a good combination. The a-c* 
supply voltage is adjusted so that a 
minimum amount of voltage control with 
grids is required. 

With the advent of the ignitor® a 
competing type of mercury-pool rectifier 
of the single anode type has become 
available and is being used quite ex- 
tensivdy for various applications. An 
equipment of this type is made up of a 
number of separate tubes combined to 
give the equivalent of a multiple-anode 
rectifier. Each tube is fired in rotation 
by an ignitor which serves to start the 
arc. At the end of eadr conducting 
period the tube arc is extinguished and 


no ionization exists until the main anode 
again becomes positive with respect to 
the cathode and the ignitor is re-energized 
to provide ionization for starting the 
main anode. 

Figure 6 illustrates the essentials of 
one method for controlling the operation 
of these tubes. The ignitor, a crystalline 
compound inserted into the cathode-pool 
mercury is energized momentarily each 
cycle to start the main anode. The 
operation during each cycle is as follows: 
When a main anode becomes positive 
with respect to its cathode the auxiliary 
vacuum tube is made conducting and 
current is passed through the ignitor. 
As soon as sufficient ionization is pro¬ 
vided an arc is started between the 
cathode and grid of the power tube short- 
circuiting the ignitor circuit. This arc 
in turn starts the main anode. Voltage 
control is accomplished in the same way 
as with grid control by delaying the opera¬ 
tion of the auxiliary vacuum tube. 

The essential feature of this type of 
control is the provision of a momentary 
current supply to the ignitor for starting 
the main arc. In place of the scheme 
shown by figure 6, peaking transformers 
and other similar methods may be used, 





Rgure 6 


HV —^Transformer high-voltage winding 
LV““Transformer low-voltagc winding 
/—Interphase transformer 
Rl to R6 —Individual vacuum tubes 
/—^Anode 
G—Grid 
C—Cathode 
X —Ignitor 
V““Control tube 

depending on the requirements of the 
application 

The foregoing outlines in general terms 
some of the progress made and some of 
the practical methods which may be 
used to control the output voltage of 
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mercury-arc rectifiers. In general, equip¬ 
ment is now available to regulate the 
output of a rectifier which will provide 
the functions of: flat voltage control, 
under- or overcompound voltage control, 
voltage control and current limiting, 
current control, and control suitable for 
other special applications, such as the 
equivalent of Ward-Leonard control for 
starting purposes. The rectifier equip¬ 
ment is thus in most respects as flexible 
in application as other types of conver¬ 
sion apparatus. The type of equipment 
to be used, and its control, will depend 
upon the requirements of the particular 
installation. 
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Discussion 

G. P, Jones (nonmember; Westinghouse 
Electric and Manufacturing Company, 
East Pittsburgh, Pa.): Mr. McDonald 
has discussed rather briefly voltage control 
of the ignitron rectifier, a t 3 rpical circuit 
bemg shown in his figure 6. From the 
point of view of voltage control, this type 
of rectifier has distinct advantages which 
I believe should he emphasized. 



RECTOX BIAS 
SUPPLY 


Figure 1. Ignitron rectifier circuit using 
voltage regulator for current limitation 



Figure 2. Showing anode-to-cathode voltage 
and anode currents in function of voltage 
control and angle of delay 



Rgure 3. Voltage regulation and power 
factor of rectifiers with and without grid control 


Curve 1—^Voltage characteristic (drooping) 
without grid control 

Curve 2—Power factor corresponding to 
curve 1 

Curve 3—^Voltage characteristic (level) 

obtained by grid control 

Curve 4—Power factor corresponding to 
curve 3 

As mentioned in the contemporary paper 
by Mr. Cox and myself, the arc voltage 
drop of the ignitron is the same for a voltage- 
controlled and non-voltage-controlled unit. 
For the conventional rectifier, the presence 
of the control grids in the arc path increases 
the arc voltage drop and therefore lowers 
the efficiency. 

The power required by the grids of the 
.excitation tubes of the ignitron is only a 
fraction of that required by the control grids 
of the conventional rectifier. This low 
power requirement extends the flexibility 
of the apparatus considerably and simplifies 
the control apparatus. For example, Mr. 
McDonald’s figure 6 shows a motor gener¬ 
ator set as a source of bias voltage to 
effect voltage control of a conventional 
rectifier. For the ignitron, the corre¬ 
sponding source can be a small Rectox, 
thus elimmating rotating apparatus and 
its inherent response time lag. Figure 1 of 
this discussion shows the essential circuit 
for high-speed voltage control of an ignitron. 
The voltage regulator operates to limit the 
a-c input to the unit to a constant value 
when the power demand is excessive. A 
potentiometer is connected across the fixed 
bias voltage of the Rectox source. The 



Figure 4. Grid-controlled rectifier installed 
at a substation of the Commonwealth Edison 
Company in Chicago 


resistance of the effective part of the poten¬ 
tiometer is varied by a Silverstat regulator 
to insert bias voltage in the neutral of the 
excitation-tube grid transformer in the 
correct proportion to limit the current rise. 
In this circuit the only time lag is that of 
the moving arm of the regulator. 

I would like to ask Mr. McDonald if 
there is not an error in his figure 6. This 
circuit shows the ignitor current and the 
ignitron grid current passing through the 
same resistor. In order to conduct the 
ignitor current, this resistor must have a 
low value. Connected as shown this would 
permit excessive grid currents both during 
normal conduction and during arc back. 


O. K. Marti (Allis-Chalmers Manufacturing 
Company, Milwaukee, Wis.): It was very 
gratifying to see from this paper that 
another manufacturer of rectifiers has 
adopted the d-c bias grid voltage control 
and found that it offers many advantages. 
This method of control was used in con¬ 
nection with our grid-equipped rectifiers 
as far back as 1930 and has since then been 
incorporated in rectifiers for many different 
kinds of applications, as will be seen later on. 

I would like to say a few words first in 
regard to some statements which I feel 
should be further amplified. For instance, 
it is said that the grid voltage control, 
imposes some additional duty on the main 
anodes. It is true tiiat the rectification 
phenomenon is made somewhat more 
difficult when the anodes are delayed in 
their firing due to the' fact that the reverse 
voltage increases more rapidly immediately 
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MAIN SUPPLY 



Figure 5. Diagram of connection 


duction of voltage, and therefore the angle 
of delay is practically zero at full load, and 
becomes larger toward no load, as is shown 
in figure 3. Curve 1 shows the natural 
voltage ch^acteristic of an uncontrolled 
rectifier, while curve 3 shows the flat voltage 
characteristic which can be obtained by 
means of grid control. In other words, 
the reverse voltage increases gradually as 
the rectifier load is decreased, and conse¬ 
quently there is no additional duty imposed 
on the anodes in such an application. In 
order to avoid delay in firing the anodes 
at full load the transformer taps are chosen 
accordingly. We therefore wonder to what 
kind of excess loading of anodes the author 
had reference. 

The only other characteristics affected 
by grid voltage control and not mentioned 
by the author are power factors (see figure 
3) and the wave-shape distortion of voltage 
and current of the primary as well as of the 



the output voltage, as well as some rheostats 
and changeover switches for manual control 
of voltage. 

From figure 5, which shows the simplified 
diagranr of connections of the above in¬ 
stallation, it can be seen that no auxiliary- 
motor generator set is used, as in the appli¬ 
cation shown in figure 5 of Mr. McDonald’s 
paper. However, instead of the generator 
voltage the rectifier output voltage is used 
as a source of the d-c bias. Such an ar¬ 
rangement simplifies the control con¬ 
siderably as only a standard potentiometer 
is necessary. 

Figure 6 shows portions of voltage and 
current graphs taken in the above grid- 
controlled rectifier installation, which, as 
mentioned previously, supplies a railway 
load. These graphs clearly indicate the 
effectiveness of the grids in keeping the 
voltage constant in spite of continued 
fluctuations in the load current (shown in 
the upper graph). The automatic grid 
control was turned off at A, so that the 
portion of the (lower) voltage graph to the 
right of point A represents, by contrast, 
the unregulated fluctuating voltage of the 
rectifier. It is therefore evident that the 
output voltage of a rectifier may easily 
be maintained within as narrow limits as 
required in spite of fluctuating loads. 

Another very interesting installation 
using this type of grid control was put in 
operation over two years ago by our Com¬ 
pany in New York, furnishing power to 
the Third Avenue Railway. However, 
with this rectifier the grid control acts as 
a current regulator in that its function is 
to keep the current constant down to the 
full-load value as long as the base load of 
the station is above the rated rectifier load. 


Figure 6. Load charts showing actual voltage 
regulation obtained with grid-controlled 
rectifier furnishing power for railway load 

Current multiplier—80 Voltage multiplier—5 

after commutation takes place, however, 
as can be seen from figure 2 of this discus¬ 
sion, the anode-to-cathode voltage remains 
the same in magnitude. Furthermore, the 
anode currents do not increase appreciably, 
and therefore a delay in firing docs not 
affect the loading of the anode, see figure 2, 
which shows the anode current for different 
angles of delay and percentage of voltage 
control, respectively. 

In most installations where only com¬ 
pounding df voltage is necessary, the re¬ 



d-c system. These factors become quite The rectifier is operating in parallel with 

important -as soon as the amount of regu- rotary converters in the same station. It is, 

lation of voltage is greater than the usual however, connected to a different supply 

amount as required in railway service. bus than the rotary converters. In other 

In most applications, however, operation words, this installation is also interestog 

at greatly reduced voltages is not required, due to the fact that a 1,000-kw rectifier 

except for starting or for temporary periods ties together two very powerful networks 

of operation, as for instance when trans- of 26- and 60-cycle frequencies, which 

ferring load from one unit to another, or could only be accomplished safely by using, 

during very light loads, etc. instead of a rotary converter, a rectifier 

In figure 4 of this discussion is shown a which is not susceptible to frequency or 

625-volt 6,000-ampere nominally rated voltage variations. 

12-anode rectifier with automatic grid Furthermore, a d-c bias control with a 
control equipment. This equipment was rocking-type regulator was used in an 

installed in a substation of the Common- installation for the Republic Steel Company 

wealth Edison Company in Chicago, and in Chicago. The arrangement for balancing 
has now been in operation for over seven the load is the same in principle as show 

years. The control board is shown on the in figure 5, except that the drop ^ross the 

right-hand side and contains the necessary shunt in the rectifier load circuit was to 

apparatus, including a quick-acting rocking- be used in order to affect the compensating 
type regulator for automatically controlling coil of the rocking-type regulator. In 


Figure 7 (left). 

Regulation of direct- jo grids 
voltage output of a 
six-phase rectifier as 
a function of the 
' angle of delay 


Figure 8. Grid" 
controlled protec- to cathode 
tion circuit for 
interrupting short rectirer 
circuib and bacicfirei 
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connection with this installation it was 
extremely important to obtain a voltage 
control over a wide range with quick re¬ 
sponse due to the requirements of the 
wire-drawing machines and of the excitation 
of the machinery in the automatic galvaniz¬ 
ing plant. It was found that the d-c bias 
control on the rectifier met the require¬ 
ments very well and takes care entirely 
automatically of a-c and d-c feeder voltage 
drop and of the inherent machine regulation. 

In two radio tectifier plants we probably 
made the most exten^ve use of electronic 
grid control, in that the voltage is regulated 
from practically zero to tihe full value. It 
is general practice in radio installations to 
apply voltage first at a low value and then 
to increase it automatically in two or three 
steps to the normal operating value; see 
figure 7 of this discussion. 

In a rectifier without grids, power is 
interrupted for protection purposes by 
means of an a-c circuit breaker in the 
primary power supply line. In a grid- 
controlled rectifier, however, additional 
protection can be provided by means of 
electronic interruption of power obtained 
by the bloddng action of the grids. This 
blocking action is dependent upon auto¬ 
matically placing a negative potential in 
relation to the cathode on all grids when an 
overload or short circuit occurs in the radio 
transmitter or rectifier equipment. By 
using a small high-speed relay to apply the 
negative grid blocking bias, it is possible 
to interrupt power in the rectifier unit 
wthin a fraction of a cycle. This is con¬ 
siderably faster than the interrupting time 
required by an a-c circuit breaker, and thus 
grid control provides much better protection 
than mechanically operated circuit breakers. 
Moreover, since an a-c circuit breaker is 
usually furnished in any event, double 
protection is provided in that the high¬ 
speed grid-control protection apparatus is 
backed up by the slower-speed circuit- 
breaker equipment. 

Figure 8 shows a diagram of a grid-control 
protection circuit. Upon the occurrence 
of a fault in the transmitting equipment, 
a surge current is induced through insulat¬ 
ing current transformer IT on the coil of 
relay S, Opening of the back contact of 
this high-speed relay instantly inserts 
r^istonce R into the bias potentiometer 
cfrcmt and thereby causes the negative 
biasing voltage to be increased to a value 
of greater relative magnitude than the 
positive a-c potentials placed on the grids 
through rasters N and grid transformer 
GT* C^osmg of the other contacts of relay 
6* ^ ^tant later short-circuits the grid 
excitation transformer, thus doubly assuring 
that ony a negative blocking bias is main¬ 
tained on the grids. 

It could be seen from the above that by 
adding very little extra equipment, an 
additional possibility of the grid control 
c^ be r^ilized. Interruption of short 
circuits and backfires is accomplished vdy 
successfully m coimection with our mer¬ 
cury-arc rectifiers furnishing power for the 
New York subway. Measurements have 
shown that the backfires are interrupted 
in less than two cycles. 

In connection with the arrangement 
shown in figure 5, it would be interestmg 
to know what alternating voltage is applied 
to the grids, and what is the mavIm^ iTn 
d-c bias voltage used. Furthermore, I 


Operating Experience With Petersen 
Coils on 66-Kv System of 
Metropolitan Edison Company 
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T he Metropolitan Edison Company, 
operating in the eastern part of Penn¬ 
sylvania, has a total of 264 miles of 66,000- 
volt overhead transmission lines, to 
which intercoimections at this voltage 
with the S 3 rstems of the Pennsylvania 
Water and Power Company and the 
Pennsylvania Power and Light Company 
add 59 miles, making a total of 323 
circuit miles. A single-line diagram of 
this S 3 rstem is shown in figure 1, which 
also shows the various types of line con¬ 
struction used, ranging from all-wood 
construbtion to all-steel construction, 
with overhead grotmd wires and counter¬ 
poise. The system neutral is grounded 
through transformers at West Reading, 
Middletown, and the Holtwood station 
of the Pennsylvania Water and Power 
Company. At West Reading, the 
grounding bank consists of thiee single¬ 
phase 600-kva 66,000-13,200-volt trans- 
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formers connected wye-delta, and at 
Middletown a three-phase zigzag trans¬ 
former having an equivalent transformer 
capacity of 1,000 kva. At Holtwood 
each 66,000-volt line, as shown in figure 
1, terminates in a 20,000-kva three-phase 
69,000-13,200-volt wye-delta transformer, 
having the high-voltage neutral grounded 
through a 300-ohm reactor. The 13,200- 
volt winding of these transformers is con¬ 
nected to the 13,200-volt station bus. 

The system is, in general, equipped 
with conventional induction types of 
directional-phase and directional-ground 
relays. The only exception is in the 
phase relaying on the Pennsylvania 
Water and Power Company’s lines and 
on the York end of circuits number 
77 and number 78, where directional- 
distance type relays are used. Balanced 
relay schemes are used where advantages 
can be gained thereby. 

All lightning arresters and trans¬ 
formers are insulated for full Une-to- 
line voltage. 

Application and Design 

Interruptions were being experienced 
on this system due to insulator flash- 
overs, the majority of which were as- 
cribable to lightning, and various means 
of lightning-proofing these lines were 


would like to know the reason for 
energized grids in connection with the 
arrangement shown in figure 6. It was 
my understanding that the ignition of the 
cathode spot can be fully taken care of by 
the ignitors as developed at present. 


G. R. McDonald: I wish to thank Mr. 
Jon^ for pointing out an error in the con¬ 
nections of figure 6, and for the further 
discussion on the voltage control of ignitron 
equipments. 

Referring to Mr, Marti’s comments, we 
agree that when delaying the firing of the 
anodes of a rectifier to modify the output 
voltage, the anode currents and voltages 
rem^ essentially the same with the same 
rectifier output. As pointed out by Mr. 
Marti, rectification is made more difl&cult 


when delaying the firing of the rectifier 
anodes because the inverse voltage increases 
more rapidly at the end of an anode con¬ 
ducting period. This causes some addi¬ 
tional positive-ion bombardment of the 
anodes. When rectifier loads are light, 
this is of no consequence. However, if a 
rectifier is operated at its mavimiim current 
rating, and the firing of the anodes is de¬ 
layed to a considerable extent, this may 
become of some consequence and should be 
given consideration in the application of 
equipment. The type of flat voltage 
regulation described by Mr. Marti is natu¬ 
rally easy for a rectifier as maximum 
grid control comes at light load. 

The equipment chosen for controlling 
the rectifier grids to modify the output 
voltage is entirely a function of the type 
and range of control desired in each case. 
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Figure 1. Sixty-six-kv trensmission system, 
Metropolitan Edison Company 

Construction legend: 

/^-1—^Wood pole, steel arm, pole ground 
wire 


considered. It was found, however, 
that approximately 50 miles of double¬ 
circuit Hne, which was originally built 
for operation at 33,000 volts, could not 
be changed to accommodate either over¬ 
head ground wires or expulsion gaps with¬ 
out complete rebuilding. An anal 3 rsis of 
the operation for the year 1936 showed 
that approximately 69 per cent of the 
faults were cleared by ground or phase 
and ground relays. Numerous conduc¬ 
tor failures and insulator failures during 
lightning storms were experienced. It 
was therefore finally decided to install 
Petersen coils, or groimd fault neutral¬ 
izers, on this system, with the expecta¬ 
tion tliat over 70 per cent of the outages 
would be eliminated. Due to operating 
conditions, and in order to maintain 
.selective rela 3 dng under all conditions, 
it was necessary to install a coil at each 
location where tlie system neutral was 
grounded. 

The neutral bushing of the zigzag 
grounding transformer at Middletown was 
originally rated at 15 kv. This was re¬ 
placed with one rated 50 kv, in order to 
provide insulation capable of handling 
at least line-to-neutral voltage. No 
other change of system insulation was 
necessary on account of the Petersen- 
coil application. 

The three Petersen coils were fur- 
ni^ed by the General Electric Company 
and were designed from measurements of 
charging current made by discomecting 
the grounding transformers at West 
Reading and Middletown and opening 


A-2 —Wood pole, steel arm, pole ground 
wire, overhead ground wire 
A-3—^Wood pole, steel arm, pole ground 
wire, overhead ground wire, expulsion gaps 
A‘4 —^Wood pole, wood arm, no pole ground 
wire 

A-5—^Wood pole, steel arm, pole ground 
wire, expulsion gaps, counterpoise 
5-1—Steel tower, no overhead ground wire 
5-2—^Steel tower, two overhead ground 
wires, counterpoise 


the neutral-ground connections at Holt- 
wood, and grounding one phase of the 
system through a current transformer. 
This measurement was made at various 
locations on the 66,000-volt system. 
The average charging current per mile of 
circuit was found to be 0.34 amperes. 

In the application of three Petersen 
coils, it was decided to have each coil 
normally protect approximately one- 
third of the total circuit mileage and to 
have sufficient range to allow for any 
abnormal operation which could be 
anticipated. 

All of the coils were designed for ten- 
minute operation, those at West Read¬ 
ing and Middletovim having ratings of 
15 to 60 amperes, and the Holtwood 
coil having a rating of 12 to 48 amperes. 
The minitmim current rating was selected 
to permit operation of the m ini mum ex¬ 
pected circuit mileage and ma x i m um 
rating selected to allow for system 
growth. The West Reading and Middle- 
town coils are designed with single bush¬ 
ings, conservator tanks, Th 3 nrite by-pass 


resistors, currenl transformers inside 
the tank in the grounded lead, and ex¬ 
ternal manually-operated ratio adjusters 
by means of which 25 tap points are ob¬ 
tainable. The Holtwood coil is similar, 
except that a gas seal is used instead of the 
conservator. 

Each coil was provided with an oil 
circuit breaker which would automati¬ 
cally short-circuit the coil after currenl 
had passed for a predetermined time, 
thereby solidly grounding the system 
neutral to allow relaying of the faulty 
line. Figure 2 shows the Middletown 
coil and short-circuiting oil circuit breaker 
as installed, togetlier with the grounding 
transformer in its original position. 

The auxiliaiy’^-coiitrol apparatus for 
each coil consists of an instantaneous 
overcurrent self-reset relay, a timing 
relay, an operation counter, a signal, 
and a recording ammeter, connected as 
shown in figure 3. Operation of the over¬ 
current relay simultaneously energizes 
the timing relay and the operation 
counter. The timing relay is a d-c 
motor-operated device used to dose the 
short-dreuiting oil circuit breaker if 
current flows through the coil continu¬ 
ously for a period of five seconds. The 
timing relay returns to the starting posi¬ 
tion instantly if the fault is cleared 
within the five-second period. The 
operation-counter registers the number 
of operations of the overcurrent rela}'. 
This provides a more accurate record of 
the total number of faults, as several 
faults occurring within a short space of 
time would appear as a single fault on 
the recording ammeter, due to the slow 



Figure 2. View of Pelenen coil and short- 
circuiting oil circuit breaker installed at 
Middletown 
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chart speed. At West Reading and 
Middletown, the signal is connected 
as shown in figure 3, and is energized 
only when the short-circuiting oil cir¬ 
cuit breaker closes. At Holtwood, it is 
connected in parallel with the timing re¬ 
lay, becoming energized directly from the 
overcurrent relay contact. 

Tuning Tests 

The coils were installed in September 
1937, and immediately after their installa¬ 
tion tuning tests were made to determine 
the proper operating taps for the various 


operating conditions. Normal tuning 
areas were established, as shown in 
figure 1, and each coil was tuned to its 
respective area without placing a fault 
on the system, in the manner described 
in a recent AIEE paper.^ In these tests 
it was found that the resonance or *‘in 
time** current values were high, in some 
cases far exceeding the continuous cur¬ 
rent rating of the coils. This high reso¬ 
nance current was thought to be due to 
excessive electrostatic unbalance of the 
transmission lines, and indicated that 
transpositions would be necessary. The 
effect of the various transpositions was 
calculated and the transpositions made 
as described recently in an AIEE paper.* 

Transpositions 

Referring to figure 1, circuits numbers 
21 and 22 between West Reading and 
Lebanon, and circuits numbers 71 and 72 
between Lebanon and Middletown, were 
given one complete transposition. The 
section of circuits numbem 77 and 78 
between York Haven and York, which is 
about two-thirds of their length, was 

1. For all numbered references, see list at end of 
paper. 
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rearranged with phase positions differing 
from one another and from that section 
between Middletown and York Haven, 
so that, in effect, with both circuits in 
service there is one complete transposi¬ 
tion. The bottom and middle phases of 
circuit number 24 between Temple and 
Hamburg were interchanged. The two 
top phases of circuit number 80 between 
York and Spring Grove were inter¬ 
changed, and also the two phases on the 
same side of the pole on circuit number 
81 between Spring Grove and Hanover. 
On circuit number 82, which is a tie 
line between this company’s substa¬ 


tion and that of the Pennsylvania Water 
and Power Company in York, the vertical 
phasing was changed from C-B-A to 
B-A-C, On the Pennsylvania Water 
and Power Company’s system, the top 
and middle phases of circuit number 11 
between York and Holtwood were inter¬ 
changed. In making these changes, ad¬ 
vantage was taken of locations at which 
the configuration of the circuit changed 
from vertical to horizontal arrangement, 
so that the total additional material 
required for all transpositions consisted 
of two 14-foot steel crossarms. 

The effect of the transpositions was, 
in some cases, to balance one circuit 
against another in a given section of the 
system, which meant that the outage of 
one circuit in such a section would cause 
some degree of electrostatic unbalance. 
If the coils were retuned to the remainder 
of the system by changing taps, this elec¬ 
trostatic unbalance might be sufficient to 
cause excessive resonance current to flow 
through the coils, and a certain amount 
of detuning would then be necessary. 
From an operating viewpoint, it was con¬ 
sidered preferable to drop the circuit 
without attempting any retuning, inas¬ 
much as the amount of detuning caused 
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thereby was less than that which was 
successfully handled in field tests. 

After the transpositions, etc., were 
made, a second set of tuning tests was 
carried out, and resonance current magni¬ 
tudes were found to have been reduced to 
a point which was considered accept¬ 
able. 

Staged Tests 

An automatic oscillograph was then 
installed at Middletown, and staged 
tests were conducted. Arcing faults to 
ground were initiated by connecting a 
0.5-ampere fuse wire across a five-unit 
insulator string suspended from a steel 
crossarm located on a wood pole, 
grounded through a down-wire, and 
energizing this by closing an oil circuit 
breaker. This down-wire was wrapped 
several times around the base of the pole, 
but no attempt was made to lower the 
pole-footing resistance. A series of seven 
tests was conducted, six of which were 
with arcing faults and with system condi¬ 
tions vaiying from noimal tuning to as 
much as 25 per cent out of tune. The 
out-of-tune conditions were established 
by isolating certain lines from that part 
of the system on which the tests were 
being conducted, leaving, in some cases, 
only two coils to clear the fault. No 
changes of coil taps were made from the 
normal position for any of the out-of¬ 
tune tests. The other test was a solid 


Table I. Petersen Operating Record 


• 

Total 

Per 

Cent 

of 

Total 

Per 

Cent 

of 

Tran¬ 

sient 

All faults. 

190... 

.100.0 


Transient faults. 

173... 

. 91.0 


Transient faults cleared 




by Petersen coil. 

128... 

. 67.4.. 

..74.0 

Table II. Cause of Transient Faults Cleared 


by Petersen Coils 


Lightning. S4 

High wind, rain, sleet, etc. 18 

Unknown (fair weather).. 18 

Bushing flashovers. 6 

Iron oxide on insulator. 1 ’ 

Broken conductor contacting steel tower. 1 

Total.128 

Per cent of total due to lightning. 05.0 


ground fault, made in order to check the 
operation of the short-circuiting breakers 
and the S 3 rstem groimd rdays. In the 
ardng-fault tests, the arc was suppressed 
in each case without any oil-circuit- 
breaker operation or system disturbmice, 


TO NEUTRAL OF 



Figure . 3. Con¬ 
nections for auxiliary 
control equipment 
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Tabl« IV. Interruptions Per Circuit 


the time of extinguishing the arc varying 
from one-half cycle to seven cycles. 

Operating Results 

The coils were placed in service October 
16, 1937, and in the various tables, 
“Petersen-Coil Year’' designates the year 
ending October 15, 1938. Table I shows 
that out of a total of 190 faults occurring 
during the Petersen-coil year, 128 faults 
were cleared by the coils without oil- 
circuit-breaker operation. However, the 
operation-counters, and the oscillograph 
which was in service for several months 
at Middletown, show that actually there 
were more than 500 arc suppressions. 
The oscillograms reveal that every fault 
was not cleared by the coils at the first 
attempt, as in some cases several arc 
suppressions occurred in a fraction of a 
second on the same phase before the fault 
was completely removed from the system. 
In tliese cases, the coils were given credit 
for clearing onl^’^ the initial fault, as a 
system disturbance resulting in oil- 
circuit-breaker operation would have 
begun at that time, had the coils not been 
in service. 

As previously stated, it was expected 
that the coils would remove over 70 
per cent of all faults from the system 
without disturbance. The results show 
that 67.4 per cent of all faults (74.0 per 
cent of all transient faults) were cleared 
by the coils without oil-circuit-breaker 
operation. 

The fact that results have been some¬ 
what lower than was expected, is due, in 
part, to an unusual condition existing on 
circuits numbers. 71 and 72, where they 
pass dose b}’’ an ore-concentrating plant 


Table III. Comparison of Faults and Oil- 
Circuit-Breaker Operations Before and After 
Petersen-Coil Installation 


Average of 
Previous 
Five Years 

Peters en- 
CoU 
Year 

Total faults. 

164. 

.100 

Total transient faults. 

138. 

_173 

Transient faults causing 
oil-drcuit-breaker opera- 
tion. 

138. 

.46 

Permanent faults. 

26...., 

.... 17 

Total oil-drcuit-breaker 


.221 

operations. 

448. 

Oil-drcuit-breaker opera¬ 



tions from transient faults 

316. 

.118 


of a large steel company. At this point, 
under certain weather conditions, the 
black oxide of iron dust discharged from 
the stacks deposits on the insulators and 
reduces their insulation level. Conse¬ 
quently, a single conductor-to-ground 


Circuit 

Number 


11 . 

12 . 

21 . 

22 . 

23. 

24. 

71. 

72. 
76, 


76. 


_ Number oi Circuit Interruptions 

Average of Previous Five 
_ Years 


Light¬ 

ning 


Other 

Causes 


Total 


Petersen-Coil Year 
Li^t- Other Construction 

nmg Causes Total (Figure 1) 


Type of 
Insulators 


Equivalent 

Spacing 

(Inches) 


10.4.. 

. 6.4.. 

. 16.8.. 

♦ 7 (1) 

12.8.. 

. 4.4.. 

, 17.2.. 

. 6 

1.6.. 

. 1,2.. 

. 2.8.. 

. 0 

1.4.. 

. 2.2.. 

. 3.6.. 

. 6 

16.2.. 

. 8.2.. 

. 24.4.. 

. 6 

13.2.. 

. 6.8,. 

. 20.0.. 

• 6 (1) 

3.6.. 

. 3.4.. 

. 7.0.. 

. 6(1) 


3.. 

9 .. 

1 .. 
1 .. 

6 .. 

9., 

1 .. 


.10 ( 1 ). 
.14 

. 1 . 
. 6 

,11 

.15 (1). 
. 6 ( 1 ). 


77. 

6.6.. 

. 1.6.. 

. 8.2.. 

. 0(1). 

78. 

8.6.. 

. 2.2.. 

. 10.8,. 

. 0 . 

79. 

8.2.. 

. 6.0.. 

. 13,2.. 

. 1 

80. 

4.6.. 

. 3.0.. 

. 7.6.. 

. 1 

81. 

6.0.. 

. 4.0., 

. 10.0.. 

. 1 

82. 

2.6.. 

. 1.0.. 

. 3.6.. 

. 1 

83. 

2.4.. 

. 1.2.. 

. 3.6.. 

, 0 

Totals.98.2.. 

.49.6.. 

.147.8.. 

.37(4), 

Summary 





Pin-type 





insulators 67.6.. 

..30.4.. 

....88.0.. 

..33 (3). 

Suspension 





insulators 30.0.. 

..18.0.. 

...67.0.. 

.. 3 (1). 

Combination 





pin and 





suspension 

1.6.. 

.. 1.2.. 

.. 2.8.. 

.. 0 .. 


0 .. 

1 .. 

1 .. 

0 .. 

1 ., 

0 .. 

0 .. 


0 ( 1 ) 

1 

2 

1 

2 

1 

0 


.8-2 .. 

. Suspension 


.B-2 ,. 

.Suspension 


A-1 .. 

.Pin 

. 45 

A-1 .. 

.Pin 

. 45 

A-1 .. 

. Pin and suspension. 

. 66 

A-1 .. 

.Pin 

. 61* 

.A-1 .. 

.Pin 

. 60 

A-1 .. 

.Pin 

. 60 

A-1 
and 
A-4 .. 

.Pin 

. 54 

.A-3, 
A-5, 
8-2 .. 

.Suspension 


.8-1 .. 

.Suspension 

.168 

.8-1 .. 

.Suspension 

.163 

A-l .. 

.Suspension 

. 94 

.A-2 .. 

. Suspension 

.100 

.4-1 .. 

.Suspension 

.100 

.4-4 .. 

.Suspendon 

. 91 

.4-4 .. 

. Suspension 

. 91 


.33...,70 (4) 


..29. 
.. 3. 

.. 1 . 


.62(3). 
. 6 ( 1 ). 


. 148 circuit miles 
.147 circuit miles 

. 14 dreuit miles 


Notu: Figures in parentheses represent additional interruptions occurring while coils were short circuited 
and therefore inoperative. 


fault at another location, with the ac¬ 
companying increased voltage-to-groxmd 
on the two sound phases, caused the dirty 
insulators to flash over, resulting in simul¬ 
taneous faults at different locations in¬ 
volving more than one phase. Faults 
of this nature occurred on several oc¬ 
casions before the cause was deter¬ 
mined. Increasing the insulation level 
in the affected area has apparently 
remedied this serious condition, as no 
simultaneous faults have since been ex¬ 
perienced; furthermore, to the best of 
our knowledge, neither has there been a 
flashover in the vicinity of the concentrat¬ 
ing plant. 

An analysis of the fault-clearing record 
of the coils is given in table II. It will 
be noted that 84 of the 128 faults cleared 
by the coil were caused by lightning. 
Approximately two-thirds of the 18 
operations from unknown causes oc¬ 
curred around daybreak, and were be¬ 
lieved to have been caused by birds. 

A comparison of the number of faults 
and oil-rircuit-breaker operations before 
and after the Petersen-coil installation 
is given in table III. Although the total 
number of faults during the Pet^en- 
coil year exceeded the five-year average, 
the total number of oil-circuit-breaker 
operations was reduced more than 60 
per cent. This performance makes it 


apparent that oil-circuit-breaker main¬ 
tenance has been materially reduced. 

The over-all reduction of system dis¬ 
turbances is dearly shown by the fact 
that the total number of transient faults 
causing oil-drcuit-breaker operation has 
been reduced from an average of 138 per 
year, over five years, to 45 during the 
Petersen-coil year, or a reduction of 
67.4 per cent. Lightning was respons¬ 
ible for 36 of the 45 faults, 29 of which 
were cleared by phase relays. The ma¬ 
jority of these faults, however, oc¬ 
curred in the 50-mile section of double- 
dreuit line with dosely spaced conductors. 
Lightning, therefore, was responrible 
for a total of 120 transient faults, 70 per 
cent of which were deared by the 
Petersen coils. The reduction in oil-dr- 
etdt-breaker operations caused by tran¬ 
sient faults was about 64 per cent. 

It is also interesting to note that dur¬ 
ing the Petersen-coil year the total 
number of permanent faults was only 
about two-thirds of the five-year average 
(table ni). It seems reasonable to 
credit this reduction to the coil per¬ 
formance, inasmuch as fewer insulator 
failures and conductor failures were ex¬ 
perienced during the coil year than in 
any one of the previous five years. 

The number of interruptions per dr- 
cuit during the Petersen-coil year, in 
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comparison with the average of the pre¬ 
vious five years, is shown in table TV. 
This record shows that the performance 
of the circuits having dosely-spaced 
conductors and pin-type insulators has 
been . considerably below expectations. 
On the other hand, the performance of 
the circuits with five-unit suspension 
insulators has been excellent. It is 
probable that part of the reason for the 
poor performance of the pin-insulator cir¬ 
cuits lies in the high pole-footing resist¬ 
ance, which in the event of surge current 
passing to ground, would cause the poten¬ 
tial of the entire pole structure to be 
raised above ground potential sufficiently 
to cause multiple flashovers on the same 
structure. Spot measurements of pole¬ 
footing resistance, recently made dong 
circuits numbers 21 and 22, were found 
to vary between 26 and 150 ohms, with 
an average from 20 locations of 80 ohms. 
Further study is being made of the pin- 
type circuits, in an effort to improve their 
operation. 

Data on circuits numbers 11 and 12, 
of the Penn^lvania Water and Power 
Company's system, have been omitted 
from table IV because of certain changes 
in line protection made about two years 
prior to the coil installation. Likewise, 
circuit number 76 has been omitted due 
to its having been in use less than one 
year prior to the coil installation. 

Su m ma ri z in g the data in table IV, 
comparing the Petersen-coil year with the 
average of the previous five years, it will 
be seen that the reduction of interruptions 
to pin-t 3 ^e insulator circuits was 27 per 
cent; of suspension insulator circuits, 
88 per cent; and of the combination pin- 
and suspension-insulator circuits, 64 per 
cent. Of all circuits, a reduction of 51 
per cent was obtained. 

On four occasions, during severe 
lightning storms, the system became 
separated by a permanent fault between 
Middletown and West Reading, resulting 
in two systems protected by Petersen 
coils. On each occasion, one or more 
subsequent flashovers were cleared in 
each section with the normd coil tap. 
In one case this represented an out-of- 
tune condition of nearly 30 per cent. 


Figure 4. Oscillogram showing fault due to 
free contact 

A —Line-to-neutral voltage, phase Af 1 CM 

- 60 volts root-mean-square (X600) 

B —Line-to-neutral voltage, phase 8; 1 CM 
= 60 volts root-mean-square (X600) 

C—Line-to-neutral voltage, phase C; 1 CM 

— 60 volts root-mean-square (X600) 

D —Petersen-coil current; 1 CM * 12.0 
amperes root-mean-square CX1) 

£—Line-to-line voltage, phase A-Bf 1 CtA 
*100 volts root-mean-square (X600) 

F—Line-to-line voltage, phase 8-C; 1 CM 
* 100 volts root-mean-square (X600) 
(measured maximum to maximum) 


Three rather peculiar instances in 
which the Petersen coils saved the system 
from major disturbances may be worthy 
of reporting: 

1. During a high wind storm, a tree grow¬ 
ing dose to drcuit number 71 was blown 
into the line, causing 41 coil operations 
within a period of 26 minutes, although no 
system disturbance of any kind was ob¬ 
served. The evidence was found by the 
patrol crew on the following day. Figure 
4 shows a secticm of an oscillogram ob¬ 
tained during this fault, showing three of 
the 41 arcs extinguidied in various times 
during a period of approximately one 
second. 

2. A bushing on an oil circuit breaker con¬ 
nected to the 66-kv bus at West Reading 
broke down and arced to the ground sleeve 
inride the oil tank. This resulted in five 
coil operations within a period of a few 
seconds. Although at the time of the coil 
operation puffs of smoke were seen in the 
66-kv switching structure by the station 
operator, the cause of the operations was 
not located until two days later when the 


hauling. Again, there was no disturbance 
on the system. Figure 5 is a section of an 
oscillogram of this fault, showing that one 
of the flashovers deared in less than one- 
half cyde. 

3. A dead-end loop on a sted tower, which 
at some previous time had been burned by 
a flashover, broke during a high wind, and 
the side having the splicing damp on the 
end of the wire swung intermittently into 
the tower. This resulted in a total of 266 
coil operations over a period of one hour. 
During this time the trouble was located 
and the faulty section isolated, all of which 
took place with no disturbance to service 
or line-to-line voltage. The oscillogram of 
this fault showed phenomena similar to 
that which took place during the tree fault 
(figure 4), although in some instances more 
ffequent contacts occurred. 

In figure 6 is shown an oscillogram of a 
typical ‘'unknown" cause of coil operation 
which was cleared in approximately 2Va 
cydes. This operation occurred at 6:31 
a.m., and was suspected to have been 
caused by birds. 

It is important to note that from 
numerous oscillograms obtained showing 
arc suppression by the coils, in no case 
did the Hne-to-ground voltage on either 
of the two sound phases exceed the line- 
to-line voltage. 

Permanent Ground-Fault Relaying 
and Cott Short-Circuiting Breaker 
Operation 

In order to maintain proper selectiv¬ 
ity in the operation of ground relays on 

Figure 5. Oscillogram showing fault due to 
failure of circuit-breaker bushing 

A —Line-to-llne voltage, phase A-Bf 1 CM 

* 100 volts root-mean-square CX600) 

B —Line-to-llne voltage, phase B-Q 1 CM 

* 100 volts root-medn-squareCX600) 

C—Petersen-coil current; 1 CM * 6.5 
amperes root-mean-square (XI) 

D—Line-to-neutral voltage, phase Af 1 CM 

* 60 volts rool-mean-square (X600) 

E—Une-to-neutral voltage, phase 8/ 1 ChA 

“ 60 volts root-mean-square (X600) 
F—Llne-to-neutral voltage, phase C; 1 CM 
* 60 volts root-mean-square (X600) (meas¬ 
ured maximum to maximum) 
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the system, it was, of course, necessary 
to take care that the coil short-circuiting 
breakers at all three locations would 
dose at approximatdy the same time. 
The d-c motor-operated timing relays 
used for this purpose were found to be 
remarkably consistent, and no particu¬ 
lar difficulty was experienced in this 
respect. All coil breakers are reopened 
manually on order of the system operator. 

Only one incorrect oil-drcuit-breaker 
operation was attributed to dit^imilgr 
dosing times of the cod breakers. In this 
case a single conductor-to-ground flash- 
over occurred on circuit number 78, which 
was not deared by the cods within the 
five-second period. The coil breakers 
then dosed automatically and circuit 
number 78 was rdayed at botli ends, 
together with the York end of drcuit 
number 77, all by ground relays. It was 
found that the Middletown coil breaker 
was about 30 cydes slower than the Holt- 
wood and West Reading cod breakers, the 
effect of which was to delay tripping at 
Middletown long enough to allow trip¬ 
ping of circuit number 77 at York. 
InddentaUy, this was the only case ob¬ 
served where a single conductor-to- 
ground fault was not cleared within tlie 
five-second period. It has been sug¬ 
gested that this time be increased in view 
of experiences with other installations.*^ 
This cannot be done at present because 
of eight-second time-delay no-voltage 
relays connected to coupling capacitor 
potential devices at a station fed from 
drcuit number 72. 

The ground relays on this system are 
of the directional and nondirectional 
overcurrent t 3 rpes, most of which have 
been in service for nearly 15 years. To 
date, no changes of any nature have been 
made to the ground-relay schemes or 
settings on account of the Petersen-coil 
instadation. The 66-kv system relaying, 
in general, during the Petersen-coil year 
has been satisfactory, being on a par with 
the rela 3 ring during the previous years. 

In two instances, balanced ground re¬ 
lays have operated along with phase 
rdays to dear double-circuit multiple 
flashovers-to-ground, although none of 
the coil breakers had dosed before the 
fault was cleared. Further investiga¬ 
tion is being made in an effort to deter¬ 
mine the reason for these ground-relay 
operations. 

With multiple-coil operation, it is ap¬ 
parent that if any one cod is short-cir¬ 
cuited, all other coils are rendered in¬ 
effective, as the system is then solidly 
grounded. Therefore, it is not only im¬ 
portant that all coil breakers dose at the 
same time, but it is also important, in the 



case of manual reopening, that they be 
reopened in the proper order; other¬ 
wise improper relaying might take place 
for subsequent faults occurring be¬ 
fore all coil breakers have been re¬ 
opened. On our system, this condition 
is almost entirdy avoided by not re¬ 
opening Middletown coil breaker until 
after the other two coil breakers have been 
reopened. 

In some cases, particularly during elec¬ 
trical storms, an appredable time elapsed 
before all coil breakers were reopened, 
during which faults occurred subsequent 
to tlie one causing the coil-breaker 
dosures, causing interruptions that might 
otherwise have been avoided. A total 
of seven ground faults occurred in such 
periods during the Petersen-coil year, 
four of which caused circuit interrup¬ 
tions. Therefore, in order to get all 
coils back into service as quiddy as 
possible, plans are under consideration 
to install automatic-reopening equip¬ 
ment on the coil breakers. This equip¬ 
ment will function to reopen the coil 
breaker after fault current has ceased 
to flow in the grounding transformer. 


Figure 6. Osctllogram showing flashover 
from unknown cause 

A—Llne-to-line voltegc, phase A-Bj 1 CM 
= 100 volts root-mean-squarc (X600) 

B Line-to-llne voltagcy phase B-Cj 1 CM 
= 100 volts root-mean-square (X600) 

C—Petersen-coil current; 1 CM = 6.5 
amperes root-mean-square (XI) 

0—Line-to-neutral voltage, phase A; 1 CM 
= 60 volts root-mean-square (X600) 
E“-Line-to-neutral voltage, phase 8/ 1 CM 
= 60 volts root-mean-square (X600) 

F—Line-to-neutral voltage, phase C; 1 CM 
= 60 volts root-mean-square (X600) (meas¬ 
ured maximum to maximum) 


coil operation may be expected with the 
coils appreciably out of tune. Under ab¬ 
normal system operation, one section of the 
system operated with two coils as much as 
.30 per cent out of tune, during which time 
successful operations were recorded. 

7. Operation of the coils has been respons¬ 
ible for a reduction in the total number of 
oil-drcuit-breaker operations, with a conse¬ 
quent reduction in maintenance cost. 
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Conclusions 

From experience obtained thus far, 
tlie following appear to be reasonable con¬ 
clusions: 

1. The amount of electrostatic unbalance 
of a system should first be determined be¬ 
fore a coil installation is planned. 

2. Experience with mtdtiple-coil installa¬ 
tion indicates that the addition of a suitable 
automatic-reopening device for the short- 
circuiting oil drcuit breakers is desirable. 

3. Multiple-coil operation has presented 
no serious difficulty from the standpoint of 
system relaying. 

4. On litipg of fairly modem construction, 
with five suspension disk insulators, the 
improvement in service is up to expecta¬ 
tions. 

6. On lines of older construction, using 
pin insulators, the improvement is not so 
marked, indicating, we believe, that more 
multiple flashovers occur on these lines. 

6. It is apparent that successful Petersen- 
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Discussion 

E. M. Hunter (General Electric Com¬ 
pany, Schenectady, N. Y.): It is worthy 
of note that the groimded-neutral method of 
operation has been supplemented by Peter¬ 
sen coils on the Metropolitan Edison Com¬ 
pany 66-kv system. This is one of several 
applications of its kind in the United 
States and there are indications of a very 
definite trend in the industry away from 
the solid neutral ground with its very ob¬ 
vious limitation that every flashover to 
ground is a short circuit requiring im¬ 
mediate attention. It is believed that the 
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presentation of the operating experience 
given in this paper is very timely and should 
be of considerable value to others who may 
be considering similar applications. 

It is expected that from time to time 
other companies which are now operating 
solidly grounded will supplement their 
ground fault protection with Petersen coils. 
This requires some system planning be¬ 
cause certain insulation levels must be 
maintained in the connected electrical ap¬ 
paratus. Transformer neutrals should be 
fully insulated, lightning arresters should 
be of the ungrounded-neutral type, and 
interconnections of systems of different 
voltage levels should be through two- 
winding transformers and not autotrans¬ 
formers. These facts should be kept 
in mind when new purchases of electrical 
apparatus are contemplated because other¬ 
wise the cost of rebuilding equipment to 
make it suitable for the Petersen coils may 
make the application uneconomical. 


E. H. Bancker (General Electric Company, 
Schenectady, N. Y.): One of the factors 
brought to light in this paper is the fact 
that the use of Petersen coils does not upset 
normal ground rela 5 dng. It should be 
pointed out that this does however require 
that when the coils are short-circuited, 
there should be about as many grounded 
neutrals as existed at the time the relay 
settings were made, or else the relays will 
have to be reset for the new ground-fault 
current condition. This factor must be 
considered when an installation is proposed 
in order to determine whether certain neu¬ 
trals previously grounded and not to be 
equipped with Coils also should be provided 
with grounding circuit breakers. 

The control for automatically reopening 
the breaker may be arranged to perform in 
any one of several possible ways. In my 
opinion the circuit breakers should reopen 
immediately when the coil current ceases 
in order that the system shall return to 
Petersen-coil operation as quickly as 
possible. It seems to me that the breaker 
should also reopen after it has been closed 
a definite time that is long enough to assure 
relay operation even though the ground cur¬ 
rent is still flowing, so that in the event of 
relay failures the system will return to 
Petersen-coil operation rather than main¬ 
tain ground-fault current. Of course, this 
means continuous-rated coils or action by 
the operators to isolate faulty sections be¬ 
fore the coil thermal limits are exceeded. 
It would seem preferable to operate with 
the Petersen coils in service and one con¬ 
ductor groimded in the event of relay fail¬ 
ure, rather than allow the system to con¬ 
tinue to supply ground-fault current until 
breakers are opened manually. The opinion 
of others on this ^oint is solicited. It 
would be helpful to the manufacturers in 
planning future applications and in the 
interest of standardization. 


H. K. Sels (Public Service Electric and 
Gas Company, Newark, N. J.): The ap¬ 
plication of Petersen coils to a system must 
be studied very carefully to determine if 
the benefits which may be derived are great 
enough to justify their installation. Messrs. 
Rankin and Neidig have reported in table 
IV the interruptions which have been ex¬ 
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perienced per circuit over a number of 
years. This tabulation shows that circuits 
numbers 21 and 22, 71 and 72 have between 
60 and 80 interruptions per 100 miles per 
year so that the pole ground wire apparently 
has no beneficial influence on the number of 
interruptions and in fact may have the 
opposite effect. However it is evident that 
the presence of this ground wire does give 
a preponderance of single-phase faults 
which presents an ideal situation for the 
successful operation of the Petersen coil. 

In stud 3 ring a section of our system for 
the application of the Petersen coil, it was 
found from an analysis of several hundred 
oscillograms that approximately 80 per 
cent of the faults started on more than one 
phase so that only 20 per cent of the faults 
remained as single phase for a Petersen coil 
to dear. It is therefore felt that in order 
to obtain sufficient improvement in line 
performance that the successful applica¬ 
tion of a Petersen coil also required a large 
item of expense in a general reconstruction 
of most of the lines to increase the propor¬ 
tion of the single-phase faults. Since in 
connection with the reconstruction protec¬ 
tor tubes could be applied more cheaply 
than the Petersen coil, it was dedded that 
the Petersen coil should not be installed. 

I believe that it would contribute con¬ 
siderably to the paper if Messrs. Rankin 
and Neidig would submit additional infor¬ 
mation on the proportion of single-phase 
faults which they bdieve occur on their line 
construction. This should show that the 
installation of the Petersen coil was justified 
in their case whereas our analysis casts a 
reasonable doubt on the over-all gain to be 
obtained by a Petersen-coil installation. 

J, R, North (Commonwealth and Southern 
Corporation, Jackson, Mich.); This paper 
is very interesting and shows clearly the 
results obtained by the use of Petersen coils 
on this system. It further substantiates 
our opinion, based upon tests and operating 
experience, that there are many factors 
which need to be considered carefully in 
determining the probable effectiveness of 
Petersen coils in a given application. These 
include evaluation of 

(а) . Relative number of sin^^le line-to-ground faults 
versus faults involving two line conductors. 

(б) . Rdative number of permanent ground faults 
versus trandtory ground faults. 

(c) . Magnitude of the in-phase component of fault 
current (due to line resistance, insulator leakage, 
corona, etc.) and influence of voltage recovery rate. 

(d) . System arrangement—^radial, loop, multiple 
lines, relative location of lines. 

(e) . Dynamic and transient overvoltages as may 
occur with faults at different locations, and the 
ability of the system insulation to withstand them. 

(/). Protective relay scheme and necessity for 
automatically clearing permanent ground faults. 

In this connection it may be of interest 
to mention two rather detailed studies of 
extensive transmission systems, one operat¬ 
ing at 138 kv and the other at 44 kv. On 
the 138-kv system, csdculations indicate 
what we consider to be an excessive amount 
of uncompensated fault current if Petersen 
coils were to be used and there is as yet no 
definite evidence available to establish the 
upper limit of permissible magnitude of 
such fault current under the expected condi¬ 
tions of recovery voltage. Furthermore, 
rapid and accurate isolation of permanent 
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ground faults would be difficult since the 
system is quite extensively interconnected. 
The relative advantages and limitations of 
various types of operation were carefully 
evaluated and it was decided to operate this 
system with the neutral effectively 
grounded. 

The 44-kv system on the other hand con¬ 
sists essentially of a number of radial star- 
type units, coimected together by single 
lines which may be operated as independ^t 
sections. This system appears to lend it¬ 
self admirably to the use of Petersen coils. 


John A. M. Lyon (The Johns Hopkins Uni¬ 
versity, Baltimore, Md.); The experience 
with iron oxide depositing on pin-type insu¬ 
lators and the consequent reduction in 
insulation strength suggests the importance 
of further study on the effects of soot and 
other deposits on insulation. 

It is important to note that the Petersen- 
coil protection for that part of the trans¬ 
mission system which load closely spaced 
conductors with pin-type insulators (low 
insulation level) has been definitely in¬ 
ferior to the protection afforded to the rest 
of the system consisting of lines of modern 
construction. Undoubtedly the high pole¬ 
footing resistance was also a factor in tlie 
relatively lower degree of protection which 
was afforded to these dosdy spaced lines. 
This condition immediately emphasizes 
the necessity for the consideration of the 
likelihood of single line-to-ground faults 
developing into double line-to-ground faults 
or line-to-line faults. Unfortunately, suffi¬ 
cient information on this subject is not al¬ 
ways available. The usual relay records 
will of course give the past history of a 
transmission line by classifying line-to- 
line faults, and line-to-ground faults, but 
there is no way of knowing (except through 
the use of an automatic oscillograph) 
how many of the first type of faults Imve 
developed from the second type. It indi¬ 
cates that increased attention should be 
placed on the possibility of multiple faults 
developing from single line-to-ground faults. 
A consideration of the actual construction 
of the lines in subsequent installations 
seems warranted, and judgment should be 
based on such practical information as the 
present authors have given. 


F. Von Voigtlander (Commonwealth and 
Southern Corporation, Jackson, Mich.): 
Messrs. Rankin and Neidig report a rather 
successful, application of Petersen coils 
under somewhat adverse conditions, The 
system to which the coils were applied had 
previously been operated grounded through 
rather high reactances at several stations. 
Line conditions no doubt were largely re¬ 
sponsible for the number of multiple faults 
experienced, though this may have been in¬ 
creased somewhat by the high neutral re¬ 
actances. Since nothing would be gained 
by totally isolating the neutral, and solidly 
grounding would not be considered because 
of the condition of the lines and because of 
some radial services, the application of 
Petersen coils became a logical considera¬ 
tion for this system. 

The important criterion upon which to 
base performance expectations of Petersen 
coils becomes the proportion of transitory 
single line-to-ground faults to all faults 
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experienced on the system. On lines of 
small phase spacing, multiple flashovers 
would tend to be a rather large proportion 
of the total, and for such faults the Petersen 
coils would be of value only in that they 
would probably tend to limit overvoltages 
from single line-to-ground faults and thereby 
to some extent mitigate the probability of 
second faults occurring, as is brought out 
by the operating experience cited by the 
authors. 

A reasonable balance to ground is desir¬ 
able on any transmission system, and it is 
essential where Petersen coils are involved. 
This* is forcefully demonstrated by this 
application, in which the unbalance to 
ground was found to be so great as to over¬ 
load the Petersen coils during normal sys¬ 
tem operating conditions. 

When more than one Petersen coil must 
be short-circuited for permanent ground- 
fault isolation, it is necessary to delay all 
ground-relay action until short-circuiting 
of the coils involved has been completed. 
This requirement is believed to restrict the 
application of multiple Petersen coils on 
extensive and complicated networks, par¬ 
ticularly where large ground-fault currents 
may be experienced. 

Two instances are mentioned by the 
authors of balanced ground and phase re¬ 
lays operating to clear multiple ground 
faults before the Petersen coils had been 
by-passed. Was this not due to the faults 
being on different phases at different loca¬ 
tions on the system so that residual cur¬ 
rents could flow between them large 
enough to trip balanced ground relays, 
and even phase relays, thereby clearing the 
faults before sufficient time had elapsed 
for the by-passing switches to operate? 


H. M. Rankin and R. B. Keidig: In clos¬ 
ing the discussion, the authors wish to ex¬ 
press their appreciation of the interest 
shown in the subject and the comments 
brought out in the various discussions. 

Referring to the discussion by Mr. Sels, 
the results of a study of interruptions 
caused by lightning during the year 1936 
showed that 47 per cent were cleared by 
ground relays only, 13 per cent by both 
phase and ground relays, 31 per cent by 
phase relays only, and 9 per cent with no 
relay indication. This ai^ysis was based 
purely on relay-target indication, and shows 
that at least 60 per cent of all interruptions 
involved ground, with a possibility of a good 
share of another 9 per cent. 

Undoubtedly pole groimd wire does assist 
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in confining flashovers to line-to-ground, 
and therefore allows successful coil opera¬ 
tion, However, our experience indicates 
that even with pole ground wires on pin- 
insulator circuits, it is essential to have low 
pole-footing resistance in order to avoid 
multiphase flashovers. On circuits with 
higher insulation levels (suspension insula¬ 
tors, wood pole), the pole-footing resistance 
does not appear to be as important a factor 
in obtaining successful coil operations. An 
investigation is now being made to deter¬ 
mine the necessary requirements for lower¬ 
ing the pole-footing resistance on the pole 
lines having pin-type insulators. 

Mr. Von Voigtlander has expressed an 
impression that the 66-kv system had pre¬ 
viously been grounded through rather high 
reactances, which may have been partially 
responsible for the number of multiple 
flashovers. Although the interconnection 
power transformers at Holtwood were 
grounded through high reactances, it is to 
be pointed out that the grounding trans¬ 
formers at both Middletown and West 
Reading were operated with solidly 
grotmded neutrals. 

From operating experience prior to the 
coil installation, it was suspected that the 
improvement in operation of the circuits 
having closely spaced conductors would not 
be so marked, which suspicion has been 
substantiated by the first yearns operating 
record. However, it is expected that this 
condition will improve from time to time 
due to the fact that bad poles, having closely 
spaced conductors, are replaced with new 
poles, affording greater spacing. 

In Mr. Von Voigllander’s opinion, with 
multiple-coil installations it is necessary 
to delay all ground-relay action until all coils 
involved are short-circuited. The authors 
wish to emphasize that on the Metropolitan 
Edison Company system no additional 
delay was introduced to any ground relays 
above that which existed prior to the in¬ 
stallation of * the Petersen coils. In the 
authors’ opinion, the detennination of 
ground-relay settings will, in general, not be 
affected by the use of Petersen coils. It is 
agreed, however, that greater precautions 
are necessary in this respect when the 
system involved is in the form of a multi¬ 
ple-grounded ring, rather than a straight- 
line or radial system as was the case of the 
Metropolitan Edison Company. For a 
single-coil installation, no d^culty should 
be experienced in this respect with either 
type of systems. 

In connection with the two instances of 
balanced ground-relay operations reported, 
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furtlier investigation showed that quite 
possibly they were due to faults being on 
different phases of the two circuits on the 
pole line involved, as was suggested by 
Mr. Von Voigtlander. However, it is 
definite that these faults occurred within 
the confines of the pole line involved, inas¬ 
much as circuit-breaker operation occurred 
only on these lines, which suggests the prob¬ 
ability that the multiple-circuit fault oc¬ 
curred on a common-pole structure. 

The authors agree with Mr. Bancker’s 
opinion concerning automatic reopening of 
coil short-circuiting briers when neutral 
current ceases to flow. Whether or not the 
coil breaker should also reopen automati¬ 
cally after a definite time, even though neu¬ 
tral current is flowing, is open to question. 
We believe the adoption of this function 
would be governed by the operating policies 
existing prior to the coil installation, and the 
desirability of continuing such policies. 
In our case, a circuit-ground-relay failure 
throws the responsibility for removing the 
short circuit from the system back to a re¬ 
lay connected in the neutral of the grounding 
transformer, which, after a definite time 
delay, operates a warning signal to the sta¬ 
tion operator. If the operator is then un¬ 
able to clear the fault within a definite time, 
the grounding transformer is then dis¬ 
connected from the system automatically. 
It is our impression that the increased cost 
for a continuously rated Petersen coil 
would far exceed the cost of the equipment 
required for the above scheme, which we 
have found to be desirable protection for all 
grounding transformers. 

The following are unusual instances 
which have occurred since the original 
paper was written: 

1. Piece of fence wire on conductor near insulator 
wtus blown into crossarm by wind. Counters, 
recorded over 600 successful operations (each coil) 
over period of one hour and 28 minutes. West 
Reading coil breaker was finally closed manually 
and faulty line (number 76) tripped successfully 
upon next contact. Film in oscillograph ran out. 
after 162 arc suppressions. 

2. During high wind, foreign object (unknown) 
on pole structure of numbers 21 and 22 circuits, 
apparently contacting crossarm, caused 220 arc 
extinctions within 12 minutes, as taken from the 
ascillograph. Counter readings indicated an aver¬ 
age of 61 operations. After 12 minutes the coil 
breakers operated, clearing the fault, although 
evidence from the oscillogram showed that an arc 
had been extinguished a few cycles after the coil 
breaker received the impulse to close; otherwise an 
indefinite number of subsequent coil operation.s. 
would have occurred. This was only the second 
instance in about IVs years’ operation which indi¬ 
cated the possible desirability of an Increased time' 
delay in closing the circuit breakers short-circuiting 
the Petersen coils. 
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Factors AfiFectins Arc Extinction on a 
Petersen-Coil System 


J. R. EATON 

MEMBER AIEE 


I. Intaroduction 

T he effectiveness of the Petersen coil 
in extinguishing line-to-ground arcs 
on a transmission system is ordinarily 
attributed to the fact that the current in 
the arc is kept at a low value. Another 
factor of perhaps greater importance is 
that characteristic of the Petersen-coil 
system which results in a very low rate 
of rise of recovery voltage across the arc 
terminals. Although this characteristic 
has long been recognized/'^ the engineer¬ 
ing literature would seem to indicate that 
its importance has not been thoroughly 
considered. This paper calls attention 
to the importance of the rate of rise of 
recovery voltage, presents the circuit 
theory pertaining to the voltage recovery 
rate, points out some practical aspects 
of the Petersen-coil system design, and 
compares the theory with published rec¬ 
ords of operation. It is hoped that this 
analysis will lead to a better understand¬ 
ing of Petersen-coil systems which will 
permit their more effective use. With 
continued study of system operating rec¬ 
ords, it may become possible to predict 
the effectiveness of a system even before 
it is built. 

n. A*C Arc Characteristics 

The characteristics of a-c arcs have 
been studied very extensivdy by many 
investigators, particularly with reference 
to oil-circuit-breaker operation. As 
many artides have been written on this 
subject,**"® only those salient points hav¬ 
ing a direct bearing on Petersen-coil 
system performance may be mentioned 
here. Consideration will be given only 
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to unconfined arcs in air, as this is the type 
ordinarily dealt with on Petersen-coil 
S3rstenis. ' 

The extinction of an a-c arc is almost 
entirely dependent on certain rapid 
changes which occur in a short interval 
of time near the instant of zero current. 
Previous to the instant of current zero, 
electrons are emitted in great numbers 
from a small area on the cathode (known 
as the cathode spot) in which the current 
density is approximately 4,000 amperes 
per square centimeter. This emission 
is due to the high potential gradient set 
up by space charges in the arc stream 
which result in a drop of 20-30 volts 



Figure 1. Dielectric strength of arc following 
current zero 

(known as the cathode fall of potential) 
across a very thin layer (10“^ centimeters) 
at the cathode. The remainder of the 
arc stream is known as the positive col¬ 
umn and is a highly ionized region of 
approximately equal numbers of electrons 
and positive ions. The total voltage 
across the positive column is dependent 
on its length, being approximately 20 
root-mean-square volts per centimeter. 

When, due to its cyclic variation, the 
voltage between the arc electrodes passes 
through zero, no potential is available in 
the arc column to move ions toward the 
electrodes. Consequently arc current 
and arc voltage pass through zero simul¬ 
taneously regardless of whether the cir¬ 
cuit is predominantly resistive, inductive, 
or capacitive. 

When at a later instant, voltage of 
reversed polarity appears on the elec¬ 
trodes, the first movement of charges in 
the discharge space has diaracteristics 
quite different from those of the arc. 
The ions remaining from the previous 


period of conduction immediately start 
moving to their respective attracting 
electrode. However, as no cathode spot 
exists on the electrode that is now nega¬ 
tive, there is at first no copious supply of 
dectrons. The current density is low 
and the discharge is spread over a con¬ 
siderable area of the cathode. The total 
current is a very small fraction of the 
current value which would be noted in an 
arc. If before the air becomes deionized 
(from causes to be discussed later) the 
voltage between dectrodes is raised 
sufficiently to cause a drop in the region 
of the cathode of 250 volts, a glow dis¬ 
charge will be established. This is a self- 
maintaining discharge in whidi large 
numbers of dectrons and positive ions 
may be generated in the cathode layer. 
Once the glow discharge is established, the 
movement of the ions will set up space 
charges, and the potential gradient at the 
cathode will increase rapidly, soon re¬ 
sulting in the formation of a cathode spot 
on the negative terminal. The discharge 
then becomes an arc. The cathode fall 
of potential will again be about 20-30 
volts while current density will be in ex¬ 
cess of 10* amperes per square centimeter. 

The voltage at which the glow dis¬ 
charge is established is spoken of as the 
breakdown strength or dielectric strength 
of the discharge path. This voltage is 
the sum of two voltages: the 250 volts 
required at the cathode for the establish¬ 
ment of the glow discharge plus the volt¬ 
age which must be impressed across the 
region of the positive column in order to 
establish this 250 volts at the cathode. 
The voltage required across the region 
of the positive colunm is found to be ap¬ 
proximately proportional to the column 


DIELECTRIC STRENGTH 
OF DISCHARGE PATH 



Figure 2. Circuit conditions following the 


instant of current zero 

(a) Arc restrlking 
(h) Fails to restrlke 



- ^. 

Figure 3. Petersen-coil-system circuit dia¬ 
gram 
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length, the voltage per unit length in¬ 
creasing with decreasing ion density in 
the region. The dielectric strength of the 
ionized path is then about as shown in 
figure 1. Until this voltage is reached, 
space charges cannot be sufficiently in¬ 
tense to form a cathode spot necessary 
for the high current of the arc discharge. 
If following current zero, the voltage ap¬ 
plied between electrodes does not exceed 
the dielectric strength of the path, the 
arc will not reignite and the path will 
soon become totally nonconducting. The 
fault will be cleared. 

At all times the path of the discharge 
is losing ions by the action of the various 
deionizing agents present. In an oil 
circuit breaker these deionizing agents 
are very effective as the arc stream is in 
dose contact with oil and barrier, where 
turbulence and surface recombination 
may be very important. In free air the 
loss of ionization is much slower and is 
probably due principally to volume re¬ 
combination and heat loss to the sur¬ 
rounding air. The action of the deioniz¬ 
ing agents over the entire cycle must be 
balanced by the ionizing agents which of 
course are most active during the conduc¬ 
tion period of the cyde. During the 
period immediately following current 
zero, ion concentration decreases very 
rapidly as relatively no ionizing agents 
are in operation, whereas the deionizing 
agents are always in effect. This loss of 
ionization in the arc path results in an 
increase in the voltage required to estab¬ 
lish the condition of the glow discharge. 
In other words the path gains dielectric 
strength with time. Circuit conditions 
following the instant of current zero are 
shown in an exaggerated form in figure 2. 

As shown in figure 2, the arc path be¬ 
comes almost totally nonconducting for a 
short period following each current zero. 
That is, the fault circuit is opened mo- 



FAULT 

Figure 4. Equivalent circuit of Petersen-coil 
system (no losses) 


mentarily. In order that the arc should 
be reformed following current zero, the 
recovery voltage must at some instant 
exceed the dielectric strength. Obviously 
a low rate of rise of recovery voltage is 
favorable to arc extinction. The rate of 
rise of recovery voltage following current 


zero is determined by the transient char¬ 
acteristics of the electrical network. 

in. System Characteristics 


*The essential parts of a Petersen-coil 
system (first approximation) are shown 
diagrammaticallyinfigureS. The current 
through the fault is the vector sum of the 
current in the capadtances Ci and C 2 and 
in the inductance L» By making the 
inductance of suitable size, the inductive 
current may be made equal to the ca¬ 
pacitive current, with the result that the 
net fault current is zero. The ground- 
fault circuit for this network (neglecting 
losses) is as shown in figure 4, in which C 
is the sum of Ci, C 2 , and Cs, and is the 
line-to-neutral voltage. With the induc¬ 
tance L adjusted to the correct value such 
that 


no current will flow through the fault 
after conditions have once become stable. 


1 Rz 



FAULT 

Figure 5. Equivalent circuit of Petersen-coil 
system (losses considered) 


Under this condition the circuit through 
the fault may be opened without any 
effect on the circuit behavior. Even 
with the circuit open, current will con¬ 
tinue to oscillate between the capacitance 
and the inductance at a frequency/, equal 
to that of Eft. With continued oscillation 
(zero losses), no voltage will appear across 
the arc terminals. That is, tiie rate of 
rise of recovery voltage is zero, and there 
is no tendency for an arc to be re-estab¬ 
lished at the point of fault. 

A diagram representing actual con¬ 
ditions more accurately is shown in figure 
5. Leakage across insulators, corona 
loss, etc., are represented by the resist¬ 
ance El. Conductor resistance loss and 
loss in the Petersen coil are represented 
by E 2 . For the purpose of analysis, 
these losses may all be combined into 
one resistance and the circuit repre¬ 
sented, with a slight change in the vdue 
of the inductance, as shown in figure 6. 
Because of its convenience this circuit 
will be used in the subsequent discussion. 


The root-mean-square value of current 
in the arc is no longer zero but has some 
value determined by the magnitude of 
the system losses. If the circuit through 
the fault is opened, current will continue 
to oscillate between the inductance and 



FAULT 

Figure 6. Simplified equivalent circuit of 
Peter$en-coil system (losses considered) 


the capacitance, but this oscillation will 
die down in a finite length of time as the 
stored energy is absorbed by the resist¬ 
ance E. This transient decrease of am¬ 
plitude of the oscillation in the ELC 
branch gives rise to a voltage between 
the arc terminals, which tends to re-es¬ 
tablish the fault. 

In section II it was pointed out that 
following each voltage reversal, the cur¬ 
rent in an arc remains at substantially 
zero value for that short length of time 
required for the voltage between the elec¬ 
trodes to reach a value in excess of the 
dielectric strength of the discharge path. 
Hence in the Petersen-coil circuit, each 
time the current passes through zero, a 
transient is started in the RLC branch 
which results in an exponential decrease 
of the amplitude of the oscillatory voltage 
appearing on the capacitor. A voltage 
equal to the difference between the in¬ 
stantaneous value of neutral voltage and 
the instantaneous value of the capacitor 
voltage appears across the terminals of 
the fault, and tends to re-establish the 
arc. In a circuit such as is shown in fig¬ 
ure 6, the current through the fault 
passes through zero at the instant that 
the voltage on the capacitor is zero. Un¬ 
til the arc restrikes, the voltage of the 
capacitor is* for the simplified case, figure 
6 , 

ec =* sin (1) 

The recovery voltage across the fault 
terminals tending to cause the arc to re¬ 
strike is 

Cr * [E»sin2flr/d — sm2T/f] 

] sin 2irft (2) 

as is illustrated in figure 7. 

The rate of rise of the amplitude of 
recovery voltage is 


di 


2RC 


JSn€ 




(3) 
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which has an initial value {t 0) of 



(4) 


ctiit are considered, the transient voltage 
on the capacitor will be 

ec^ =* En cos 2irfit 


Obviously, the greater the loss in the 
resonant circuit (as indicated by a low 
value of J^), the faster is the initial rise of 
the amplitude of recovery voltage and 
the greater is the posssibility of the arc 
restriking. Hence, where possible in the 
design of a Petersen-coil system, the lay¬ 
out should be such as will minimize the 
losses in the oscillatory branch. This will 
be discussed in more detail in a later sec¬ 
tion. 

Next, consider the recovery voltage 
conditions in a simplified Petersen-coil 
system (no losses considered) in which 
lie coil current does not exactly balance 
out the capacitance current. That is, 
the system is not in tune, or 


Referring to figure 4, it may be observed 
that (considering zero loss) the current 
through the fault is either inductive or 
capacitive, depending on whether the 
coil inductance is less or greater than the 
“in tune” value. If the circuit is opened 
at the fault, current will continue to oscil¬ 
late between the capacitance and the in¬ 
ductance, but the frequency of this os- 



Fisure 7. Recovery volUse across arc ter¬ 
minals^ Petersen coil in tune (losses considered) 



Figure 8. Recovery voltage across arc termi¬ 
nals, Petersen coil inductance less than 
tune" value (no losses considered) 


dilation is different from that of the 
power supply jB„. The osdllatory fre¬ 
quency will be 

f ^ ^ 

2r VXC 

If the fault circuit is opened at the instant 
of zero current (which now occurs at the 
instant of maximum voltage on the capaci¬ 
tor) and no losses in the osdllatory dr- 


and the recovery voltage across the fault 
terminals will be 

e-r * En (cos 2Trft — COS 2rfif) 

The dreuit conditions for this case are 
shown diagrammatically in figure 8. With 
this ty’pe of dreuit, if f and fi are not 
greatly different, the initial rate of rise of 
recovery voltage is quite low, in fact much 
lower than would be observed on a cir¬ 
cuit of the types shown in figure 9 in which 
the voltage E^ and the fault current I are 
of corresponding value. This explana¬ 
tion undoubtedly accounts for tlie fact 
that inductive or capadtive arcs of con¬ 
siderable current value may be extin¬ 
guished on a Petersen-coil system whereas 
arcs of similar current magnitude on 
other types of dreuits (for instance, on 
an isolated-neutral system) might be 
very stubborn. 

As in the case of the “in tune” condi¬ 
tion, the “out of tune” condition is more 
accurately represented by figure 6 in 
which losses in the oscillatory circuit are 
considered. In this case the recovery 
voltage following the extinction of the 
arc at current zero is dependent on both 
the frequency difference and the damping 
of the transient oscillation. In practical 
Petersen-coil systems, it may be showm 
that if the inductance is adjusted to 
within ten per cent of the “iii tune” 
value the initial rate of rise of the am¬ 
plitude of recovery voltage is prindpally 
governed by the exponential decrease of 
the transient osdllation. Hence in any 
correctly adjusted Petersen-coil system 
it is desirable to minimize the losses in the 
osdllatory dreuit. 

If the arc occasioned by a line-to- 
ground fault is stretched out (as by the 
wind) before extinction, a considerable 
voltage may be present across the arc 
column. Because this voltage is usually 
nonsinusoidal, a rigorous treatment of 
the effect of this arc voltage on the dr¬ 
euit behavior becomes quite difficult. 
However, the conditions may be repre¬ 
sented at least approximately by figure 
10, in which R' represents the arc. The 
recovery voltage of this dreuit when 
tuned to resonance is 

Again it is apparent that the amplitude 
of recovery voltage (particularly for the 
in-tune condition) is closely assodated 
with the losses in the resonant dreuit and 
decreases with decreasing losses. 
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(a) (b) 

Figure 9. Circuits with steady-state character¬ 
istics equivalent to that of a Petersen-coil sys¬ 
tem which is not correctly compensated 

(d) Overcompensated 

(b) Undercompensated 

As pointed out in section II, the root- 
mean-square voltage across a stable arc 
in free air is about 20 volts per centimeter 
(plus 10-20 volts cathode fall) over u 
considerable range of current magnitude. 
This voltage apparently is necessary in 
order to maintain the positive column, 
even in the presence of a cathode spot. 
If the arc length is increased by the 
wind,^ an increasing voltage must be 
applied to the arc terminals to main¬ 
tain the positive column. This might 
bt approximated in figure 10 by a stead¬ 
ily increasing value of R'. Considera¬ 
tion of this circuit will show that it is 
impossible to increase the voltage across 
R' at a rate greater than that called for 
by equation 2. Hence arc extinction 
may occur if the voltage required by the 
positive column increases faster than the 
voltage wliich the dreuit can deliver. 

From the above discussion, it follows 
that arc extinction may result from two 
causes: (1) Following current zero, the 
recovery voltage across the arc terminals 
fails to reach a value equal to the dielec¬ 
tric strength of the arc path; (2) the 
arc length is increased by the wind (or 
otlierwise) at such a rate that the voltage 
required to maintain the positive column 
of the arc increases at a rate greater than 
that which can be supplied by the dr¬ 
euit. Actually arc extinction in the 
Petersen-coil system probably results 
from a combination of both causes. 

IV. Conditions Favorable to 
Rapid Arc Extinction 

In the foregoing discussion it has been 
shown that the prindpal factors favoring 
rapid arc extinction are: 

1. The capadtance current should be 
closely balanced by the Petersen-coil cur¬ 
rent, The current in the arc is then a 
minimum as far as reactive components are 
concerned, and the frequency of the resonant 
circuit is that of the power system. 

2. The losses in the resonant circuit should 
be made as small as possible by proper de¬ 
sign (to be discussed later). The in-phase 
component of the current in the arc will then 
be a minimum. 

3. The damping of the oscillation in the 
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Rgure 10. Approximate equivalent ot Peter- 
sen-coif system, are resistance considered 
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Fisure 11 • System arrangements in which coil 
location will affect rate of recovery voltage rise 


r^onant circuit should be low, thereby 
minimizing the rate of rise of recovery volt¬ 
age. 

4. The arc length should be as long as pos¬ 
sible, and the gap across insulators or arcing 
horns should be so arranged that the arc 
length may be readily increased by air cur¬ 
rents. 

V. Control of Factors 
WMch Govern Arc Extinction 

1. Previous articles on Petersen-coil sys¬ 
tems have discussed at considerable length 
the necessity and methods for the accurate 
control of the tuning of the Petersen coil at 
all times. While accurate tuning of the coil 
is probably the most important factor of all, 
the previous treatments of the subject make 
further discussion here unnecessary. 

2, The control of the resonant circuit losses 
is a subject which has received practically 
no treatment in previous discussions. With¬ 
in certain limits, it may be minimized by 
proper attention to this circuit. Champe 
and Von Voigtlander® have shown the 
method for setting up the zero-sequence cir¬ 
cuits for a Petersen-coil system of any 
circuit arrangement. This zero-sequence 
circuit is of course the resonant circuit whose 
behavior under transient conditions has 
such a great eiffect on the rate of rise of re¬ 
covery voltage. In setting up this circuit 
for the purpose of stud 3 ring the rate of 
decay of the transient oscillation, it is neces¬ 
sary to include the resistive components of 
the circuit impedances, and where ap¬ 
preciable', the conductance due to corona 
losses and insulator leakage. An analysis of 
the transient characteristics of the equiva¬ 
lent circuit (figure 6) will then clearly 
Remonstrate that the exponent of the 
damping factor, 

_ 

22?C 


will in some cases be greatly affected by 
Petersen-coil location alone. Examples of 
typical system arrangements in which coil 
location will be of considerable importance 
are shown in figure 11. 

In genera], it may be stated that for best 
operation, each Petersen coil should be lo¬ 
cated as near as possible to the capacitance 
which It compensates, and the connection 
between the coil and the capacitance should 
be made through a line having low conduc¬ 
tor loss. While practical considerations may 
in many cases dictate the location of the 
Petersen coils it must be borne in mind that 
arc extinction will be much more certain if 
the coils are so located that the resonant 
circuit losses are as low as possible. This 
of course is in direct contradiction to the 
claims of some writers who have stated 
that the choice of the coil location is merely 
a matter of convenience. Fortunately, the 
desire to locate the coils at points where 
there would be the least chance of discon¬ 
nection by switching cperations, lias in 
most cases resulted in the installation of 
the coils at the capacitance centers. 

It is of course obvious that the coils them¬ 
selves and the star-delta transformers con¬ 
necting the coils to the system should be 
designed for low loss, inasmuch as they 
form part of the resonant circuit. 

3. The rate of decay of the oscillation in 
the resonant circuit will in general be deter- 



Figure 12. Capacitor added across Petersen- 
coil terminals to increase stored energy in 
resonant circuit 


mined by the circuit constants and the 
Petersen-coil locations. Artificial control of 
this rate of decay may, theoretically at 
least, be accomplished by the addition of 
low-loss capacitors across the terminals of 
the Petersen coil as shown in figure 12. The 
coil must then be tuned to balance the 
equivalent capacitance 

““ Cn + Cl + C2 + Ct 

Ignoring the loss in the capacitance Cn and 
the possible increase of loss in the Petersen 
coil itself, the exponent of the damping fac¬ 
tor ^t/(2RC) (of the simplified circuit, 
figure 6) will decrease inversely as the 
equivalent capacitance Ce is increased. To 
reduce the exponent to 60 per cent of its 
original value would require the installa¬ 
tion of approximately three microfarads per 
100 miles of overhead line. The installation 
of capacitors for this purpose might be 
quite practicable, particularly on low-volt- 
age circuits. Their use might be well 
justified on circuits having limited physical 
clearance on which ground fault arcs must 
be cleared quickly before they have op¬ 
portunity to spread to the other conductors. 

4. The length of the arc path, as has been 


shown, affects to a great extent the extinc¬ 
tion characteristics. In fact it can be 
stated that the extinction of arcs on a given 
system probably occurs when the arc is 
increased by the wind or otherwise to some 
fairly definite length dependent on the re¬ 
covery characteristics of the system. It 
would be expected that extinction would be 
much more likely on an overinsulated 
system than on an underinsulated system 
because of the difference in the striking dis¬ 
tance across insulators. On systems already 
in operation, there is probably but little 
chance of improving the extinction charac¬ 
teristics by control of the arc length without 
major line changes. However, on new con¬ 
struction or in rebuilding, attention should 
be given to provide a design in which the 
arc may be stretched out by the wind with 
a minimum chance of producing line-to- 
line faults. 

VI. Comparison of Theory 
With Operating Experience 

The story of the recovery voltage on a 
Petersen-coil system is shown quite 
strikingly at the end of every oscillo¬ 
graphic record of a line-to-ground 
fault.*’®'^® As predicted by theory, nor¬ 
mal conditions are not restored at the in¬ 
stant the fault is cleared, but are brought 
about through a transient. The expo¬ 
nential character of this transient is effec¬ 
tively demonstrated by plotting on semi- 
logarithmic paper the oscillograph deflec¬ 
tion of successive crests of Petersen-coil 



Figure 13. Damping of the oscillation at the 
end of a line-to-ground fault 


current or neutral voltage. Figure 13 
shows the straight-line characteristics of 
the logarithmic plot of Petersen-coil cur¬ 
rent from published data obtained from 
the Consumers Power Company* and 
the Alabama Power Company, f and a 

* Figure 12 of reference 9. 
t Figure 29 of refereuce 2. 
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similar plot of the displacement from 
normal of the line-to-ground voltage from 
the Public Service Company of Colorado-* 
Considerable information relative to the 
characteristics of the various systems may 
be computed from figure 13. The time 
constant of an exponentially decreasing 
function is defined as the time required 
for that function to diminish to l/€ or 



Rgure 14. Reionant circuit In which residual 
voltage operates 


37 per cent of its original value. For the 
circuit of figure 6, the time constant may 
be shown to be 

time constant — 2RC (5) 

The time constants for the three systems 
have been determined from figure 13, and 
are shown in table I. Dividing the sys¬ 
tem neutral voltage by the time constant 
gives the initial rate of rise of the am¬ 
plitude of recovery voltage (equation 4). 
It may be noted that this initial rate of 
rise is quite different for the three sys¬ 
tems investigated. 

From equation 5 and the known values 
of the line-to-ground capacitance of the 
overhead Imes, the value of R has been 
coinputed. From this, the in-phase com¬ 
ponent of fault current is at once deter¬ 
mined. For comparison, the computed 
value and the measured value of fault 
current are shown in table I. The close 
agreement between these values seems to 
support the theory presented. The low 
value of the equivalent resistance R &is 
calculated for the Consumers Power Com¬ 
pany and for the Colorado system prob¬ 
ably was due to excessive losses resulting 
from corona occurring with one conductor 
pounded. 

From table I it may be noted that the 
initial rate of increase of the amplitude of 
recovery voltage is quite different on the 
•Consumers Power system than on the 
Alabama Power system (3,700 kv per 
second as compared to 265 kv per second). 
From theory it would seem that for simi¬ 
lar arc extinction characteristics, arc 
length and the rate of voltage recovery 
are associated in a relation of approxi¬ 
mately linear character. Even when con¬ 
sidering the difference in insulator clear¬ 
ance provided at 140 kv as compared 
to that at 44 ky, it appears that the ex- 
tinction charact eristics of the two sys- 

♦ Figure U of reference 10. 


terns might be quite different on the basis 
of voltage recovery alone. In addition 
the Alabama system had the advantage 
of low arc current, 2.5 amperes, as com¬ 
pared to 40 to 50 amperes on the Con¬ 
sumers Power Company system. It is of 
interest to note that on the Consumers 
Power system, arcs established by light¬ 
ning frequently continued for several 
seconds even under the action of the se¬ 
vere air currents which ordinarily accom¬ 
pany storms. On the Alabama system, 
even during staged tests, the period of the 
arc was very short. In actual operation, 
numerous disturbances were reported 
which were too short in duration to give 
complete fault records. It is possible 
that these were faults which were ex¬ 
tinguished at the first current zero. 

The circuit-recovery-voltage charac¬ 
teristics of a Petersen-coil system may be 
determined with a considerable degree of 
accuracy from the tuning curve obtained 
with no grounds on the system, provided 
however that corona is not excessive under 
the condition of one conductor grounded. 
Tuning curves obtained from normal 
operation require that the unbalance of 
transpositions result in a slight residual 
voltage in the system. It may be con¬ 
sidered that this residual voltage operates 
in a series circuit as shown in figure 14. 
If the inductance is varied, the current 
will vary reaching a maximum when the 
circuit is in tune, exactly as is noted on 
the Petersen-coil system. From this 
curve alone, the value of R may be de¬ 
termined by straightforward calculations. 
Considering the transient characteristics 
of this circuit, it may be shown that the 
time constant is 2LlR^ from which the 
value of a and the other factors shown in 
table I may be determined. Using the 
tuning curve of the Colorado system, the 
time constant is calculated to be 0.0536, 
the initial rate of rise of the amplitude of 
recovery voltage (system in tune) to be 
1,150 kv per second, and the fault current 
to be 12.5 amperes. Here again we may 


observe a fair comparison between the 
values of these important quantities de¬ 
termined by quite different methods. 
Corona occurring during the ground-fault 
condition which cannot be considered by 
this approach, would tend to increase 
both arc current and the rate of rise of 
recovery voltage. 

Vn. Conclusions 

1. The extinction of arcs on Petersen-coil 
systems is dependent on the magnitude of 
the current in the arc, the rate of rise of the 
recovery voltage across the arc, and the arc 
length. 

2. The rate of rise of the recovery voltage 
is dependent on the accuracy of tuning and 
on the transient characteristics of the reso¬ 
nant circuit. 

3. The transient characteristics of the 
resonant circuit are under limited control 
by the system layout, particularly as regards 
the location of the Petersen coil. A method 
for altering the transient characteristics by 
the use of capacitors is suggested. 

4. The magnitude of the uncompensated 
fault current and the rate of increase of the 
amplitude of the recovery voltage may be 
accurately calculated from the known line 
constants. 

5. Satisfactory operation has been reported 
from Petersen-coil systems having consider¬ 
ably different rates of rise of recovery volt¬ 
age, consideration being given to differences 
in arc length for systems operating at dif¬ 
ferent voltages, A further study of system 
operation may establish the limits in which 
operation will be successful. 
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Table I. Characteristics of Three Petersen-Coil Systems 


Consumers Public Service Alabama 

Power Company Company of Colorado Power Company 


Time constant: Cycles. 1.3 

Seconds... O.O22! 

l/(time constant) (a). 45 

System voltage, kilovolts. 140 

Neutral voltage, kilovolts... 81 ! 

Initial rate of increase of amplitude of recovery 


2.0 .. 

6.0 

0.033. 

0.10 

30 ...... 

10 

100 

44 

68 . 

26.5 

1,740 .. 

.... 256 


Voltage across arc terminals at the end of one- 

fourth cycle, kilovolts. 13.9 

Capacitance of resonant circuit (from published 

data), microfarads. 0.80 

R « l/(2aC) ohms... 1,620* 

In-phase arc current; Calculated Rn/R . 60 

_ Measured. 40-50 


6.8 

5.65 
. 2,930 
10.5 

22 


1.04 

2.7 

. 18,50P 
1.4 
2.6 
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Discussion 

B. M. Hunter (General Electric Company, 
Schenectady, N. Y.): In connection with 
the theory of the arc-quenching properties 
of the Petersen coil, Mr. Eaton shows that 
the time constant of the system recov^ 
voltage can be used as a criterion of the 
performance to be expected. This time con¬ 
stant is equal to twice the product of the 
resistance and the capacitance in the zero- 
sequence circuit of the system, and to im¬ 
prove arc extinguishing, this time constant 
should be lengthened. Mr. Eaton suggests 
that this may be done by decreasing the 
losses in the circuit. A low-loss circuit will 
improve he Petersen-coil performance with 
regard to quenching ground faults, but may 
complicate matters during normal operation. 
On every three-phase ‘system there is some 
slight unbalance in the three-phase voltages 
to ground so that there is some residual 
voltage between the neutrals of the system 
and ground. In normal operation the Peter¬ 
sen-coil reactance and the zero-sequence 
capacity reactance of the system form a 
series resonant circuit, and consequently, the 
installation of a Petersen coil in the system 
neutral amplifies the residual voltage. The 
increase in voltage at the neutral depends 
upon the same losses in the circuits which 
werepreviouslymentioned. Alow-losscircuit 
means a high residual voltage. To decrease 
this residual voltage, the system must be 
balanced electrostatically. On a low-loss 
circuit it may be a considerable problem to 
reduce the normal residual voltage to a 
level considered suitable for the system. 
All of this is to indicate that there are 
practical limits beyond which it may be un¬ 
desirable to attempt to reduce the losses. 

Mr. Eaton also concludes that the best 
results are obtained from Petersen coils 
when they are located as close as possible 
to the capacitance which they are com- 
pe^ting. A very practical significance of 
this which undoubtedly Mr, Eaton recog¬ 
nizes but which was not brought out in his 
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paper is this. In protecting a given system 
with Petersen coils, a multiplicity of small 
coils properly located in the system will 
give a better performance than one large 
coil for the entire system. This principle 
was carried out on the Metropolitan Edison 
Company’s application when three coils 
were installed. The operating experiences 
reported by Messrs. Ionian and Neidig, 
both with the system connected together 
and divided, justifies the larger number of 
coils. 

The necessity of paralleling the Petersen 
coil with a low-loss capacitor to increase the 
stored energy in the circuit, as commented 
on in Mr. Eaton’s paper, on every installa¬ 
tion is questionable, but undoubtedly on 
some circuits where the losses of the circuit 
may be high due to corona or other causes, 
this additional shunting capacitor might be 
of some benefit. This capacitance might 
also be located on the high-voltage terminals 
of the transformer in the neutral of which 
the Petersen coil.was located. In this lor 
cation the capacitors would be so propor¬ 
tioned that they would balance the system 
electrostatically and thus overcome the 
previously mentioned objection of the low- 
loss circuit. 


J. R. North and F. Von Volgtlander (both 
of Commonwealth and Southern Corpora¬ 
tion, Jackson, Mich.): Mr. Baton is to be 
complimented on his very clear exposition 
of the phenomena involved in the extinction 
of an unconfined a-c arc in air and for di¬ 
recting attention to the importance of rates 
of voltage recovery rise and their bearing on 
successful Petersen-coil operation, par- 
‘ ticularly on systems where appreciable mag¬ 
nitudes of in-phase components of fault cur¬ 
rent are involved. 

The author suggests shunting the Peter¬ 
sen coil by low-loss capacitors to control 
the damping factor of the Petersen-coil sys¬ 
tem. It would appear that the size of such 
capacitors would be quite large as compared 
to the capacitance of the lines and might 
necessitate a considerable increase in the 
size of the Petersen coil necessary to balance 
the system capacitance together with this 
added capacitance. 

From time to time tests have been con¬ 
sidered to determine the upper limit of 
magnitude of the in-phase component of 
ground-fault current that can be success¬ 
fully extinguished by the use of Petersen 
coils on various systems. The author points 
out clearly that not only is the magnitude 
of such currents an important factor, but 
the differences in recovery rates of various 
systems would probably widely affect the 
maximum currents that could be success¬ 
fully handled. 

Referring to conclusion number 5, it 
should not be overlooked that there are a 
number of other factors besides recovery 
voltage which must also be given careful 
consideration in analyzing the possible ap¬ 


plication or performance of Petersen coils 
on a given system. These include such fac¬ 
tors as the magnitude of dynamic voltages 
experienced on nonfaulted phases, system 
operating voltage with respect to the corona 
limit, system network complexity, and re¬ 
quired isolation of permanent faults. 


A. XJ. Welch (General Electric Company, 
Pittsfield, Mass.): Mr. Eaton’s statement 
that '^Peterson coils and associated ground¬ 
ing transformers should be designed for low 
loss” might give the impression that special 
designs with abnormally low loss would im¬ 
prove the performance by lowering the volt¬ 
age recovery rate. 

However, the PR loss in a transmission 
line and its ground return when supplying 
charging current to ground is of the same 
order of magnitude and often higher than 
the loss in a normal-design Petersen coil. 
Furthermore, particularly in high-voltage 
systems, the corona loss with a ground fault 
is generally much higher than the resistance 
loss in lines, ground, and Petersen coil. 
Therefore, reducing the loss in the Petersen 
coil reduces the total loss only slightly and 
has negligible effect upon recovery voltage. 


J. R. Eaton: hlr. Welch points out that it 
may be impracticable to reduce the lo^s 
in the resonant circuit beyond a certain 
point. Further attempts to decrease this 
loss may result in an increased cost entirdy 
out of proportion to the advantage obtained. 
As mentioned by Mr. Hunter, a reduction of 
these losses will result in an increase in the 
residual voltage on the system during normal 
operating conditions. Hence we find here, 
as in almost all engineering problems, that 
we must give consideration to all factors 
involved and choose as our solution that 
value which will give the best over-all opera¬ 
tion. 

Mr. Hunter points out that if capacitors 
were used to increase the stored energy in 
the resonant circuit, they might be located 
at the line terminals of the grounding trans¬ 
former bank. Although this connection 
would be satisfactory from the standpoint 
of system-recovery-voltage characteristics, 
it may be observed that capacitors so con¬ 
nected would be at all times subjected to 
full line-to-ground potential. If connected 
to the system neutral, as suggested in the 
paper, the capacitors would be subjected to 
line-to-neutral voltage only during the fault 
period. 

The comments of Mr. North and Mr. 
Von Volgtlander are of importance in that 
they call attention to the necessity of a 
broad consideration of the problem before 
justifying an installation of Petersen coils 
on a system. The present paper treats only 
the factors affecting arc extinction. This of 
course is only one of the many problems 
which must be considered in Petersen-coil 
application. 
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Induced Current in Parallel Circuits and 
Its Effect Upon Relays 
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M utual induction is very 

much like friction in that it is a 
great blessing under certain conditions 
and an unmitigated nuisance under 
others. If it were not for mutual induc¬ 
tion there would be no a-c systems as we 
know them today because there would be 
no transformers. It is apparent, there¬ 
fore, that mutual induction is the basis of 
an entire industry that could not exist 
without it. On the other hand it has 
b^ the bane of the communication 
industiy where induction between circuits 
is highly undesirable. There is a story 
told about one of the early long-distance 
open-wire telephone circuits having sev¬ 
eral parallel Hnes in which the experi¬ 
menter at one end spoke to the man at the 
other end and asked “Do you hear me?” 
The reply was, “Perfectly.” The first 
man then asked the second, “Which line 
am I on?” and after a moment’s hesita¬ 
tion the second replied, .“All of them.” 
These two illustrations show that mutual 
induction may be either a blessing or a 
curse depending upon the circumstances 
under which it exists. 

In three-phase power systems, mutual 
induction is usually negligible for one or 
both of the following reasons. In a great 
majority of installations, the spacing be¬ 
tween conductors is so small in compari¬ 
son with the spacing between circuits 
that comparatively few of the lines of 
flux produced by one circuit link the 
other. The second reason is the presence 
of transpositions which are commonly 
employed to balance circuits and to mini¬ 
mize imbalances between circuits caused 
by mutual induction. If each conductor 
of each three-phase circuit occupies each 
of its nine possible positions with respect 
to each conductor of any other adjacent 
three-phase circuit for one-ninth of its 
length, the net effect of one balanced 
three-phase circuit upon another will be 
zero. Transpositions of transmission line 
conductors are normally worked out to 
approach this ideal quite closely. 

The flux fid.d generated by zero-se¬ 
quence (or ground) current, that is, cur¬ 
rent flowing out over one or more conduc¬ 
tors and returning through the earth, is 
quite different from that fivisfing in a 
balanced three-phase system. In this 
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case the circuit spacing of two parallel 
circuits on the same towers or the same 
right-of-way may be small in comparison 
with the conductor spacing since the 
conductors are the wires of the transmis¬ 
sion line and the path of the current in the 
earth. Furthermore, no transpositions 
are possible. As a result the mutual in¬ 
ductance between circuits canying zero- 
sequence current may vary from zero for 
widely separated circuits to perhaps 75 
per cent of the self-inductance in the case 
of a double-circuit tower line. A mutual 
inductance of the order of 50 per cent or 
greater is far from negligible in determin¬ 
ing the distribution of flow of current in 
the parallel circuits, as will be shown. 

To most people resistance and self¬ 
inductance are readily understandable 
terms, but mutual inductance being less 
commonly encountered seems to be a 
little more difficult to comprehend. Per¬ 
haps the explanation which made its 
nature dear to the author will be helpful 
to othdrs, that is, an exact definition of 
what mutual inductance is. Mutual 
inductance is the flux linkage with one 
circuit per ampere in another. Let us 
examine this statement as applied to a 
transmission line conductor and see what 
it says. Eveiyone knows that sdf- 
inductance is the flux linkage per ampere 
in the circuit itself. In other words, it is 
the total number of flux lines surrounding 
the current of one ampere flowing in the 
circuit. Returning now to mutual induct¬ 
ance, it wnll be seen that it is merely the 
number of flux lines around a conductor 
that results from a flow of one ampere in 
some other conductor. These statements 
apply to straight cylindrical conductors, 
such as transmission lines. When the 
conductor is in the form of a coil, such as 
in a transformer, the flux linkage is the 
sum of all of the flux lines times all of the 
turns through which they go, when a 
current of one ampere is flowing. 

The transition from mutual inductance 
to mutual reactance is now very easy to 
see because reactance is merely the tir pe 
rate of change of flux linkages per ampere. 
In other words having established a 
mutual inductance it is merely necessary 
to multiply it by 2T(f to obtain the mutual 
reactance. 
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There is also present some mutual re¬ 
sistance because the return circuit for 
both the indudng and the induced cur¬ 
rents is in the earth which has some re¬ 
sistance. Accordingly, two adjacent cir¬ 
cuits have a mutual impedance containing 
both a resistance and a reactance term. 
The formula for calculating the mutual 
zero-sequence impedance between trans¬ 
mission circuits canying zero-sequence 
current will be found in any standard 
reference book on transmission line calcu¬ 
lation^ and is 

Zmo « 0.00477/ 4-/0.01397/log ,0 

ohms per mile per pha.se 

where/is the frequency, Dg is the distance 
between the equivalent conductor and its 
image, and G.M.D. is the root of the 
product of the possible distances be¬ 
tween the N conductors of each of the two 
circuits. For three-phase circuits tliis be¬ 
comes the ninth root of the product of 
nine possible distances. 

Where there are many circuits to be 
calculated, much time may be saved by 
referring to figures 77 and 82 of the book 
“S 3 nnmetrical Components” by C. M. 
Wagner and R. D. Evans. From these 
figures the equivalent depth to the image 
and tlie mutual zero-sequence reactance 
may be obtained directly, and the only 
computation necessary is the derivation 
of the geometric mean distance between 
the conductors designated as G.M.D. 

Whenever two circuits having mutual 
zero-sequence reactance are electrically 
connected at one or both ends, an equiva¬ 
lent circuit may be drawn showing botli 
the self and mutual zero-sequence im¬ 
pedances,^ and this will be found most 
convenient in setting up the impedance 
diagram for tlie purpose of calculating the 
flow of zero-sequence current. Where 
the lines are bussed at both ends and a 
fault exists along the length of one of the 
circuits, two equivalent impedances may 
be set up, each representing the network 
in one direction from the point of fault 
and the two equivalent networks con¬ 
nected together and reduced by the well- 
known wye-delta method or set up on a 
calculating table. See figure 15. 

The effect of mutual reactance between 
circuits is to cause circulating current, or a 
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redistribution of the ground fault current 
as calculated without the effect of mutual 
zero-sequence impedance. The first evi¬ 
dence of this probably manifested itself in 
connection with directional ground relays 
where an inexplicable lack of selectivity 
appeared. Some years ago, before the 
methods of calculating the flow of zero- 
sequence current were as well known as 
they now are, cases would frequently 
arise in which there was an apparent loss 
of selectivity between directional ground- 
current rela 3 rs that, according to calcula¬ 
tions, should have had plenty of time 
interval between them. In the light of 
subsequent knowledge it is easy to imder- 
stand how the time interval became too 
small to retain selective action. 

As the use of directional ground-current 
relays on parallel circuits is still very com¬ 
mon, it may be worth while to show why 
it is that a fault on one of the lines will 
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Figure 1 


(a) One-line diagram of parallel line system 

(h) Equivalent zero-sequence reactance dia¬ 
gram for ground fault after breaker number 1 
opens 

Xjr/i—^Zero-sequence reactance external to H 
Xtt —^Zero-sequence reactance external to T 
Xs —^Zero-sequence reactance of one line 
Xjtf —^Mutual zero-sequence reactance be¬ 
tween lines 

k —Relative distance from H to fault 


occasionally trip tloree breakers. For the 
sake of simplicity assume that tlie zero- 
sequence impedance external to the two 
parallel circuits of figure la is the same at 
both ends and that a fault occurs at X in 
line A near H, If the line zero-sequence 
impedance is fairly high in comparison 
with that of the grounding transformers 
at the ends, a large proportion of the zero- 
sequence current will initially flow 
through the neutral of the grounding 
transformer at K and the relays of circuit 
breaker 1. In the meantime current will 
flow in a tripping direction and possibly of 
tripping magnitude through breakers 3 
and 4, but presumably breaker 1 will open 
before either of these operate or no kind of 
selectivity would be obtained. After 
breaker 1 has opened, it might appear 
that the major part of the groimd current 
would now return through the neutrals of 


the transformers at T since these are 
apparently nearer the fault than those at 
As a matter of fact, if the mutual 
zero-sequence impedance between lines is 
one-half or a greater proportion of the self¬ 
impedance of one line, then one-half or 
more of the ground current will return to 
the neutrals of the transformers at H. 
This is true regardless of the length of the 
dreuits providing only that the mutual 
reactance is one-half or more of the self¬ 
reactance, and also assuming equal im¬ 
pedance of the grounding transformers. 
See figure 1&. As a result of the opening 
of breaker 1, breaker 3 relay then gets 
more current than breaker 2 relay, but by 
no means so much more as might have 
been expected, and accordingly, breaker 2 
relay, if set without consideration of the 
effect of mutual impedance, may succeed 
in tripping before breaker 3 has cleared 
the short circuit. 

Mutual zero-sequence reactance is no 
respecter of persons and is not concerned 
with whether the two circuits involved 
have any electrical connection with each 
other or not. Its action is not confined to 
parallel circuits of the same voltage or 
even the same frequency and this has 
occasionally resulted in some rather mys¬ 
terious behavior on the part of directional 
ground-current relays. Figure 2 illus¬ 
trates a condition which has been known 
to cause operation of directional ground 
relays on one overhead grounded-neutral 
system that is paralleled by an electrically 
separate grounded-neutral systtm for a 
part of its length. Ground faults on the 
second line cause flux linkages with the 
first line that generate a voltage between 
the ends of each of the three conductors. 
Since both ends of every conductor of the 
first line are connected to ground through 
the wye windings of wye-delta transform¬ 
ers, there is a comparatively low imped¬ 
ance path around which tiiese induced 
voltages can force a flow of current. It 
will be observed that at one of the trans¬ 
former banks the direction of current flow 
is from the ground to the neutral and up 
through the winding and out over the 
transmission line while at the other trans¬ 
former, the flow is reversed, being in on 
the line and down through the transformer 
to tlie ground. The relative direction of 
the current in the neutral and the current 
in the line is the same in both cases and is 
such as to cause the relays to act as if 
there is a flow of fault current into the line 
at both ends. If this is sufficient in size 
and duration, one or both of the direc¬ 
tional ground relays will operate to dear a 
circuit which is dectrically isolated by a 
double transformation from the fault}’' 
section. 


An even more mysterious and obscure 
case occurred on an underground system 
in a dty where there are 25- and 60-cycle 
cables in the same duct bank under the 
street as shown in figure 3. One of the 60- 
cycle cables formed a portion of a loop 
circuit which was protected with direc¬ 
tional ground-current relays. On several 
occasions faults on the 25-cyde system 
that caused ground current to flow in one 
of the 25-cycle cables in the duct would 
trip 60-cyde directional ground relays. 
At first thought it might seem that the 
metallic sheaths of the cables would act to 
shidd the conductors of one cable from 
the flux field around the conductors of 
another carrying ground current. Actu¬ 
ally the sheaths do have some such effect, 
but on account of the rdatively high- 
resistance material of which they are com¬ 
posed, they are not a very effective shield. 
Accordingly, there were enough effective 
flux linkages with the conductors of the 
60-cyde cable to force suffident current 
around the loop of which it was a part to 
operate the ground rdays. If the system 
is groimded at the source only, the 
ground-rday torques are in the directions 
indicated in figure 3, and increase pro- 
gressivdy away from the grounding point. 
If the system has more than one groimd 
the emrent drculating in the earth would 
change the torques, but half of the relays 
in the loop tend to trip. 

Where two parallel identical circuits 
have imequal mutual coupling with a 
third dreuit, any ground current in the 
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Figure 2. Flow of currents In a circuit exposed 
to zero-sequence induction 
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Figure 3. Flow of current in a loop exposed 
to zero-sequence induction 
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latter generates a voltage around the loop 
formed by the two parallel circuits. This 
voltage produces a circulating current 
which is superimposed on any ground- 
fault current that may be flowing in the 
two circuits at the moment, thus tending 


NovEivfBER 1939 , VOL. 58 


Bancker—Induced Current 


Transactions 683 




to increase the current in one line and 
reduce it in the other. Where the lines 
are protected by balanced current relays 
in the residual circuit of the current trans¬ 
formers, faulty operation may result 
from the superposed circulating current 
on top of the balanced through current. 
The circulating current may be calculated 
by ^ subtracting the mutually generated 
zero-sequence voltages in the exposed 
section and dividing it by the loop zero- 
sequence impedance of the two circuits. 

Three or more parallel circuits on the 
same right-of-way necessarily have un¬ 
equal mutual zero-sequence impedances 
so that through ground-fault current will 
not divide evenly between them. The 
middle circuit will carry less current than 
the others which may cause false opera¬ 
tion of ground-current relays. 

Mutual zero-sequence reactance is open 
to indictment on still another count. It 
is one of the factors that make the use of 
distance relays for ground protection so 
complicated that it becomes very nearly 
impracticable. If it were not for the 
mutual reactance between circuits, dis¬ 
tance relaying for ground faults would be 
no more complicated than for phase 
faults, but the fact that the voltage gener¬ 
ated between the fault and the relay loca¬ 
tion in the faulty conductor may contain 
a large mutual zero-sequence component 
makes it necessary to take into account in 
each relay the zero-sequence current in all 
parallel circuits in order to secure accurate 
distance measurement. It is quite appar¬ 
ent that where there are several circuits 
on the same right-of-way, the problem 
becomes pretty complicated if the cur¬ 
rents in all of them have to be conducted 
to the relays in all the others. It is quite 
probable that this is the chief reason why 
distance groimd relaying has not become 
very prevalent. 

Although not strictly induction, there 
is another source of unbalanced residual 
currents in parallel lines that must be con¬ 
sidered when very fast relays are used. 
When one circuit of a pair is carrying load 
and the second circuit breaker on the 
other is closed to parallel them, its poles 
will strike sequentially electrically regard¬ 
less of the excellence of mechanical ad¬ 
justment. There is a moment diuring 
which only one wire of the incoming line 
is in parallel, then a second interval when 
two wires are completed and finally all 
three are closed. For the first two inter¬ 
vals there is a zero-sequence current in 
each line. Where the system neutral is 
ungrounded this gurrent flows only in the 
loop formed of the two lines and is equal 
in each and, therefore, would not tend to 
operate residual balanced current relays. 
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Where there are grounded neutrals on 
both ends of the lines there is a true zero- 
sequence current flow via the grounding 
transformers and the earth and it is un¬ 
balanced in the two circuits. 

For the condition of one pole of the 
breaker closed, the current may be calcu¬ 
lated from an equivalent circuit in which 
the negative and zero-sequence imped¬ 
ances as viewed from the breaker are 
placed in series and inserted in the posi¬ 
tive-sequence network as a series imped¬ 
ance at the breaker location. When two 
poles are closed the negative- and zero- 
sequence impedances are paralleled and 
connected in series with the positive- 
sequence network at the breaker location. 
From calculations like these the effect on 
balanced and directional ground relays 
may be determined. 

Ground-fault currents generate voltage 
in any mutually coupled conductor with¬ 
out regard to the use to which it is put. 
Pilot wires used for relaying, telemetering, 
and similar purposes may have excessive 
voltages induced in them if they are in 
close proximity to aerial or underground 
power conductors carrying zero-sequence 
currents. The voltage is usually very 
small between wires but the voltage to 
ground may be high on all of them, thus 
endangering the insulation. 

Mutual resistance, too, has caused in¬ 
sulation failures in pilot wires and equip¬ 
ment connected to them. The fault cur¬ 
rent returning from the earth to the neu¬ 
tral of a grounding transformer passes 
through whatever resistance there is be¬ 
tween true earth and the station ground¬ 
ing system to which the transformer neu¬ 
tral is connected. The resultant IR drop 
displaces the station ground from true 
earth potential. The cases of equipment 
connected to the pilot wires are ordinarily 
grounded to the station ground and the 
pilot sheath is usually grounded pur¬ 
posely or accidentally to the earth along 
its length. The insulation of the equip¬ 
ment and the pilot wire in series is sub¬ 
jected to the potential between station 
ground and earth and is stressed in inverse 
ratio to the capacitances between the 
equipment and station ground and be¬ 
tween the pilot wires and their sheath. 
In most cases the equipment capacitance 
is small and its insulation gets most of the 
voltage across it. Sometimes the reverse 
is true. 

Having outlined some of the effects of 
mutually induced current, it is quite 
appropriate to discuss some of the 
methods which have or may be applied to 
circumvent the harmful consequences. 
The simplest point of attack is in the 
relay setting. In the first instance dis- 

Bancker—Induced Current 


cussed it will often be found that once the 
correct distribution of residual or zero- 
sequence current has been determined, a 
change in the settings of the relays will 
give the desired selectivity. 

In figure 2 the relay at the station 
where both circuits are grounded can be 
made to recognize the true direction of 
fault current by energizing its polarizing 
coil from the sum of the secondary cur¬ 
rents of current transformers in all of the 
power transformer neutrals. The ratio 
of these current transformers should be 
in the inverse ratio of the voltage ratings 
of the system in whose neutral they are 
connected so that an equal kilovolt¬ 
amperes in each system will give equal 
secondary currents. The actual fault 
current which is doing the inducing will 
be greater than the induced current (in 
kilovolt-amperes) and hence the net cur¬ 
rent fed to the relay polarizing coil will be 
reversed from what it would have been 
had it been energized from a current trans¬ 
former in tlie neutral of only the power 
transformer to which its line is connected. 
At the other end of the circuit this remedy 
is not available because the fault current 
itself is not present in this station. For 
this location there is no universally 
applicable remedy, but an expedient has 
been used that should be successful in 
many installations. The line-to-neutral 
voltages of the circuit in which the in¬ 
duced current flows are usually higher 
during the induced-current condition 
than they are while a ground fault exists 
in the line itself. This fact may be uti¬ 
lized through the use of three instantane¬ 
ous undervoltage relay elements, the coils 
of which are energized from the line-to- 
neutral voltages and the contacts of which 
are all in parallel and the group iu series 
with the directional relay whose misopera- 
tion is to be prevented. 

While the author is not aware of any 
installation made for the special purpose 
of reducing mutual zero-sequence react¬ 
ance between circuits, it is a fact that 
counterpoises and good-conducting 
ground wires tend to reduce the mutual 
zero-sequence reactance. This will be 
readily apparent when it is considered 
that the presence of these conductors 
brings into proximity with the inducing 
current, a retmning ground current of 
opposite direction. This returning cur-' 
rent also has a mutual coupling and sinde 
it is in the reverse direction tends to can¬ 
cel out part of the voltage generated, by 
the outgoing current in the parallel circuit ' 
conductor. If all of the ground current 
could be persuaded to return in a ground 
wire or counterpoise spaced the same dis^ 
tance from the circuit in which the voltage , 
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is induced as the inducing circuit conduc- 
tors> it would entirely cancel out the 
mutual reactance between the circuits. 
A perfect result is unobtainable but may 
be approached through the use of gopd 
conducting ground wires and counter¬ 
poises and by increasing the separation 
between the parallel circuits through the 
use of separate rather than twin circuit 
towers. It is not proposed by the author 
that this should be adopted as an eco¬ 
nomical remedy for false operation of 
ground relays, but is merely pointed out 
as another one of the advantages incident 
to the use of counterpoises and ground 
wires. 

The use of conducting shields for pilot 
wires has been proposed since the cost is 
not prohibitive as it may be for power 
circuits. Where momentary interrup¬ 
tions are not harmful vacuum gaps or 
Th 3 nite resistors have been used to limit 
the voltage from pilot wires to ground. 
In other installations a higher insulation 
level has been provided, capable of with¬ 
standing the induced voltages. Occa¬ 
sionally neutralizing transformers® have 
been installed to allow station equipment 
to stay at station ground potentid and 
the pilot conductors at true earth poten¬ 
tial. Insulating transformers at the sta¬ 
tion boundary have also been employed 
where the quantity sent over the pilot 
wire is alternating current. The choice 
between the various remedies is one of 
economics for the particular installation. 

Conclusion 

Mutual impedance exists between ad¬ 
jacent circuits carrying zero-sequence or 
ground current. Its effect is to cause a 
different distribution of ground current 
than would have existed without it 
Failing to take it into consideration has 
occasioned incorrect operation of ground 
relays, usually of the directional type. 
It has also caused false operation of bal¬ 
anced groimd-current relays. Its exist¬ 
ence makes distance ground-fault protec¬ 
tion difficult. It also endangers the 
insulation of pilot wires and equipment 
connected to them. A number of reme¬ 
dial measures are available, but there is 
no universal, economical panacea. Each 
instance reqtiires individual consideration 
to determine which of the several avail¬ 
able remedies may best be utilized. 
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Discussion 

R. P. Crippen (Bbasco Services Incorpo¬ 
rated, New York, N. Y.): In 1931 trouble 
was experienced from incorrect relay opera¬ 
tion on the 13.2-kv system of the Tennessee 
Public Service Company in Elnoxville, Tenn. 

This system was fed from a single 110/ 
13.2-kv substation of about 30,000 kva. 
Six overhead 13.2-kv tie lines ran from this 
substation to various other substations 
about the city. These substations were in 
turn joined together by other 13.2-kv tie 
lines. There resulted a network of 13.2-fcv 
circuits, most of which were not more than 
two or three miles long and many of which 
were arranged two or three to a pole line. 
No transpositions were used. The system 
was grounded through a 20-ohm resistor in 
the neutral of one of the 10,000-kya trans¬ 
former banks at the main substation. 

Tests were made and it was found that 
for straight ground faults induced zero- 
phase-sequence currents up to a maximum 
of 90 amperes would flow in unfaulted lines. 
This indicated that ground relays on the 
lines thus affected should have a current 
setting which would allow for the induced 
currents. 

A more difficult problem arose when 
simultaneous ground faults occurred at 
different points on the system on different 
phases, as sometimes happened. The re¬ 
sultant unbalanced currents in the lines 
were several times as great in magnitude 
as the current to a single ground fault, 
which was limited by the 20-ohm resistor. 
These heavy currents circulating between 
the two ground faults resulted in unbalanced 
currents in individual circuits which were 
much heavier than the straight zero-phase- 
sequence currents to ground faults. The 
resultant ''mix-up” from unbalanced and 
induced currents was bewildering. 

Reasonably good operation was obtained 
by increasing the current setting of certain 
of the ground relays, by appljring the direc¬ 
tional control feature to both phase and 
ground directional rdays at ceitSLm points, 
and by installing faster-acting relays at two 
or three points. 

The case illustrates what can occur under 
certain conditions and what is undoubtedly 
occurring to a lesser degree in many in¬ 
stances. Fortunately effects such as this 
are not usually sufficient in magnitude to 
cause any trouble to the relay engineer. 


R. B. Neidig (Metropolitan Edison Com¬ 
pany, Reading, Pa.); Mr. Bancker's paper 
will be of decided interest to every rday 
engineer who is faced with the problem of 
relaying grounded-neutral systems, and 
while the subject is not new, I bdieve that 
it has been given too little publicity in the 
past. 

Several years ago it was discovered that 
mutual induction was the cause of incorrect 
relaying on one section of the llO-kv system 
of the Metropolitan Edison Company, and 
it is believed that a review of that instance 
at this time will be interesting. 


Figure 1 of this discussion shows the cen¬ 
tral section of the aforementioned 110-kv 
system. The circuits between South Read¬ 
ing and Glendon are on two-circuit steel 
towers, and likewise are the circuits between 
Glendon and Gilbert. However, the latter 
tower line is on the same right-of-way with 
the South Reading-Glendon tower line for a 
distance of six miles out of Glendon. 
There are no ground wires on either tower 
line. 

.^er experiencing a few cases of insta¬ 
bility at Gilbert plant from 110-kv faults, 
high-speed balanced-phase and ground re¬ 
lays were applied at the three stations 
shown, and the oil circuit breakers modern¬ 
ized at Gilbert and Glendon. Immedi¬ 
ately after this modernization program was 
completed, it was discovered that ground 
faults occurring on the South Reading-Glen¬ 
don circuits were, in a number of cases, 
causing peculiar ground-relay operations on 
the Glendon-Gilbert circuits. In most 
cases where these peculiar operations oc¬ 
curred, the oil circuit breaker on one circuit 
at Gilbert was tripped by the balanced- 
ground relay, and the oil circuit breaker on 
the other line at Glendon was tripped by its 
balanced-ground rday. Occasionally only 
the oil circuit breaker at Gilbert was 
tripped. Obviously, something had to be 
done about it. 

This type of operation indicated that the 
residual currents in the Glendon-Gilbert 
drcuits was becoming unbalanced for some 
reason, and as this condition did not exist 
for faults beyond Gilbert toward West 
Wharton, it suggested induction in the six- 
mile section out of Glendon as the probable 
cause. 

Inspection showed that the maximum 
induced voltage in the Glendon-Gilbert cir¬ 
cuits would occur during a ground fault on 
the adjacent South Reading-Glendon circuit 
at a point where the two tower lines left the 
common right-of-way. Results of calcula¬ 
tions made under these conditions are given 
in figure 1, showing that the loop current 



Rgure 1 • Section of 110-kv system of 
Metropolitan Edison Company affected by 
induced current and results of calculaflons 
for typical case 

induced in the Glendon-Gilbert circuits 
caused as much as 61 per cent unbalance in 
their balanced-ground relays, which was far 
more than sufficient to cause operation. 
There were two apparent means for 
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eliminating the peculiar operations caused 
by this condition, (1) reducing the sensi> 
tivity of the balanced ground relays, re¬ 
quiring either changes in the relay or addi¬ 
tional auxiliary relays, or (2) removing the 
balanced-ground relays from service. 
While the latter means of correction may 
seem more or less rash, it must be pointed 
out that the current obtained in the faulted 
phase during a ground fault at any location 
on the Glendon-Gilbert circuits is very high, 
and of sufficient magnitude to operate the 
balanced-phase relays. Inspection of oper¬ 
ating records showed that in practically no 
case did a balanced-phase relay fail to oper¬ 
ate together with the balanced-ground relay 
for ground faults on these circuits. This 
fact, determined quickly and easily, led to 
the temporary disconnection of the bal¬ 
anced-ground relays, although thus far 
they have not been restored to service. 
Each circuit, however, is still equipped with 
back-up ground-relay protection. 

It will be interesting to note that ground 
faults on the Glendon-Gilbert circuits pro¬ 
duced no apparent peculiar operations of the 
South Reading-Glendon circuits, due, no 
doubt, to the appreciably higher loop zero- 
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sequence impedance of these circuits. The 
balanced-ground relays on these circuits are 
still in operation, although it was necessary 
to reduce the sensitivity of them due to the 
difficulty encountered from sequential opera¬ 
tion of oil-circuit-breaker poles, a source of 
trouble also referred to in Mr. Bancker*s 
paper. 


Wm* £• Matter (nonmember; Duquesne 
Light Company, Pittsburgh, Pa.): Mr. 
Bancker has presented a very interesting 
paper on the effect of induced current on 
relaying. This problem has been encoun¬ 
tered in many places on'the Duquesne Light 
Company systefti and in one instance has 
been successfully solved by a scheme in¬ 
stalled during 1932, and which to my 
knowledge has not been published. 

Figure 2 of this discussion shows the 
arrangement of 66-kv lines on which 
trouble was encountered. The lines were 
on double-circuit towers over separate 
right-of-ways with one Pine Creek line and 


relay which was used to prevent incorrect 
operation is shown in figure 3. The fact 
that the induced current flowed in each of 
the three-phase leads to the bsdanced relays 
and this was the only condition which would 
produce three in-phase currents in the phase 
leads on a ground fault was used to deter¬ 
mine the lockout condition. The current 
coils of three double directional elements 
were connected in series with the balanced 
phase CR relays and a zero-sequence poten¬ 
tial from star-delta potential transformers 
was connected to the potential coils of each 
element. 

On a ground fault, potential was pro¬ 
duced due to the ground and if induced 
current existed all three directional ele¬ 
ments operated in the same direction. The 
contacts on each side were connected in 
series and operated an auxiliary relay to pre¬ 
vent tripping by the ground relays. 

On this system a 63-ohm neutral resistor 
is used so that the zero-sequence potential is 
always of about the same value and com- 
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one North line on each tower line. A fault 
near North substation on a North-Colfax 
line caused a circulation of induced current 
in the pair of lines between North and Pine 
Creek and between Pine Creek and Colfax. 

The protection used on the lines was 
seven-post balanced CR relay protection 
with both phase and ground relays. The 
circulating induced current in the lines 
added together in the neutral and caused in- 
corrwt operation of the ground relays, 
opening one breaker on the opposite end of 
each of the four lines in which induced cur¬ 
rent was circulating. 

The protection used on the lines and the 


pamtively large. The ground current is 
limited in value and the ground relays have 
sensitive settings. The induced current 
was of sufficient magnitude to operate the 
ground relays but did not operate the phase 
relays and it was not necessary to provide a 
lockout for them. 

This scheme was in successful operation 
for several years but has been removed due 
to line rearrangements on the towers which 
removed the induced current problem. 

An additional installation was made about 
1932 on the 22-kv system using the original 
shop model of the relay. Balanced protec¬ 
tion was used on only one end of the pair of 


Figure 3. Induced-current relay used with 
seven-post CR balanced line protection 


22-kv lines and one relay could be used in 
this location to prevent induced-current 
operations. 


W. A. Lewis (Cornell University, Ithaca, 
N. Y.): Mr. Bancker has performed a serv¬ 
ice to electrical engineering by collecting 
in a compact form the references to the 
numerous problems produced by mutual 
induction between parallel circuits. 

Many of the engineers working in this 
field have accepted these problems as they 
arose and solved them one by one, without 
realizing that the uninitiated would find 
them difficult when suddenly confronted 
with one of the more unusual problems. 
Hence, by describing in a simple fashion all 
the related problems, Mr. Bancker has pro¬ 
vided a convenient and useful reference. 

In describing the case of two parallel 
lines, after one breaker opens, Mr. Bancker 
shows that the greater portion of fault cur¬ 
rent may come from the end nearest the 
fault, even though the circuit breaker at 
that end has already opened, particularly 
when the mutual impedance is greater than 
half the sdf-impedance. The reason for 
this is, of course, that the mutual impedance 
reduces the effective impedance around the 
loop. Our experience has been that on 
double-circuit lines, where both circuits are 
on the same tower or pole, zero-sequence 
mutual impedance is often as great as seven- 
tenths of the self-impedance, so that the 
effect described is usually very important. 

Mr. Bancker has explained that the use of 
distance relays for ground fault protection 
has been retarded by the mutual effects. 
As I was a party to the first paper which 
explained, more than seven years ago, how 
distance relays could be used for ground- 
fault protection on parallel lines, to give an 
accurate determination of the fault location, 
it is perhaps appropriate to discuss addi¬ 
tional reasons why more widespread use of 
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distance relays for ground faults has not 
been made. The first of these is cost. 
With distance ground relays, three relays at 
each terminal location are required in order 
to protect against a fault on any phase. In 
some cases a smaller number of relays has 
been used, but some form of additional relay 
is necessary to provide switching so that the 
relay can be connected to the proper phase 
for the fault which occurs. This compares 
with a single ground relay in the schemes of 
ground protection now in common use. 
The second difficulty is the effect of fault re¬ 
sistance during a two-line-to-ground fault. 
Because of the phase relationship between 
the voltage drop in the fault resistance and 
the voltage drop in the line, it is found that 
even with a reactance relay a fault fre¬ 
quently may appear to be closer to the relay 
location than it actually is, thus sometimes 
producing an incorrect operation. To over¬ 
come this difficulty, it is necessary to ar¬ 
range the relay so that it will not operate 
when the fault involves two phase conduc¬ 
tors. This necessitates either considerable 
complication in the relay design or the use 
of some additional fault-selection device. 
However, I venture to predict that if 
single-pole switching of single-conductor 
faults comes into common use, distance re¬ 
lays will find an extensive application for 
ground protection. 


Bert V. Hoard (Westinghouse Electric and 
Manufacturing Company, Newark, N. J.): 
Mr. Bancker has discussed a number of 
cases where mutual impedance between two 
or more lines or loops might cause false 
operation of direction^ly controlled ground 
rdays. He also discussed certain methods 
of correction so that the relays would oper¬ 
ate properly. Among these was the use of 
the summation current through all the 
transformer neutrals for polarizing the 
directional element, and the fact that if 
ground wires have been installed or the dis¬ 
tance between the respective circuits is 
large, the effects of mutual induction are 
materially decreased. 

There is available another relatively new 
method which, we bdieve, will become in¬ 
creasingly important as it becomes better 
known. This is the use of a negative- 
sequence directional element instead of the 
conventional zero-sequence directional ele¬ 
ment in a relay, which uses negative-se¬ 
quence voltage and current for determining 
the direction of the fault from the relay. In 
a grounded system for any fault-to-ground 
there are always negative-sequence currents 
produced as well as zero-sequence currents. 
However, the negative-sequence currents 
must flow in the line conductors; hence their 
effect by mutual induction practically can¬ 
cels in any adjacent circuit even though the 
spacing between circuits is small. It is only 
on those systems where the wires of the ad¬ 
jacent circuits are not transposed frequently 
enough and a fault occurs within a relatively 
long untransposed section that there might 
be appreciable unbalanced induction in one 
circuit due to negative-sequence currents 
flowing in the other. 

This method of directional control is 
available in a new t 3 rpe CRS relay which 
consists of a conventional zero-sequence 
overcurrent element directionally controlled 
by a very sensitive negative-sequence direc¬ 
tional element and its filters. It will be 
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noted that only two potential transformers 
connected open ddta are required for polari¬ 
zation, while for a conventional zero-se¬ 
quence voltage-polarized relay three star- 
coimected potential transformers are re¬ 
quired; hence, considerable economic saving 
may be made for many installations when 
using the new relay. 

For loop circuits an instantaneous nega¬ 
tive-sequence fault detector may be re¬ 
quired and can be obtained with the relay to 
produce selectivity between a fault in the 
loop and a fault external to the loop. As an 
example, in figure 3 of the paper assume the 
faulty circuit is 60 cycles and is connected to 
the 60-cycle bus, also that a generator is 
available and running at the remote bus. 
During a fault external to the loop this 
generator feeds power back through the 
loop, but the negative-sequence current 
flowing will be small when compared to that 
flowing when a fault occurs within the loop, 
The negative-sequence fault detector is ad¬ 
justable so that it can be set to select be- 
twe^ internal and external faults. Its con¬ 
tacts are in series with the directional ele¬ 
ment so that the zero-sequence overcurrent 
element cannot trip until the negative- 
sequence current exceeds the fault detector 
setting and is in the tripping direction for the 
directional element. If the above-men¬ 
tioned generator is not operating, there 
should be negligible negative-sequence cur¬ 
rent flowing in the loop circuit for an exter¬ 
nal fault. 

It will be seen that the big advantage of 
using negative-sequence currents for the 
directional element and fault detector is 
that there is a relatively large difference in 
the negative-sequence current flowing in the 
loop for an internal fault compared to a 
fault external to the loop; while if zero- 
sequence currents were to be used, the mu¬ 
tual induction between circuits would cause 
the relative currents to be more nearly 
equal in one branch of the loop for both 
internal and external faults and thus limit 
the possibilities of selectivity. 


Edward W. Eombark (Northwestern Uni¬ 
versity, Evanston, Ill.): There seems to 
be a common impression that zero-sequence 
current is always associated with ground 
current. Mr. Bancker helps to correct 
this impression by giving two instances 
of circuits in which zero-sequence current is 
present without any ground current: (1) 
the loop circuit of figure 3, either un¬ 
grounded or grounded at one point, in which 
a zero-sequence current is induced from 
another system; (2) a similar loop circuit 
with a series open circuit of one or two con¬ 
ductors, due for example to the sequential 
closing of the poles of a circuit breaker. 
Nevertheless, Mr. Bancker lapses into the 
common error when he mentions '*a true 
zero-sequence current” in case 2 if the cir¬ 
cuit is grounded at two points. A third in¬ 
stance, one not mentioned in the paper, is a 
short circuit between a conductor of one 
circuit and a conductor of another circuit, as 
on a double-circuit line. (By "ground 
current” in the foregoing is really meant 
current in the neutral of a grounding trans¬ 
former, for current will circulate in the earth 
beneath the loop of figure 3.) 

I wish to discuss the circuit of figure 3 in 
which false operation of zero-sequence 
ground relays on the loop may be caused by 
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induced currents from a ground fault on 
another system of the same or a different 
frequency. If the loop system is grounded 
through a high neutral impedance, it is 
especially susceptible to false operation of 
ground relays because the relays would be 
given low current settings. There are 
several respects in which conditions on the 
loop circuit during induction caused by a 
ground fault on another system differ from 
conditions during a ground fault on the loop 
itself, and some of these conditions might be 
used to discriminate between the two events. 
For example, during a line-to-ground fault 
on the loop itself, there is negative-sequence 
current and accompanying negative-se¬ 
quence voltage. The negative-sequence 
current in the fault is equal to the zero- 
sequence current, though the distribution of 
negative-sequence current throughout the 
system may be somewhat different from 
that of the zero-sequence current. Nega¬ 
tive-sequence relays are not susceptible to 
induced currents because the negative- 
sequence mutual impedance between the 
two systems is negligibly low. Negative- 
sequence quantities could be used to operate 
watt-type relays or to operate either the 
current element or the directional element or 
both of directional overcurrent relays. Re¬ 
lays working entirely on negative-sequence 
quantities would respond to all types of 
faults except three-phase, but this would do 
no harm. If set too low, they would re¬ 
spond also to unbalanced loads, and this 
fact, as well as the low value of negative- 
sequence voltage during line-to-ground 
faults, would prevent their use on a system 
grounded through high impedance. 

On such a system another means of dis¬ 
crimination can be used. The zero- 
sequence voltage is high (practically equal 
to the normal positive-sequence voltage) 
during a line-to-ground fault, but is low 
during induced currents. Therefore a zero- 
sequence voltage relay could be used at each 
station of the loop to prevent operation of 
the zero-sequence ground relays unless the 
zero-sequence voltage should exceed a set 
value; or possibly the directional elements 
of the ground relays themselves could be ad¬ 
justed so that they would not close their 
contacts except on fairly high torques. 


J. A. Elzi (The Commonwealth and South¬ 
ern Corporation, Jackson, Mich.): This 
paper calls attention to an important factor 
in the determination of the magnitude and 
distribution of zero-sequence currents where 
parallel lines are involved. The effects of 
mutual impedance are frequently quite sur¬ 
prising and make it very difficult to make a 
prdiminary relaying layout until a complete 
study has been made. It is also very im¬ 
portant that various system operating con¬ 
ditions and fault locations be investigated 
because a change in magnitude or direction 
of current in one line may greatly affect the 
currents in other lines. 

Tests which were made recently on an ex¬ 
tensive 22-kv grounded neutral system in 
which there are numerous parallel circuits in 
dose proximity, demonstrated the above 
conditions very well. In this particular 
case, for example, a change of approximately 
two to one in current distribution between 
two lines occurred, due primarily to the 
differences in the effect of mutual impedance 
for two test conditions. The test values 
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were in quite close agreement with calcu¬ 
lated values, which indicates that the 
methods of calculation now commonly used 
and referred to ini this paper give very satis¬ 
factory results. 


£. H. Bancker: As it was hoped, the dis¬ 
cussions brought out several interesting 
cases of induced current experiences to 
supplement those cited in the paper. Pro¬ 
fessor Zimbark*s and Mr. Hoard’s discus¬ 
sion also points out another solution that 
may be adopted that was overlooked in pre¬ 
paring the paper. Negative-sequence in¬ 
duced currents should be relatively small in 
comparison with negative-sequence fault 
currents and, therefore, devices responsive 
to the negative-sequence should be free from 
tendency to misoperate for short circuits on 
other sterns. As Mr. Hoard points out, 
their use sometimes results in a saving be¬ 
cause only two potential transformers are 
required and these may be on the low- 
voltage side of a powd: transformer if it is 
certain that they will be energized at all 
times. 

The main disadvantage in utilizing nega¬ 
tive-sequence quantities lies in the fact that 
methods for deriving them are relatively in¬ 
efficient in comparison with the methods of 
deriving zero-sequence quantities. In se¬ 
curing zero-sequence the sum of three cur¬ 
rent transformer secondaries or of three 
potential transformer secondaries is added 
together, giving three times the original 
quantity. To derive negative sequence it is 
necessary to use either a network or take the 
difference of two quantities containing 
positive-plus negative-sequence terms and 
positive-minus ne^tive-sequence terms. 
In both cases the problem of deriving the 
true negative-sequence component is much 
more difficult than trying to separate out the 
zero-sequence component. In some of the 
instances inv^gated it was fotmd that the 
negative-sequence components were too 
small a proportioh of the total current or 
voltages to permit them to be utilized suc¬ 
cessfully. 

A negative-sequence directional relay con¬ 
structed from induction-cylinder elements 
known as the type CBP is available for use 
where the negative-sequence quantities are 
at least 16 per cent of the positive-sequence 
quantities. This relay consists of two de¬ 
ments operating upon a comxnon shaft. 
One dement is so connected as to produce a 
torque equal to the sum of the positive and 
negative sequence powers, while the other 
dement produces a torque equal to the dif¬ 
ference of these two powers. The resultant 
torque on the shaft is, therefore, dther posi¬ 
tive sequence of negative sequence, depend¬ 
ing upon the connections us^. These con¬ 
nections may be switdied by a zero-sequence 
current rday so that the directional rday is 
normally responsive to positive-sequence 
power and operates in accordance with this 
quantity for three-phase and line-to-line 
faults. The presence of ground current 
switches the connections of one of the de¬ 
ments so that it becomes a negative-se¬ 
quence power directional rday for all 
ground faults. 

Professor !E3mbark suggests that zero- 
sequence voltage might be used to distin- 
guidi between induced and actual fault cur¬ 
rent. There are probably cases when it 
would serve as, for example, in the system 
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A bout 1930 the manufacturers in¬ 
troduced the high-speed circuit 
breaker with operating times in the order 
of eight cycles and at the same time en¬ 
gineers awoke to the possibilities of 
high-speed or one-cyde relays. The 
general requirements for such rela 3 rs 
were set forth at the time in two papers^*® 
presented before the Institute. 

After nearly ten years, a review of the 
experience gained with such rdays seems 
to be in order, and to that end the rday 
subcommittee of the AIEE protective 
devices committee recently circulated a 
questionnaire among its membership de¬ 
signed to determine this. 

This report is based upon the 13 replies 
received from typical operating com¬ 
panies and also the experience of the 
manufacturing companies in furnishing 
high-speed relays during the period. 
Because of the wide scope of the subject 
only the salient features can be touched 
upon here. For more detailed discussion, 
those interested are referred to the bibliog¬ 
raphy. 

Instantaneous Overcurrent 
Protection 

Most of the reporting companies use 
instantaneous overcurrent rdaying, es- 
pedally for ground protection, and report 
excellent performance. The reliability of 
the S 3 retem as well as the improvement 
obtained from minimizing voltage dips 
and preventing burning down of conduc¬ 
tors makes this method distinctly ad- 
vantageous. _ 

Paper number 39-15, prepared by the relay sub¬ 
committee of the AXES committee on protective 
devices, recommended by the AIBB committee on 
protective devices, and presented at the AIBB 
winter convention. New York, N. Y., January 23- 
27,1939. Manuscript submitted October 27,1938; 
made available for preprinting December 6,1938. 

Paper prepared by J. H. Neher, chairman; C. A. 
Muller, L. P. Kennedy, G. W. Oer^l, kad R. M. 
Smith; all members of the AIBB rday subcom¬ 
mittee. ‘ 

1. For all numbered references, see list at end of 
paper. 


shown in figure 3. However, it is not uni¬ 
versal in its application because the inducing 
current may be from the same system, in 
which case there would be as . much zero- 
sequence voltage in the circulating loop as if 
the fault had been there. Also, if the sys¬ 
tem is like figure 2 the current circulating 
in the transformers produces as much zero-, 
sequence voltage as the same amount of fault 
current, which conceivably might exist un- 
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Settings reported for phase r€la 3 rs 
range from 100 to 200 per cent of the 
maximum S3anmetrical through fault 
current. While considerable benefit in 
clearing times can be gained in the case 
of long lines even though using a setting 
of 175 to 200 per cent, nevertheless one 
company reports over 1,000 installations 
using the 100-per-cent setting. An ac¬ 
curate record of the performance of in¬ 
stantaneous overcurrent relays has been 
kept by this company for two years which 
shows on steel-tower lines that 86 per 
cent of aU faults are cleared by the in¬ 
stantaneous relays. On the pmtion of the 
system using mostly wood-pole line this 
record showed that 70 per cent of all 
faults were cleared by the instantaneous 
relays. 

This same company sets the instantane¬ 
ous ground relays at 110 per cent of the 
maximum through current and obtains 
correct operation. 

One interesting experience noted was 
in the case of cable protection utilizing 
instantaneous relays. Here it seems that 
the fault is cleared so quickly that the 
cable will stand all tests and still break 
down later in service. 

Distance-Relay Protection 

Distance relays of the high-speed zone 
type have been used quite extensively for 
transmission-line protection against 
phase-to-phase faults. There are two 
kinds available: the reactance type where¬ 
by the distance is indicated from a meas¬ 
urement of the circuit reactance from the 
relay to the fault, and the impedance 
t 3 ^e whidi is based upon the measure¬ 
ment of the impedance. 

The information obtained from seven 
companies who have distance-relay in¬ 
stallations indicates that they have, in 
general, experienced entirely successful 
and satisfactory operation. Some un¬ 
necessary tripping has been occasioned 


der some different generating condition. 
Accordingly, zero-sequence vdtage is 
another possibility to add to the list, but 
is not an invariable selector. 

It is hoped that this paper mid its discus¬ 
sions will be of value to those who encounter 
the problem for the first time and wish to 
find out something about other cases of in¬ 
duced current and the solution adopted for 
preventing incorrect rday operation. 

Electrical Enginebring 



by out-of-step conditions which are, of 
course, liable to cause operation of any 
t 3 rpe of relay. Also, on some of the earlier 
type distance relays constructional de¬ 
fects have appeared and been eliminated. 

Analyses of the effect of synchronizing 
surges and out-of-step conditions on the 
distance relay have been made so that 
trip-outs which were formerly classed as 
incorrect relay operations can now be 
shown to be the result of the complex 
conditions attendant upon out-of-syn¬ 
chronism situations.*'* 

In addition to tmnecessa^ tripping 
under out-of-step conditions, there have 
been trip-outs on wide angular swings in 
cases where the system would have pulled 
back into step if permitted to do so. 

It should be borne in mind that the 
contacts of the directional and impedance 
units should be carefully adjusted to 
insure proper time co-ordination particu¬ 
larly to take care of restoration of 
normal conditions on a heavily loaded 
line. A few unnecessary trippings have 
occurred because of incorrect co-ordina¬ 
tion adjustments. 

The distance relay is not generally 
applicable to protection against single¬ 
phase-to-ground faults unless elaborate 
methods of compensation are employed,® 
and as a result, very few installations of 
this type of protection have been made. 
One company, however, reported a 
number of installations of uncompen¬ 
sated impedance relays used for ground 
protection of important lines. On the 
whole, these have been successful when 
carefully applied on steel-tower lines with 
ground wires, but not otherwise. 

No doubt in this case the successful 
operation was occasioned principally by 
the presence of the ground wire and lack 
of multiple neutral grounds. The ground 
wire has the effect of bringing the zero- 
sequence and positive-sequence imped¬ 
ance values closer togetlier, thus miti¬ 
gating the necessity for compensation. 

Pilot-Wire Protection 

The use of pilot-wire protection for 
relatively short lines has been constantly 
increasing and general use has been made 
of both a-c and d-c systems. The a-c 
s 3 rstems are of the differential variety 
comparing currents at the line terminals 
usually with a relay having a percentage 
characteristic. The d-c systems, like 
the carrier-current protective S 3 rstems, 
are of the directional comparison types, 
but use has been made of both the block- 
ing type paralleling the carrier-current 
protective equipment, and the tripping 
type.®*^ The tripping t 3 rpe appears to be 
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most popular largely because it uses 
simpler relay equipment, although its 
application is somewhat more limited 
than is the case with the. blocking type. 
All of these systems use relays operating 
in 0.01 second or less with a very marked 
tendency to the greater use of one- or 
two-cycle relays. Operating experience 
with these systems has been very good. 
Most of the d-c systems employ tele¬ 
phone-type pilot wires and the reports 
indicate that these circuits are giving 
very reliable service. 

A recent development in a-c pilot- 
wire protection involves the use of ex- 
tremdy sensitive pilot-wire relays fed 
from phase-sequence networks which per¬ 
mits the use of a single telephone pair as 
the pilot wire to obtain protection agsdnst 
all types of faults. 

Carrier-Current Pilot Protection 

Carrier-current rela 3 ning has not as yet 
been adopted by many operating com¬ 
panies. However, such experience as 
those companies using it have obtained, 
indicates that distinct operating ad¬ 
vantages are possible. The equipment 
itself being comparativdy new might be 
expected to disclose numerous difficulties. 
Operating records of one company with 
many installations indicate that 1.2 
per cent of the operations were incorrect, 
about one-third of which were chargeable 
to the carrier equipment.® The majority 
of the faults in the carrier equipment were 
due to a certain physical arrangement of 
equipment which failed to provide ade¬ 
quate weatherproofing. The majority 
of the faults in the relays were due to 
imperfections in relay or circuit design 
wlfich have since been corrected. 

Balanced Protection of Parallel Lines 

Modem high-speed balance relays have 
a very definite application to many 
power systems,® and many installations 
have been made of both the oirrent- 
balance and the cross-connected direc¬ 
tional relay types. Such protection, of 
course, is only effective for single-line 
faults at a time when both of the paired 
circuits are in operation, and other rela 3 rs 
must be installed to provide protection 
during single-line operation or in the 
case of double-line faults. 

The application of balanced protection 
must be considered carefully since there 
are a number of factors tending to cause 
incorrect operations. Experience has 
shown that attention should be given to 
matching reasonably the current trans¬ 
former characteristics on the two or more 
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lines supplying the relay. If this is not 
done a through fault may readily cause 
operation of the balance relay, such 
phenomena having been reported on at 
least one system.^® 

Considerable difficulty has been ex¬ 
perienced in applying this type of pro¬ 
tection to lines which terminate on differ¬ 
ent bus sections interconnected through 
a tie breaker which may be tripped auto¬ 
matically and thus destroy the balance of 
the lines. 

Protection of Lines With 
More Than Two Terminals 

Lines having more than two termi¬ 
nals usually present rdaying difficulties. 
There are available no schemes or 
methods of rela 3 dng especially designed 
for this application. The high-speed 
sdiemes available for two-ended lines 
such as distance, instantaneous overcur¬ 
rent carrier, and pilot wire are used on 
tapped lines, but the high-speed protec¬ 
tion rarely extends to aU posts of the 
tapped line. The high-speed coverage 
with distance and overcurrent to be ex¬ 
pected depends on the relative line 
lengths from the tap point of the termi¬ 
nals and will vary, if the equivalent im¬ 
pedance beyond each terminal changes. 

Carrier and pilot systems using a di¬ 
rectional indication for the basis of dis¬ 
crimination may also present difficulties 
because power may initially flow out of 
the section at one terminal for an internal 
fault, thus blocking the tripping of all 
terminals. This trouble can usually be 
cured by the use of high-speed distance 
or overcurrent backup rda]^. 

Nine companies reported that they had 
no tapped or branched lines on high-volt¬ 
age systems, hence had no applic:a- 
tion of high-speed relaying for tapped or 
branched lines. The schemes submitted 
by the other four companies were all 
based on the fact that the magnitude of 
the short-circuit current for faults in the 
section where it was not desirable to re¬ 
lay the line was not sufficient to operate 
the high-speed relays. In cases where it 
was impossible to accomplish this by the 
above means, either pilot-wire or camer- 
crurrent relaying had to be used. 

Bus Protection 

High-speed relays of either the over¬ 
current or impedance types have been 
applied in various bus protective systems 
and experience seems to indic:ate that 
satisfactory operation is being obtained. 
This is discussed in a report on bus pro¬ 
tection currently presented before the 
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Institute (AIEE Transactions, volume 
58, 1939, pages 206-11), 

The application of the complete dif¬ 
ferential system with instantaneous over¬ 
current relays is becoming more common, 
although it is recognized that there are 
conditions which may result in a sizeable 
difference current flowing in the differen¬ 
tial circuit during the first few cycles of a 
fault. From the available data it appears 
relatively safe to use instantaneous over¬ 
current relays on the bus differential 
system if the current transformers are 
chosen high enough in ratio so that they 
are never subjected to more than ten 
times their rated current under any condi¬ 
tion. 

A new development during the past 
year is the harmonic-restraint type of 
relay which offers a method of obtaining 
fast clearing of internal faults and at the 
same time preventing incorrect operation 
on the initial transient in the case of 
through faults. 

Effect of Transients on 
High-Speed Relays 

The fact that transients are encoun¬ 
tered which may affect relay operation 
has been reported from several sources. 
The effect of these transients on high¬ 
speed relays may either cause incorrect 
or unnecessary operations or operate to 
prevent operation of the relay iwhen de¬ 
sired until the transient has disapjseared. 

Many of these transients have been 
present without causing any incorrect 
operation with the older types of time- 
delay relays. They become of more im¬ 
portance with the high-speed devices 
capable of operating in a total time, of 
one or two cycles. 

The most commonly encountered forms 
of transients and the corrective measures 
available at the present time are given 
in table L A few general comments in 
relation to this table may be in order. 
The effect of as 5 niimetrical current waves 
on overcurrent or distance relays is, of 
course, obvious. Operating experience, 
however, indicates that so few short cir¬ 
cuits produce sufficient offset to cause 
incorrect operation that the fact may in 
general be disregarded except in the case 
of equipment installed on generating 
station busses. 

Transformer magnetizing current is a 
well-known phenomenon which all trans¬ 
former differential relays for years have 
attempted to take care of either by time 
delay or desensitizing equipment. The 
new factors introduced within the past 
year are the use of a tripping suppressor 
attachment or a harmonic restrained 


Table I. Types of Transients Affecting the Performance of High-Speed Relays 


Corrective 

Type of Transient Type of Protection Result Measures 


Asymmetrical current wave 

I'ransformer magnetizing 
inrush 


Instantaneous overcurrent or 
distance relays 
Transformer differential re¬ 
lays 


Over reaching. In¬ 
correct tripping 
Incorrect tripping 


Expulsion-gap operation 


Nonsimultaneous breaker- 
pole closure 

Current-transformer satu¬ 
ration 


Instantaneous overcurrent or 
distance relays 

Ground relays 


Incorrect or un¬ 
necessary trip¬ 
ping 

Incorrect tripping 


DifiFerential protection, par¬ 
ticularly for busses 


lucorrect tripping 
on external 
faults 


Potential-device secondary Distance relays Slow tripping 

degree transient 


Use of trunsieut 
shunt 

Use of a desensi¬ 
tizing arrange¬ 
ment, tripping 
suppressor, or 
harmonic re¬ 
straint 

Add time delay 
relay in tripping 
circuil 

None 

Change in current 
transformers or 
use of current 
or tiariiionic re¬ 
straint 

None 


relay which recognizes the difference in 
wave form which occurs during the period 
of magnetization. 

The use of expulsion gaps obviously 
subjects relays to short-circuit conditions 
for a short period of time, and if the relay¬ 
ing is to be fast under other conditions 
unnecessary tripping will result. It 
seems more desirable to use the existing 
high-speed devices for this service and 
enable them to ride over expulsion-gap 
operation by adding a definite-time aux¬ 
iliary relay in the trip circuit. 

In general nonsimultaneous breaker- 
pole closure has not been a source of 
trouble, although two or three cases have 
been reported where a transient main¬ 
tained itself in the residual circuit long 
enough to cause unnecessary relay opera¬ 
tions. The methods of correction have 
varied with each particular case, being 
largely dictated by the types of relays 
already installed. No general solution is 
available. 

Potential devices in many cases will 
have a transient between the occurrence 
of a fault and the time the secondary 
voltage reaches its new level. This will 
prevent operation of distance relays until 
the voltage becomes low enough for the 
relay to operate. There is no solution to 
this available at the present time. 

Conclusions 

While it is apparent that the ‘‘ideal 
relay scheme*’ so earnestly sought after^^ 
has not yet been found, nevertheless it 
may be said that the efforts made in that 
direction have not been in vain, and that 
the following conclusions are evident 

1. The instantaneous overcurrent relay 
provides a simple inexpaisive means of 
obtaining high-speed relay protection over 
a considerable portion of the line length and 
offers possibilities in the way of general 


relay-system improvement of which, lu date 
advantage has not been fully taken. 

2. Distance relays have proved themselves 
reliable if carefully applied and maintained, 
and are widely used. However, the relative 
complexity of tliis device, its general re¬ 
striction to phase-to-phasc fault protection 
only, and the fact that instantaneous pro¬ 
tection is not provided for the entire line 
length, have caused engineers to look else¬ 
where for the ideal relay protection. 

3. Carrier-current or metallic pilot pro¬ 
tection appears to be the first choice of Wgh- 
speed protective systems whenever the 
expense is justified. Experience has in¬ 
dicated that a remarkable degree of reli¬ 
ability can be expected from the communica¬ 
tion channel whether it be of the carrier- 
current or metallic type. 

4. High-speed bus protection can be suc¬ 
cessfully applied if proper steps arc taken to 
prevent the operation of the differential 
relays on transients. 


Bibliography 


1. MoDTON RBQUrKttMBNTS FOR PROTBCTIVB 

Rblays, O. C. Traver and L. P. Kennedy. AIBE 
Transactions, volume 49, 1930, page 1226. 

2^*°**"®**®®® PROTBCTIVB Rblays, L. N. 
Crichton. AIEE Transactions, volume 49, 1930, 
page 1232. 


3. Thb Behavior of Distance Rblays During 
System Oscillations, E. H. Bancker and B. M. 
Hunter. AIEE Transactions, volume 63, 1934, 

naflMs 1ATQ ' ' * 


yFisRA*noTTs During Systum Oscilla- 
Mason. AIEE Transactions, 
volume 66,1937, page 823. 


6. Puni^hbntal Basis for Distancb Rblayino, 
w. A. LoYriB and L. S. Tippet Elbctrical Enox- 
nbbrino, June 1931. 


Wires, C. H. 

Fner. electrical Encinbbring, October 1931. 

w Protection, E. B. George and 

Transactions, volume 

64, 1935, page 1262. 


_ _ —.. * MV \..AKK1SK* 

I'Mlip Sporn and C. A. Muller. 
electrical Engineering, March t938. 

Systems, C. A. 
Turner. AIEE Transactions, 
volume 66, 1936, page 66. 

r?* With a Modern Relay System, 

Ilk. “ Transactions, volume 66, 


690 Teiansactions 


High-Speed Relaying 


Ei^bctrical Engineering 



11. HARMONlC^CUKRENT-RuSTRAlNiSD RbLiAY8» 
L. P. Kennedy and C. O. Hayward. Electrical 
Enoinbbrino» May 1938. 

12. Relaying op High-Voltagb-Intbrconnbc- 
TioN Transmission Lines, H. P. Sleeper. AIEB 
Transactions, volume 52,1933, page 808. 


Discussion 

S. L. Goldsborou^ (Westinghouse Electric 
and Manufacturing Company, Newark, 
N*. J.): As is pointed out by the authors, 
some unnecessary and, at the time, unex¬ 
plainable trip-outs of high-speed distance 
relays have been caused by out-of-step con¬ 
ditions. This should be no reflection on 
the distance-type relay, since it is obvious 
that it, as well as any other type of relay, 
should view the out-of-step conditions as 
representing an actual fault. Nothing 
effective was done to prevent the operation 
of distance relays on these conditions, other 
than the analysis of the situation, until 
the advent of the high-speed carrier sys¬ 
tems. The availability of a carrier signal 
seemed to render the problem of supplying 
out-of-step blocking easy of solution. How¬ 
ever, at least in the case of the carrier sys¬ 
tem employing a three-zone impedance 
relay, it turned out that the carrier signal 
played a very minor role in the operation 
of the out-of-step blocking .scheme de¬ 
veloped. In other words, the identical 
out-of-step blocking system used with the 
stepped-type impedance-relay carrier sys¬ 
tem can be used to provide out-of-step 
blocking for conventional impedance relays 
without carrier. The only function of the 
carrier signal in the out-of-step blocking 
scheme is to enable the relays to trip on an 
internal three-phase fault after the sys¬ 
tem is out of synchronism. Therefore, 
when this out-of-step blocking system is 
used on impedance relays without carrier, 
the ability to trip for three-phase faults 
during out-of-step conditions is secured only 
when the backup time element is arranged 
not to be blocked by the out-of-step relays. 

Concerning the tendency of distance 
relays to trip on wide angular swings which 
would not result in out-of-step conditions, 
analysis has brought out that the probability 
of tripping on wide angular swings is 
minimized by using the same cmrents to 
actuate both the impedance element and 
the directional elements. For instance, 
if delta current is supplied to the impedance 
element then delta current should be sup¬ 
plied to the directional element and if star 
current is used it should be supplied to both 
elements. This precaution will not prevent 
all trippings on wide angular swings but 
the tendency to trip will be materially 
reduced. 

While the 13 typical operating companies 
contacted are doubtless a fairly representa¬ 
tive cross section of the field, it is felt that 
the paper would have been more valuable, 
both in the amount of information obtained 
and the number of conclusions deducible 
therefrom, if a large number of operating 
companies had been contacted. 


V. E. Verrall (General Electric Company, 
Philadelphia, Pa.): This summary of high¬ 
speed-relaying practice comes opportunely 
after a period of intense development at a 
time when applications of high-speed relays 


will be made with increasing frequency. 
During this development we have met a 
succession of difiiciilties with transient 
electrical conditions, some in the relay 
windings and some in the protective circuit, 
conditions which were not important with 
the induction-disk relays because the tran¬ 
sients were all over by the end of two to three 
cycles. In Europe the difficulties were 
avoided by introducing time delay of the 
order of six cycles before the relay is al¬ 
lowed to complete the tripping circuit. In 
this country we have devised means for 
overcoming each transient trouble. For 
example, modem distance-relay dephasing 
circuits are made electrically deadbeat; 
directional-relay potential circuits are pro¬ 
vided with time constants which will give 
correct action. As time went on these 
snags have become fewer and fewer and 
now the one-cyde relay seems to be thor¬ 
oughly practical. 

Nevertheless, it may be wise to avoid the 
maximum relay speed when such speed will 
not add materially to the performance of 
the protective system. In general one- 
cyde relays can be adjusted to give a time 
delay of two or three cydes, thus achieving 
a desirable margin of safety. In a distance 
rday, for example, an extra cyde or two 
in the response of the directional element 
avoids the need for the refined co-ordination 
of directional and impedance contacts men¬ 
tioned. The ill effect of nonsimultaneous 
breaker-pole dosure upon ground relays 
will usually be avoided by using induction 
rdays of the high-speed typt with a few 
cydes time dday under these conditions 
instead of relays working in less than one 
cyde. 

While the operation of carrier equipment 
has been successfully controlled during out- 
of-step conditions, nothing appears to have 
been done in this country to control dis¬ 
tance rdays. It is a simple matter, how¬ 
ever, to prevent undesirable tripping of 
distance rdays by a low-set fault detector 
which opens the trip circuit if the line im¬ 
pedance changes slowly indicating a power 
swing as opposed to the instantaneous 
change in impedance when the line is short- 
circuited. 

About 80 General Electric reactance 
relays are now being used for ground faults. 
Satisfactory operation has been reported 
over the last three years. Reactance relays 
are much preferable to impedance relays on 
ground faults because there can be very 
appreciable resistance in the fault contact 
and ground drcuit which is liable to vary 
between wet and dry periods. 

In table I of tlie paper the use of the 
transient shunt is suggested for preventing 
undesirable operation on asymmetrical cur¬ 
rent waves. A simpler solution is the use 
of induction-type relays, such as the high¬ 
speed induction cup, which are substantially 
unresponsive to the d-c component of the 
current wave. 


Paul O. Langguth (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.): While the committee states 
that no solution to the problem of potential- 
device transients is available, our experience 
indicates that satisfactory relay operation 
may be obtained despite these transients. 
We have used these applications under field 
short-circuit conditions. The tests on the 


Indianapolis system^'* show that the high¬ 
speed relays energized from potential de¬ 
vices gave the high-speed clearance of 
faults for which they were installed. There 
were no false or delayed operations. These 
results would seem to indicate that with 
proper co-ordination of potential device, 
auxiliary transformer, and relay charac¬ 
teristics, satisfactory operation of high¬ 
speed relays from potential devices is 
entirely reasonable and to be expected. 

Although transient disturbances may be 
expected in a loaded potential device (due 
to the combined network of capacitance 
and inductance) still the combined circuit 
of burden and potential device constitutes 
essentially a series circuit of R, L, and C. 
In such a circuit it is well known that as R 
is increased relative to L and C the transient 
becomes of shorter duration and the phe¬ 
nomena changes from oscillatory to dead¬ 
beat as R passes the critical value R* = 
4L/C. The R in this case represents es¬ 
sentially the burden resistance. Thus it 
can be seen that at light burdens the re¬ 
sistance becomes high and the transient 
is nonoscillatory. Even with full rated 
burden on the devices the magnitude of the 
damped wave may be reduced to the point 
where it will have negligible effect on the 
operation of high-speed relays. 

In view of the satisfactory performance 
obtained on the Indianapolis and othw- 
systems there must be some differences in 
the application which are not immediately 
obvious. Therefore, it would seem desir¬ 
able to analyze further those systems giving 
slow operation in order to discover the 
specific causes of imsatisfactory operations. 
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J. R. North (The Commonwealth and South¬ 
ern Corporation, Jackson, Mich.): This 
report of the relay subcommittee is very 
interesting and decidedly encouraging as 
regards the use of high-speed relaying. 
However, referring to the second para¬ 
graph under ‘‘Distance Relay Protection,'’ 
it might be inferred that distance rdaj^ 
have, in general, given entirely succe^ul 
and satisfactory operation except for some 
unnecessary tripping occasioned by out-of- 
step conditions. Conclusion number 2 
mentions the relative complexities of dis¬ 
tance relays and the. necessity for their care¬ 
ful application and maintenance. 

The experience, of one of our companies 
with an installation of some 30 high-speed 
zone-type reactance relays may be of 
interest. 

These relays were installed in 1931 and, 
from the beginning, numerous incorrect 
and unexplainable (at the time) operations 
occurred. These operations were studied 
and discussed with the manufacturers. 
Several steps were taken to improve the 
performance of the rdays and also the 
performance of the 161-kv bushing pot^- 
lial devices which supplied the rdays with 
potential. 

The potential burden of the rday starting 
unit was much higher at low voltage than 
at rated voltage and this accentuated the 
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ratio and phase-angle errors of the bushing 
potential devices. The performance of the 
starting unit was improved by bringing 
three-phase potential to the relay and re¬ 
moving the tuned resistance-capacitor unit, 
which caused the high burden at low voltage. 
This change decreased the relay pickup 
from 12 to 6 amperes and it was therefore 
necessary to add a resistance to compensate 
for this. 

The bushing potential devices were ^ven 
elaborate phase-angle and ratio tests in the 
field, and it was found that their variations 
in ratio and phase angle not only gave in¬ 
correct ohmic indication, but that this 
ohmic indication varied for maYimtin i 
and minimum fault conditions. The ratio 
error tended to reduce the relay pickup 
current, thus, making the relay more apt 
to operate under low-current conditions. 

The bushing-potential-device networks 
were subsequently rebuilt to give more 
efficient operation but, even after these 
changes and with the relays having constant 
burden, there were still a number of incor¬ 
rect operations. During the following year 
there were 8 correct and 3 incorrect opera¬ 
tions on phase faults and 16 incorrect 
operations on ground faults. In this clas¬ 
sification, which is based on careful analsrses 
of oscillograms, faults which involved two 
or more phases, with or without ground, 
are termed "phase faults." The term 
"ground faults” applies only to single line- 
to-ground faults. 

These relays were provided for phase fault 
protection only and were not intended to 
operate on ground faults; however, the 
oscillograms indicated that the secondary 
phase currents during ground-fault condi¬ 
tions on this extensive isolated-neutral 
^rstem might be as high as 20 amperes. 
The phase angle varied widely but appeared 
to be generally in the range of 46 to 76 
degrees, leading the power-factor position. 

^ After further detailed study and discus¬ 
sions with the manufacturers, it was the 
consensus of opinion that possible causes 
of the trouble included: 

(fl). Improper angle of maximum torque of 
starting unit. 

(6). Excessive vripe of ohm-unit A contact. 

(c) . Combination of load and fault currents 
giving incorrect distance measurements. 

(d) . Errors in potential devices and current 
transformers. 

(<). Proximity effect of adjacent relays. 

It was decided to make further changes in 
the relap^ to eliminate the difficulties. 
The auxiliary resistance in series with the 
potential-coil circuit, which had been in¬ 
stalled to bring the pickup back to its original 
value, was replaced with a reactance unit 
in order to shift the angle of maximum 
torque from unity power factor to 46 degrees 
lag. This change in the angle of maximum 
torque tended to prevent incorrect operation 
on ground faults and to improve operation 
on two-phase and three-phase faults. 

Auxiliary wye-delta-connected current 
transformers were installed further to reduce 
the operations on residual ground current. 
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The adjustment of the relay mechanism 
was carefully checked and the contacts 
readjusted where necessary. 

The changes outlined herein have resulted 
in very much improved operation of these 
relays according to the records to date, and 
it is felt that the detailed anal 3 rses of the 
conditions in the field, including the tests 
on the bushing potential devices and relays, 
were decidedly worth while. No doubt 
this work has also assisted materially, 
although indirectly, in the development of 
the improved present-day designs of dis¬ 
tance relays. 

In view of this experience, it is our opinion 
that proposed applications of high-speed 
zone-type relays should be carefully in¬ 
vestigated, weighing the over-all gains 
against the complexities and possible operat¬ 
ing difficulties. The performance of the 
high-speed unit and the characteristics of 
the potential and current supply require 
careful co-ordination. 


E. L* Harder (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): This report, having its basis in the 
actual operating experiences of numerous 
compames, forms a most valuable guide to 
protection engineers. 

The effect of potential-device transient on 
distance-relay speed would bear further 
analysis. For faults over a considerable 
portion of the operating range of an im¬ 
pedance element the voltage does not need 
to fall nearly to its new level before a large 
operating force is available. In view of the 
extremely short time constant of decay of 
the error voltage the time extension is 
scarcely measurable in this region. Near 
the relay balance point the relay time in¬ 
creases even when tested with an abrupt 
voltage change. Due to the increased 
relay time in this region, the short-duration 
transient becomes of small importance. It 
would seem rather difficult to separate time 
extension due to proximity to the balance 
point from that due to potential-device 
transient. It would be interesting to know 
whether this phenomena has be^ observed 
and measured or whether it has been an¬ 
ticipated on theoretical grounds. 

Under the heading of bus protection the 
guide given for freedom from current- 
transformer transients, namely current not 
to exceed ten times transformer rating, 
would need to be used cautiously. 

It is apparent that the assumption of 
average design and ten times current leaves 
the rather important variable factors of 
d-c time constant and relay burden un¬ 
accounted for. The time constant may 
vary oyer the range 0.3 to 0.003 or possibly 
more in different instances, longer time 
constants of 0.1 to 0.16 seconds being 
t 3 rpical of large generator busses. Burden, 
while varying less from an average value, 

IS likewise a very important factor, par¬ 
ticularly the resistance component. 

Methods are now available for calculating 
^thout too great complication what dif¬ 
ferential current wiU occur. Where long 


time constants or high burdens are en¬ 
countered the rough guide should be used 
with caution and it is considered preferable 
to calculate the differential current. 


L. F. Kennedy (General Electric Company, 
Schenectady, N. Y.): Mr. North has pre¬ 
sented the case history of a distance-relay 
application which did not operate success¬ 
fully until certain changes were made as the 
result of field tests. The undesirable opera¬ 
tions were due mainly to three causes, 
namely: (a) conditions existing on an ex¬ 
tensive high-voltage, isolated-neutral sys¬ 
tem when one conductor was grounded, 
(6) variation in ratio of potential devices, 
and (c) improper relay-contact adjustment. 
The operations resulting from the conditions 
existing with one phase grounded were cor¬ 
rect as far as the relays themselves were 
concerned, but actually they were the 
consequence of what was later recognized 
as an incorrect application of the relays 
as originally designed. In other words, 
the relay had not been correctly designed 
for this particular application. Often com¬ 
plete data are lacking in cases of early ap¬ 
plication of new devices so that changes such 
as outlined by Mr. North become necessary 
as greater experience is gained. This ex¬ 
perience indicates the necessity for full 
knowledge by all concerned of system, 
relay, and associated equipment character¬ 
istics if correct operations are to be ob¬ 
tained. 

In regard to the general use of potential 
devices, these are giving satisfactory opera¬ 
tion when properly applied. To obtain 
the best results proper consideration must 
be g^ven to the ratio, particularly under 
limiting fault conditions. There are exist¬ 
ing <^ta showing a transient in the voltage 
circuit that tends to delay operation slightly 
but as indicated by Mr. Harder, this is not 
generally noticeable with present over-all 
clearing times. 

Mr. Langguth has mentioned that this 
transient may be controlled to some extent. 

It is not generally necessary to have such 
a refinement today, but it would be highly 
desirable to have this information more 
generally available. 

Some of the discussers have indicated 
that it may be desirable to slow down the 
speed of relay response in order to eliminate 
some of the possibilities of incorrect opera¬ 
tion. Through the co-operative efforts 
of manufacturers and users, we are now at 
the point where we have overcome most 
tendencies of high-speed relays to operate 
incorrectly. It is our feeling that the work 
done to date has reached the point where 
practi(^y the same degree of reliable 
operation can be obtained with high-speed 
relaj^ as with lower-sq)eed devices. 

With the availability of breakers operat¬ 
ing in less than eight cycles any concerted 
move to slow down relay operation seems to 
be a backward move and it is our recom¬ 
mendation that the present policy of making 
high-speed relays thoroughly reliable even 
with one-cycle operating times be continued. 
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An Amplifier-WaUmeter Combination 
for the Accurate Measurement of 
Watts and Vars 

6. S. BROWN E. F. CAHOON 
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Synopsis: As part of a program of im¬ 
provements made to the network analyzer 
in the electrical-engineering research labora¬ 
tory at the Massachusetts Institute of 
Technology, an instrument to measure 
watts and vars has been devised which im¬ 
poses a negligible burden upon the network, 
is rapid in response, and has an error less 
than one-half per cent of full scale. The 
instrument consists of (1) a semistock elec¬ 
trodynamic wattmeter, (2) a negative- 
feedback vacuum-tube ampliher, and (3) 
a phase-shifting network. When the equip¬ 
ment is once assembled the presence of the 
amplifier may be ignored and the instrument 
used thereafter as any portable instrument. 
The principle of instruments of this kind 
has other important applications in the field 
of electrical measurements. 


Purpose of the Instrument 

T he development of the instrument 
described herein forms part of a 
program of improvements intended to 
overcome the limitations of certain 
measuring instruments which were origi¬ 
nally provided for use with the MIT net¬ 
work analyzer^ when it was built jointly 
by the department of electrical engineer¬ 
ing at MIT and the General Electric 
Company during 1928--29, Certain in¬ 
struments which possessed the character¬ 
istics necessary for this application, and 
which could be constructed at that time 
with reasonable cost, had various un¬ 
desirable limitations, the chief one being 
slow response. 

The nature of the characteristics re¬ 
quired of certain instruments used with 
a network analyzer can best be explained 
by describing briefly its function. Such 
a device permits dectrical representation 
in miniature of an actual power system. 
The MIT network an^jrzer operates at 
60 cydes, and is equipped with sufficient 
elements to represent the dectrical essen¬ 
tials of a power system comprised of as 
many as 16 generating stations with inter¬ 
connecting lines and loads. In most 
Studies, whether they be load-distribu¬ 
tion, steady-state, or transient-stability 
measurements of volts, amperes, watts, 
and vars at numerous points within the 
network are to be performed. Since an 
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average load study may often necessitate 
a thousand or more readings during a 
day’s work, the need for measuring in¬ 
struments that are rapid in response 
without a sacrifice in accuracy is appar¬ 
ent. . The accuracy requirement imposes 
unusual limitations upon the measuring 
instruments, and unfortunatdy it is not 
always satisfied merely by the use of 
accurate measuring instruments. In 
addition, the burden represented by the 
instruments must have negligible effect 
upon the quantities they are to measure. 

When it is necessary to perform meas¬ 
urements at the terminals of the equiva¬ 
lent synchronous machines, the commer- 
dally available portable instruments of 
short response time can be used, since it 
is not difficult to correct for whatever 
effects their losses introduce. For con¬ 
venience, these instruments usually re¬ 
main connected at the machine terminals 
throughout a study and are ignored 
while measurements are made at points 
within the network. 

Unfortunatdy, when commercially 
available portable instruments are con¬ 
nected at points within the network, their 
burden often appreciably disturbs the 
dectrical conditions previously estab¬ 
lished. The labor then necessary to read¬ 
just the circuits to compensate for these 
disturbances, or the tedious calculations 
involved if the data are corrected analy- 
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tically for them, in part defeats the pur¬ 
pose of a network anal 5 rzer. To render 
these disturbances negligible the imped¬ 
ance of the current coil of an instrument 
connected in the network and the admit¬ 
tance of the potential circuit of an instru¬ 
ment connected at the point of measure¬ 
ment in the network, must be much 
smaller than are normally encountered 
in commercially-available portable in¬ 
struments having the desired sensitivity, 
accuracy, and speed of response. 

When the MIT analyzer was built the 
quantities generally measured were volts, 
amperes, and watts. The low-burden 
voltmeters and ammeters then provided 
were thermocouple instruments and the 
low-burden wattmeters had suspended 
moving dements. All these instruments 
were slow in response on account of their 
necessarily low burden. After the ana¬ 
lyzer had been used for several years, 
developments in the art of power-system 
analysis placed more emphasis upon the 
knowledge of vars than had been the case 
originally. To measure vars, a phase- 
shifting transformer was used to make 
available at the terminals of a wattmeter 
a voltage in quadrature with the voltage 
at the point of measurement. To speed 
the measuring process, a commercially 
available low-power-factor portable watt¬ 
meter having low current-circuit imped¬ 
ance was used as the indicating instru¬ 
ment for watts and vars, and its poten¬ 
tial-circuit burden supplied from the 
phase-shifting transformer. This pro¬ 
cedure relieved the hetwork of watt¬ 
meter potential-circuit burden and per¬ 
mitted the use of a rapid-response in¬ 
strument. However, it still necessitated: 
first, to measure watts, the manual adr 
justment of the secondary voltage of the 
phase-shifting transformer to equal in 
magnitude and angle the voltage at the 
measuring point; and second, to measure 
vars, the rotation of this voltage into 
quadrature with the voltage at the meas¬ 
uring point. Thus the time required to 
make these measurements was consider¬ 
able. 

The instruments originally used to 
measure voltage within the network have 
been replaced by a single a-c rectifier- 
lype voltmeter of 1,000 ohms per volt. 
The burden of this voltmeter is negligible, 
it reaches full deflection in a fraction of a 
second, and is provided with an adjust¬ 
able ^unt across its moving coil to per¬ 
mit rapid standatdization by comparison 
with a standard portable electrod 3 matnic 
voltmeter. The instrument described 
hereinafter has been developed to replace 
the apparatus originally used to measure 
watts and vars, with the object of reduc- 
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ing the time required to make these Figure 1. Circuit 

measurements. In a manner discussed dHagrant of amplifier 

toward the end of the paper, this instru¬ 
ment is also used for the rapid measure¬ 
ment of current in polar or complex form. 

Form of the Instrument 

Since it was expected that only one 
instrument of this type would be needed 
for the particular application, it ap¬ 
peared desirable to use stock apparatus 
wherever possible in order to avoid exces¬ 
sive costs. In accordance with this idea 



it seemed logical to consider continuing 
the use of an electrodynamic wattmeter 
for the basic indicating member of the 
instrument. Then, to reduce the time 
to take measurements it was proposed to 
operate the wattmeter in conjunction with 
a vacuum-tube device that would supply 
all, or part of, the wattmeter energy for 
operation, and, at the same time, elimi¬ 
nate the phase-shifting transformer. 
Hence, a study was made to determine 
whether vacuum-tube units would be 
required for both potential and current 
circuits, and if both were not required, 
which would be preferable. 

If a single vacuum-tube amplifier is 
used to energize the wattmeter current 
coil, its input circuit could consist of a 
low-resistance shunt connected in series 
with the network. The burden imposed 
by the wattmeter potential circuit must 
then be made negligible by decreasing its 
admittance and hence decreasing the 
ampere turns provided by the usual 
moving-coil s 3 rstem if assembled from 
stock wattmeter parts. Since the rapidity 
of motion of the moving-coil system in an 
electrod 3 mamic instrument depends on 
the product of the ampere turns of the 
moving coil times the ampere turns of the 
stationary coil, a moving system of low 
burden and short response time necessi¬ 
tates more than normal ampere tiuns for 
the fixed coil, in this case the current 
coil. It was found that to provide suf¬ 
ficient ampere turns by suitable stock 
coils would overload the current coil to a 
degree that would make its temperature 
rise excessive. On the other hand, if a 
single vacuum-tube amplifier is used to 
energize the wattmeter potential coil 
instead of the current coil, its design is less 
difiicult. The admittance of its input 
circuit can be made small enough to 
impose a negligible burden on the net¬ 
work, and the impedance of the watt¬ 
meter current coil can be made small 
f“ough to comply with the Hmitations 
imposed by the analyzer application, and 
both restricUons thus satisfied with one 
amplifier. A 90-degree phase-shift cir- 
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cuit can be inserted in the amplifier input 
network to make possible the measure¬ 
ment of vars. However, when the im¬ 
pedance of the current coil of a watt¬ 
meter of conventional design is reduced, 
the number of turns in the coil is usually 
reduced. Thus, the potential coil mtist 
supply more than normal ampere turns 
to give the ampere-turn product required 
by a rapid and rugged moving-coil sys¬ 
tem. Fortunately, the potential circuit 
in most designs of stock wattmeter oper¬ 
ates with a larger margin of safety in 
regard to heating than does the current 
circuit, and it is possible to establish an 
ampere-turn product in the potential coil 
sufiicient to provide a satisfactory instru¬ 
ment without serious heating. 

For these reasons, the instrument con¬ 
sists of a single amplifier which provides 
the potential-coil current of a semistock 
electrodynamic wattmeter whose cur¬ 
rent-coil impedance is small enough to 
have negligible effect upon the electrical 
conditions of the network. 

Design of the Wattmeter 

Because there appears less freedom in 
the design of a wattmeter from stock 
parts than in the design of an amplifier, 
the wattmeter was selected first and the 
necessary amplifier then designed. The 
specifications established for the watt¬ 
meter limit its current-coil impedance 
and specify its sensitivity. The ampere- 
turn product then required, and hence 
the ampere-tums to be provided by the 
potential coil, necessitates a compromise 
between the allowable time for the pointer 
to come to rest and the deg^ree of rugged¬ 
ness desired in the instrument. 

The criterion which limits the magni- 
tude of the current-coil impedance is the 
magnitude of the smallest impedance 
element used in the network analyzer. 
More specifically, if inserting a current 
coil into a network is not to disturb ap¬ 
preciably the electrical conditions of the 
network, the current-coil impedance Zi 
must be negligible compared with the 

Brown^ Cahoon—Measuring Instrument 


impedance measured looking into tlie 
network from the point where it is 
opened up to iasert the coil. The crite¬ 
rion established was that the disturbance 
would be considered negligible provided 
the value of the impedance Zi was less 
than one per cent of the impedance Z^, 
The impedance values encountered in a 
study are a function of the base quanti¬ 
ties and with the analyzer connected 
for the customary 200-volt two-amperc 
base, unit impedance* is 100 ohms. 
Operating experience has indicated that 
impedance elements less than 0.10 per 
unit on the system base are seldom en¬ 
countered, although in an extreme case 
two circuits each represented by about 
a 0.10 per-unit impedance might be 
connected in parallel. For this condition 
it can be shown that the minimum value 
of the impedance Z^ ranges around 10 
ohms; therefore the impedance of i\ 
current coil must be less than 0.10 ohm. 


The current coil of a 6- or TVs-ampere 
wattmeter for low power factors has an 
impedance close to tliis value and was 
therefore selected. When used with the 
analyzer the working coil current is de¬ 
termined by the magnitude of the quan¬ 
tities to be measured ratlier tlian by 
temperature considerations. Since unit 
power is 400 watts or a convenient multi^ 
pie thereof, and, since it is desired to indi¬ 
cate with reasonable accuracy about a 
0.01 per-unit load or 4 watts, an instru- 
mebt having a sensitivity of about 76 
watts full scale, 100 volts, unity power 
factor was considered reasonable. 

A moving-coil system was next de- 


* Power-system computations arc usually made 
m terms of per-unit quantities, where unit or base 
arbitrarily chosen magnitude, 
unit voltage is normal voltage, unit current is equal 
base volt-amperes 

^volts line-to line ’ impedance h 


ia ^ ®i"ffla-Pi»ase representation 

Jah ^ quantities are 400 

200 volts, two amperes, and 100 
analyzer 400 volt-amperes 
represents unit system kilovolt-amperes. 200 volts 
and two amperes 
® current. Other analyzers 
use different base quantities.* 
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sujfident to provide a reasonably fast 
and rugged instrument, and yet not so 
large as to require an abnormal number of 
potential-coil ampere turns to provide the 
necessary ampere-tum product with 
about 0.75 ampere in the current coil. 
The moving system of a Weston model 
310 portable electrodynamic wattmeter 
for low power factors was made suitable 
for this purpose by (1) use of restoring 
springs liiat have approximately 70 per 
cent of normal torque, (2) operation with 
approximately twice the customary po¬ 
tential-coil current, and (3) slight modi¬ 
fication of the air-damping system. The 
wattmeter as assembled gives full-scale 
deflection at unity power factor with 0.00 
ampere in the current coils, and is cali¬ 
brated zero to 60 watts. A series-parallel 
current-coil connection and potential 
multipliers provided as described herein¬ 
after, permit appreciable increase in 
range. For convenience in calibration a 
100/200-volt potential circuit is provided. 
Table I summarizes the principal design 
constants of the wattmeter. Although 
the above modifications to a stock port¬ 
able wattmeter may make it somewhat 
less rugged, they are not considered 
serious because it is removed from the 
central metering desk only when taken 
to a standardizing laboratory. 

Design of the Amplifier 

If an amplifier is to be suitable for use 
as a component of a measuring instru¬ 
ment for a network analyzer, it should 
satisfy the following specifications: 

(a). A constant ratio of input voltage to 
output current throughout its working range. 

(5). A high degree of stability during long 
periods of time. 

(c) . A high degree of freedom in regard to 
the interchangeability of tubes of the same 
type. 

(d) . A negligible phase angle between in¬ 
put voltage and output current. 

A type of amplifier whose performance 
approaches the above specifications is 
one whose circuit employs the principles 
of negative feedback,**"® and is accord¬ 
ingly used in this instance. A circuit 
diagram is given in figure 1. The form 
in which the negative feedback is em¬ 
ployed in figure 1 results from the operat¬ 
ing conditions encountered in this appli¬ 
cation. To avoid supplying an excessive 
amount of energy from the amplifier, it is 
desirable to energize the wattmeter poten¬ 
tial circuit at as low a voltage as practi¬ 
cable. However, it is not satisfactory to 
energize only the potential coil, unless 
the change in its resistance due to tem¬ 


perature rise has negligible effect on the 
desired ratio of coil current to amplifier 
input voltage. Since temperature rise 
may often be appreciable (see table I) 
the amplifier could be designed using 
inverse feedback in a manner that tends 
to maintain the ratio desired to a high 
degree in spite of the effects of tempera¬ 
ture rise in the potential coil or other 
elements which form part of the output 
circuit. To do this a resistor having 
negligible temperature coefiScient would 
be connected in series with the potential 
coil, and a percentage of the voltage drop 
across this resistor fed back into the 
input circuit of the amplifier, so as to 
oppose the applied input voltage. 

To determine the quantity of feedback 
voltage required, it is necessary to in¬ 
vestigate the dependence of tlie amplifier 
performance on the expected variation 
in output-circuit resistance resulting 
from temperature rise. The elements 
which probably contribute most to this 
effect are the potential coil and the out- 
put-transformer windings. Using the 
customary methods of analysis**®, the 
voltage drop E 2 devdioped across the 
feedback resistor in the output circuit, is 
related to the voltage Ei applied to the 
amplifier by the expression 

ry ” (1) 

1 + m/5 

where 

fi is the ratio of the voltage appearing at 
the primary of an equivalent 1:1 out¬ 
put transformer, to the grid-cathode 
voltage of the first tube 
jS is the fraction of the voltage Et fed 
back into the input circuit 
is the potential-coil current 
Z is the sum of the impedance of the 
output transformer and Z^ of the poten¬ 
tial coil 

Ro is the feedback resistor of negligible 
temperature coefficient connected in 
the output circuit 

By rearranging equation 1 the trans¬ 
conductance gm, which is equal to IJEj 
becomes 

_ ^ / 2 ) 

” i?.(l + mi 8) + z 

From which 

^. -L: — ( 3 ) 

dZ +M/S)+2]’ 

Frpm equation 3, the absolute fractional 
diange Agjgm in a. caused by a 
change AZ in Z, when all other param¬ 
eters are constant, is, 


Agm ^ 


(4)* 


Teble I 


Potential clrcttit 

Potential-coil current (ampere).0.08 

Ampere turns.24 

Resistance of moving coil (ohms).45 

Temperature rise of moving coll (deg C)... 12.7 

Inductance of moving coil (henry). 0.0041 

Torque per spring at 100 degrees (milli¬ 
gram-centimeters) . 70 

Number of springs. 2 


Current circuit 

Working current series connection 

(ampere). 0.6 

Maximum current series connection 

(amperes).^ 

Number of current coils.2 

Turns per coil.34 

Resistance per coil (ohm).....0.034 

Ampere turns (with usual working cur¬ 
rent).40.8 


Movable system 

Undamped period (seconds). 1.02 

Damping factor.18.3 

Time to get reading at two-thirds scale 

(seconds; approximate). 2.5 

Torque/weight*** (milligram-centimeter 
for 100 deg/gramsi**).33.4 


Equation 4 permits calculation of the 
magnitude of the resistor Rq necessary 
to maintain any desired amount of con¬ 
straint on gng for the predicted variation 
aZ resulting from temperature rise, when 
appropriate values are assigned to fx and 
/5. 

In any actual circuit the parameters 
appear as complex quantities, but for 
this particular amplifier a real value is 
required for gm, because the potential-coil 
current must be in phase with the voltage 
applied to die amplifier. Measurements 
peifonned on an amplifier assembled so 
as to make ixgjgm essentially independent 
of anticipated changes in Z due to tem¬ 
perature rise, showed that the phase 
angle in was not negligible. A phase- 
shift network could have been inserted 
in the feedback circuit to make the phase 
angle negligible, but it was not inserted 
because the phase angle becomes negli¬ 
gible if the drop across the circuit con¬ 
sisting of the resistor Ra and the potential 
coil Z(. in series is used as the feedback 
voltage E 2 . This connection depresses 
the effect of temperature rise in the coil 
only to the extent that it is masked out 
by the magnitude of i2o then required, 
but it allows /? to be a real quantity and 
simplifies making the small adjustments 
to the amplifier gain required when a 
standby wattmeter must be used. This 
latter feedback connection is the one 
adopted, and the temperature rise of the 
coil is made negligible by using an auto¬ 
matic-release on-off reversing switch to 
substitute the coil and the resistor jRo 
for a dirnimy load of equal resistance only 
during the short interval required to read 
the instrument. This switching arrange- 

* Similar expressions for variations with respect 
to M can be derived.* 
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Figure 2. Charac¬ 
teristics of amplifier 

Curve /—Per-unit 
voltage amplification 

Curve B —Phase 

angle between input 
and output voltages 

Curve C—Phase 

angle between input 
voltage and current 
In wattmeter po¬ 
tential coil 


ment is also necessary to protect the coil 
against accidental bxrmout in the hands 
of operators of the network analyzer who 
might unknowingly overload it consider¬ 
ably for long periods. 

The magnitude of the resistor i?o 
necessary to mask the errors due to 
temperature rise in the coil to 0.5 per 
cent if operated continudusly at normal 
working current, is about 450 ohms. 
This magnitude is used for the feedback 
resistor since it is not excessively large 
compared with that required to render 
negligible the effects of temperature rise 
in the remainder of the output circuit, 
and does not impose excessive burden on 
the amplifier. The wattmeter potential- 
circuit multiplier is used for the resistor 
Rq, by being tapped at a point which 
makes the coil resistance plus i?o equal 
to 500 ohms. The amplifier output 
terminals are connected to this circuit, 
which represent a normal burden of ap¬ 
proximately three watts at 40 volts. 

The voltage amplification without the 
feedback and for the impedances shown 
in figure 1 is approximately 40. The 
negative feedback was increased deliber¬ 
ately to within a safe margin of the limit 
of stable operation of the system. This 
condition results in a net voltage amplifi¬ 
cation of about 2, and constrains the 
amplifier so that variations in its per¬ 
formance caused by changes occurring 
in tube diaracteristics are reduced to 
about five per cent of what they would 
‘be were no inverse feedback employed. 
For this over-all amplification, the volt¬ 
age applied to the input of the amplifier 
is approximately 20 with normal current 
in the potential coil of the wattmeter. 
The cathode-bias resistors have no 
riiunting capacitors because, if used, 
they introduce undesirable phase shift. 
The pnmaty of the output transformer 
is tuned to reduce phase-shift caused by 
its exciting current 
The essential characteristics of the 
amplifier are indicated by the curves of 
figure 2. As seen from these curves the 
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voltage amplification is essentially con¬ 
stant, and the phase angle between input 
voltage and potential-coil current is 
negligible throughout the operating range. 
Tubes of the same t 3 rpe having normal 
characteristics may be interchanged with 
a negligible change in performance. The 
instrument is ready to use within about 
one minute after appl)dng voltage to its 
plate and filament circuits. The change 
in performance for a plus or minus four 
per cent change in voltage supplying the 
plate and filament circuits is negligible. 

Input Networks 

It is desirable to have the same watt¬ 
meter calibration and multiplying factors 
with the potential circuit supplied by the 
amplifier as with it supplied directly from 
the network. To give the desired multi¬ 
plying factors for both watts and vars, 
two voltage-divider input networks are 
provided ahead of the amplifier, and each 
is adjusted so that approximately 20 
volts is applied to the input of the ampli¬ 
fier when 100 volts is applied to the input 
tenninals of either network. When the 
grid of the amplifier tube is connected to 
one input network, the current in the 
potential coil of the wattmeter is in phase 
with the voltage at the measuring point 
and allows the measurement of watts. 
When the grid of the amplifier tube is 
connected to the other input network, 
the current in the potential coil of the 
wattmeter leads the voltage at the meas¬ 
uring point by 90 degrees and allows the 
measurement of vars. 

These input networks must impose a 
negligible burden upon the power-^stem 
network under study. To satisfy this 
condition, the criterion established was 
that ^eir burden would be considered 
negligible if their magnitude was less 
than the magnitude of the uncertainty 
of the wattmeter reading. Thus, with a 
meter giving full-scale deflection for 60 
watts and accurate to within one-fourth 
per cent of full scale, the burden imposed 
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by the input networks of the amplifier 
should be less than 0.15 watt at 100 volts. 
The input network used to measure watts 
consists of wire-wound resistors, and 
imposes a burden of approximately 0.03 
watt at 100 volts. The input network 
used to measiue vars consists of resist¬ 
ances and capacitances and imposes a 
burden of 0.045 volt-amperes at 100 
volts. The characteristics of this net¬ 
work are frequency sensitive; but, for 
the values of the circuit parameters, a 
change of one per cent in frequency 
changes the magnitude of the voltage 
applied to the amplifier by about one per 
cent and the phase-angle by about 0.2 
degree. Since the frequency of the 
source varies less than =i=0.2 per cent, 
the effect of frequency variations upon 
the characteristics of the phase-shift 
network is negligible. 

The instrument is made to indicate 
either watts or vars by connecting the 
amplifier to the proper input network 
through a conveniently mounted switch. 
To extend the range of the instrument the 
grid of the amplifier tube is connected by 
another switch to different taps on the 
voltage-divider circuit as shown in 
figure 1. These provisions give the in¬ 
strument a range from zero to 960 watts 
or vars. 

In certain studies it has been found 
convenient to use one scale multiplier 
throughout a study, and to make the 
meter indication correspond directly to a 
convenient multiple of system base 
kilovolt-amperes by appropriate selection 
of analyzer base quantities. For ex¬ 
ample, if effective use of the analyzer 
equipment results when unit system 
kilovolt-amperes is 100,000, and unit 
analyzer volt-amperes is 400, the instm- 
meht reads system megavolt-amperes 
directly when the scale multiplier is four. 
Other convenient scale multipliers may be 
used.* 


Calibration of the Instrument 


Calibration of the amplifier-wattmeter 
combination instrument is accomplished 
readily. The wattmeter is first calibrated 
in the standardizing laboratory in the 
usual manner without regard to its ulti¬ 
mate use as part of the combination in¬ 
strument. Then, when it is used as part 
of this instrument and its potential-coil 
current is supplied by . the amplifier, the 
accuracy of the combination instrument 
is determined by comparmg its indication 
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of a definite measurement with the indi¬ 
cation of the same measurement given 
directly by the wattmeter when the ap¬ 
propriate tap on the potential circuit 
of the wattmeter is connected directly 
to the point of measurement. The volt¬ 
age at the point of measurement must 
have the same value when each indication 
is read. The amplifier is made to have 
the desired amplification by adjustment 
of the tap connection on the resistance 
R of figure 1, which varies the feedback 
coefficient Because of the ease with 
which a check on the accuracy of the 
instrument can be performed it is done 
daily; but no readjustment of the feed¬ 
back circuit has been found necessary 
during a ten-month period of use. 

Application to the 
Measurement of Current 

The instrument is useful to measure 
current rapidly in complex or polar 
form. To measure the in-phase and 
quadrature components of current the 
potential circuit of the amplifier is con¬ 
nected to an alternating-voltage source, 
preferably of 100 volts, whose phase 
angle may be regarded as the reference 
angle of the network under study. The 
current coil of the wattmeter is connected 
into a branch of the network. The in¬ 
strument then indicates 100 times the 
in-phase and quadrature components of 
the current in this branch when the 
switch on the amplifier is connected to 
the “watts” and “vars” positions respec¬ 
tively. If the voltage is supplied by a 
phase-shifting transformer the angle of 
this voltage can readily be made any 
desired value. 

To measure current in polaf form, the 
switch on the amplifier is first connected 
to indicate vars. The phase-shifting 
transformer is then connected to the 
input circuit of the amplifier and the 
phase angle of its voltage adjusted until 
the wattmeter reads zero. The short 
time required for the pointer of the in¬ 
strument to come to rest makes the opera¬ 
tion a fairty raj^id one. The voltage of 
the phase-shifting transformer is now in 
phase with the current in the current 
coil of the wattmeter. With the phase- 
shifter terminal voltage maintained at 
100 volts, the instrument indicates 100 
times the current when the switch on the 
amplifier is transferred to the “watts” 
position. The phase angle indicated by 
the phase-shifting transformer is the phase 
angle of this current with respect to the 
reference voltage of the phase-shifting 
transformer. The magnitude of the 
voltage is chosen as 100 while using this 
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instrument to measure currents only to 
simplify the division of watts by volts to 
obtain amperes. 

Conclusions 

By employing a negative-feedback 
amplifier it has been possible to obtain 
an instrument using essentially stock 
parts which has the speed of indication 
of commercially-available portable in¬ 
struments, and, at the same time, suf¬ 
ficiently low current-coil impedance and 
potential-circuit admittance that its bur¬ 
den is negligible compared with the quan¬ 
tities to be measured on the network 
analyzer. The instrument is accurate to 
better than one-half per cent of full scale 
for any range when indicating watts or 
vars. It is not unlikely that a device 
of this type has other important appli¬ 
cations in the field of electrical measure¬ 
ments. 

This instrument with associated equip¬ 
ment so expedites the metering procedure 
on the MIT network analyzer that the 
speed at which data can be reliably re¬ 
corded controls primarily the time re¬ 
quired for such a study. In addition, 
this equipment makes it practicable to 
include numerous refinements in the 
procedure employed when performing 
certain studies. 
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Discussion 

R. N. Slinger (General Electric Company, 
Schenectady, N, Y.): The authors of this 
paper are to be congratulated for their 
excellent work in making use of the nega¬ 
tive-feedback amplifier circuit with a 60- 
cycle semistock portable wattmeter. While 
their primary objective was evidently to 
improve the speed and accuracy of their 
network analyzer instrument system they 
have perhaps also pointed the way to fur¬ 
ther fields of usefulness for precision type 
amplifiers of this type. 
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As they have indicated, the requirements 
for a wattmeter-amplifier combination suit¬ 
able for application to a network analyzer 
are quite severe. Accuracy, speed of re¬ 
sponse, and extremely low instrument bur¬ 
den are all exceedingly important. The 
instrument combination also must be ca¬ 
pable of retaining its calibration within close 
limits over relatively long periods of time 
and the indicating instrument must be of 
such form that it can be read easily and 
rapidly many times a day without undue 
eyestrain. In fact, almost the only com¬ 
mon instrument requirement not included 
is the frequency-response characteristic, 
which is not of importance in this instance 
only because the analyzer reactor and ca¬ 
pacitor circuit elements make a constant- 
frequency power source one of the essential 
components of a network analyzer. 

Another important requirement not spe¬ 
cifically mentioned in the paper is the ability 
to withstand frequent and severe momen¬ 
tary overloads. The range of currents that 
must be measured in the course of an aver¬ 
age system study may easily be’as great as 
500 to 1. With magnitudes of the current 
and to a lesser extent the voltages, differing 
so widely, even the best of operators will oc¬ 
casionally inadvertently connect the instru¬ 
ment into circuits carrying several times the 
current or voltage they had expected, espe¬ 
cially when the instrument is of a type spe¬ 
cifically designed for high-speed operation. 

It is not clear how the instrument de¬ 
scribed in this paper will be protected from 
serious overloads, particularly on low-power- 
factor readings, or how it will be arranged to 
cover a sufficiently wide range of currents. 
By proper design of the output characteris¬ 
tics of amplifiers for either current or po¬ 
tential circuits, they can be made to protect 
the instrument by limiting the maximum 
output to values that will not result in seri¬ 
ous damage. It would be of interest to 
know how the authors have solved these 
problems. 

They have indicated the convenient 
method in which the instrument lends itself 
to the measurement of components of cur¬ 
rent. It would seem equally important to 
be able to measure components of voltage 
as well. To do so, would necessitate con¬ 
necting the current coil of the wattmeter to 
an adjustable power source to provide a 
reference current. The potential coil of the 
wattmeter could then be connected to the 
network at any desired point for the meas¬ 
urement of voltage components. 

In the design of the input network, a 
slightly different arrangement of the con¬ 
stants might result in a better instrument 
working range. Most of the voltages in an 
analyzer representation of a power network 
will ordinarily fall within the range of 90 to 
110 per cent of base voltage. Therefore, it 
might be better to design the input network 
to give a full-scale wattmeter deflection with 
0.6 ampere in the current coil and 150 per 
cent of base voltage on the terminals of the 
input network. For load study readings 
this would ordinarily permit the use of only 
one potential-coil multiplier for all readings 
without danger of overloading the poten¬ 
tial-coil circuit. The other multipliers for 
use in other types of studies could then be 
convenient multiples or fractions of this 
multiplier. 

The authors' statement in regard to the 
interchangeability of tubes is quite in line 
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with experience obtained on the General 
Electric Company’s network analyzer in 
Schenectady. This analyzer, using a simi¬ 
lar circuit for the instrument amplifiers, as 
described in a paper presented at the winter 
convention a year ago, and using a light- 
beam t 3 rpe wattmeter constructed from con¬ 
ventional parts has now been in almost con¬ 
stant operation for a year and a half. The 
instruments have been periodically checked 
for calibration and some of the tubes in the 
amplifiers have been replaced as they 
showed signs of diminishing emission. 
However, no difficulty whatever has been 
experi^ced in operating the amplifier with 
some new tubes and some old ones and very 
littie adjustment of any kind has been re¬ 
quired since the instrument system was put 
into operation. 


Eric A. Walker (Tufts College, Medford, 
Mass.): In the measurement of small 
amounts of power there is one source of 
error introduced by the wattmeter itself, 
which can be neglected only if certain pre¬ 
cautions are taken to make this error as 
small as is possible. This error is one re¬ 
sulting from what might be called the trans¬ 
former effect of the coils. The fiux set 
up by the current coil of the meter generates 
a voltage in the voltage coil in addition 
to that impressed by the external circuit. 
This additional voltage causes an additional 
current in the voltage coil. 

The same action takes place in the oppo¬ 
site direction: the current in the voltage 
coil causes a flux which gives rise to a cur¬ 
rent in the current coil. Both of these ef¬ 
fects can be checked by energizing either 
the voltage or current coil in the proper 
manner and short-circuiting the other coil. 

These two effects cause errors which are 
not constant but which are effected by a 
number of factors. These are: (1) the 
voltage impressed on the voltage coil; (2) 

the current flowing in the current coil; (3) 

the amount of coupling between the wind¬ 
ing which changes with the position of the 
coils; (4) the impedance of the circuit con¬ 
nected to the voltage coil; (5) the imped¬ 
ance connected to the current coil. 

As nm said before, the error is not impor¬ 
tant in wattmeters designed for large 
amotmte of power especially when the power 
factor is near unity. However, for watt¬ 
meters having a full-scale deflection of 
about five watts at power factors of 0.01 
and below, the errors so introduced may be 
iarger than the actual reading. 

The difficidty may be overcome by ar¬ 
ranging the circmts so that a high impedance 
. IS co^ected in series with both windings 
and the currents then caused by the trans¬ 
former action are small. 


W. O. Osbon (nonmember) and W. W. 
Parker (both of Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa): The authors are to be congratulated 
for the thorough manner in which they have 
described the application and design of the 
amplifier-wattmeter combination for use 
with the MIT network analyzer. The 
paper contains data which will be interesting 
and useful to those concerned with both 
network calculators and negative-feed¬ 
back amplifiers and their application. 

The special interest in this paper results 
from the recent development of a negative- 
feedback amplifier but along somewhat 
different lines. This amplifier unit and as¬ 
sociated instruments are shown in figure 1 
of this discussion. Current feedback in¬ 
stead of voltage feedback is used which 
avoids difficulties and circuit complications 
due to heating of the instrument coils. 

Without sacrificing quality of perform¬ 
ance the amplifier assembly has been made 
very compact, being only 9 by 10 by 12 
inches. It includes a power pack and two 
separate two-tube amplifiers, one for the 
voltmeter and the wattmeter voltage coil 
and the other for the ammeter and watt¬ 
meter current coil. 

Due to the use of both current and voltage 
amplification it has been possible to use 
standard instruments as far as torque, speed 
of response, and damping is concerned. 

The necessity for a large number of in¬ 
strument readings in calculator studies 
makes it desirable to have direct readings to 
cover the range of values required for any 
one problem. This is done by using instru¬ 
ments which have two overlapping uniform 
scales. Direct readings are obtained of 
current, volts, watts, and vars without the 
necessity of multipliers for problems using 
the normal calculator voltage level. When 
the lower voltage level is used (primarily for 
short-circuit studies) the infrequent watt¬ 
meter readings are multiplied by 0.2, all 
other readings being direct. Phase angle 
and component quantities of currents and 
voltages are obtained on the ^‘universal 
vectometer” which is used in conjunction 
with the amplified instruments. The **um- 
vei^l vectometer” has been previously de¬ 
scribed in the Electric Journal for May 
1933. 


O. S. Brown and E. F. Cahoon: The 
authors appreciate the many interesting 
points raised in the discussions by Messrs. 
Slinger, Osbon and Parker, and Walker. 

Mr. Slinger’s emphasis of the severe re¬ 
quirements imposed upon an instrument 
used m a network analyzer, and his mention 
of the experience obtained on the General 
Electric Company’s analyzer in regard to 



Figure 1 
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the freedom from tube troubles, are much 
appreciated. In answer to Mr. Slinger’s 
question concerning tlie protection of the 
instrument against serious overloads, we 
would like to mention again that the current 
coils of the wattmeter are essentially those 
used in a stock meter rated for five amperes. 
As stated in the paper, this relatively large 
rating results from the low-current-coil-ini- 
pedance criterion imposed by the analyzer 
application. Since the parallel connection 
of the coils permits working up to ten am¬ 
peres, and since no generator on the MIT 
analyzer is rated more than six amperes, 
the danger of burnout of the current coils 
is not great. 

As for the potential circuit, a small over¬ 
load-alarm device is connected in parallel 
with the dummy amplifier load, this device 
and the dummy load being connected to 
the amplifier except when a reading is being 
made. The alarm device was not described 
in the paper in order to save space. It con- 
slsts briefly of a relay energized through a 
diode rectifier from the output of the ampli¬ 
fier. The relay operates a warning light 
whenever the output voltage is (1) large 
^ough to endanger the wattmeter poten¬ 
tial coil, or (2) more than the amplifier can 
supply without departure from the linearity 
or phase-angle requirements. The warn¬ 
ing light is located adjacent to the key that 
is operated to substitute the potential-coil 
circuit for the dummy load, and hence is 
readily noticeable. 

Again referring to Mr. Slinger’s discus¬ 
sion, the potential coil taps on the input net¬ 
work are used principally to change the 
range of the instrument, and seldom to 
match with some particidar voltage base. 

If our design had permitted a simple means 
to change the current sensitivity the sug¬ 
gestion of an input network adjusted for 
about 150 per cent normal voltage as maxi¬ 
mum voltage, might have become a practi¬ 
cal matter. 

The point raised by Professor Walker is 
an extremdy important one. It is rarely 
mentioned in discussions of instruments to 
measure watts or vars, perhaps because the 
total potential circuit and total current cir¬ 
cuit impedances are relatively large in the 
conventional instrument applications. To 
<^onstrate the importance of this point, 
the deflection of the pointer in the watt¬ 
meter of the instrument described is about 
one-tenth full scale when the potential coil 
IS short-circuited and rated current is ap¬ 
plied to the current coil. However, with 
me 460-ohm feedback resistor connected 
m senes with the coil and the series com¬ 
bination short-circuited no deflection can be 
detected. Simfiarly, the pointer deflection 
IS again about one-tenth full scale with nor¬ 
mal potential-coil current applied and the 
cmreni coil short-circuited, but with 0.6- 
ohm impedance in series with the current 
cod and the combination short-circuited, no 
deflection can be detected. Since the 
eqmy^^t current-circuit impedance is 
usuaUy m excess of 10 ohms, as discussed in 
the paper, the instrument is believed to be 
^ee from the transformer effect of the coils. 
However, the authors are glad that this 
^ *^sed, because they are aware of 
other attempts to build an instrument of the 
type described that were unsatisfactory be- 
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C OSTS of money, depreciation, and 
taxes now represent almost two-thirds 
of all electricity-supply costs. ■ Other costs 
have been reduced to the point where it is 
difficult to effect further large reductions 
in them. It appears, therefore, that the 
major opportunities for improving the 
competitive position of electricity must 
now lie in the direction of lowering the 
fixed costs by reducing to a practical 
minimum the investment required to de¬ 
liver adequate voltage and the nearest 
practicable approach to continuous power 
supply. 

Increased load ratings may represent 
one logical step in the solution of this 
problem. Such a step requires primarily 
the reconsideration of emergency load 
conditions, since these alone have almost 
traditionally determined when additions 
to load-carrying plant should be made. 
There are so many phases and so many 
different types of apparatus to be con¬ 
sidered in any general program for in¬ 
creased load ratings that it would be quite 
impossible, if it were the intent of this 
paper, to go beyond a simple discussion of 
a few pertinent relationships and to out¬ 
line some thoughts that may be helpful 
to others also working on this problem. 

Almost more frequently than for any 
other single element in the distribution 
system, it becomes necessary to deter¬ 
mine the extent to which cable of some 
sort determines the load rating which may 
be applied. In their relation to the system 
plan, most of the load-rating- problems 
are so nearly parallel to those for cables 
that a careful discussion from the point 
of view of the cable plant not only permits 
drawing upon a wealth of convenient 
illustrations but at the same time should 
be helpful to the engineer who faces a 
similar problem for other apparatus. Let 
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us consider for a moment the place of 
emergency ratings in the system plan. 

Place of Emergency Ratings 
in the System Plan 

Economy in fixed charges can be at¬ 
tained in each of two directions. The 
first is to provide economically the capa¬ 
city needed to carry the transient load oc¬ 
casioned from time to time in the normal 
course of events when a sub-station supply 
cable, transformer, or some other link in 
the supply system, fails in service. This 
sort of emergency is almost a routine 
affair, to the extent that it is usual prac¬ 
tice to select a design which will meet such 
a situation with the minimum practical 
need to disturb the load being supplied 
under the conditions. The gradual ex¬ 
tension of the network principle to points 
nearer the customer's service take-off 
simply extends the limits within which 
such failures of equipment may occur 



Figure 1. Per cent of occasions when alter¬ 
nate source is needed, versus their maximum 
duration 


without causing a customer's service in¬ 
terruption, The value of the emergency 
rating in this case lies in permitting each 
link in the supply system to carry as high 
an average day load as is possible, without 
in any way reducing the ability of the 
system to meet such transient emergency 
loads. The duration of such emergencies 
may range from, say,, 12 hours to locate; 
and repair a cable fault, or 24 hours to re¬ 
place a substation transformer bank, up 
to pferhaps three months to repair a large 
transformer and tetum it to service if a" 
spare unit is not available. 

The second type of emergenciy includes 
the group of situations which accompany 
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a major system disturbance. Under such 
conditions, the system operators may need 
to use every available supply link to the 
practical limit of its capacity, until it is 
possible to isolate the fault and return the 
load to its normal source of supply. 
Figure 1 summarizes for one system about 
100 observations of the time during which 
it has been necessary to supply distribu¬ 
tion substations from an alternative 
source, over emergency tie lines that are 
provided for such use while the normal 
source of supply is being restored to regu¬ 
lar operation after a major disturbance. 
It will be seen from this that about 85 per 
cent of such cases require use of the al¬ 
ternative source for less than one-half 
hour. Hence, there may be occasional 
need for very high short-time emergency 
ratings. These may have little value for 
increasing the average daily loading of the 
normal supply elements of the system but 
will serve to reduce the extent of customer 
inconvenience to a minimum during a 
major system disturbance. It may even 
be helpful to have a one-hour and a two- 
hour as well as a one-half hour rating, so 
as to provide the utmost flexibility for 
redistribution of load, before it should 
1)6 necessary to reduce loads to the lower 
permissible values for all-day emergency 
operation. One plan that has some at¬ 
tractive possibilities in operation of a sup¬ 
ply cable system would permit following 
any one of the following emergency load 
schedules, in per cent of normal load: 

(a). Two hundred per cent for one-half 
hour, followed by 130 per cent for the rest of 
the load cycle; 

{h). One hundred sixty-five per cent for 
one hour, followed by 130 per cent for the 
rest of the load cycle; 

(c). One hundred fifty per cent for two 
hours, followed by 130 per cent for the rest 
of the load cycle; or, 

{d). One hundred thirty per cent for one 
complete load cycle. 

Thus, the schedule to be followed in 
each given instance would be determined 
automatically by the magnitude of the 
initial load. Radial distribution feeders 
ordinarily may not require sufficient use 
of one-half hour or one-hour ratings to 
justify provision for them. However, the 
150 per cent-130 per cent load schedule 
has the merit of providing time for load 
transfers in the field when this becomes 
necessary for the best redistribution of 
the emergency loads between the remain¬ 
ing circuits in an area affected by a service 
failure of, one. This does not by any 
means exhaust the possibilities that will 
face the engineer in each of the wide 
variety of possible occasions for the use 
of emergency ratings. It does serve to 
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illustrate the occasional needs for meeting 
both short and comparatively long-time 
emergency load situations. 

Perhaps the most important principle 
to be kept in mind in the consideration 
of emergency ratings is that the maximum 
emergency loads to be carried should not 
affect the ability of the system to operate 
satisfactorily under such extreme condi¬ 
tions, or be sufficiently severe, with due 
regard to their probable magnitudes and 
frequency of occurrence, to cause an un¬ 
reasonable reduction in the average life 
expectancy of the facilities required to 
carry such loads. 

Economy alone may often urge even 
more severe treatment of the cables and 
other load-carrying equipment than would 
be acceptable if its attainment should re¬ 
quire measurable sacrifice in safety, de¬ 
pendability, or flexibility. The under¬ 
ground substation supply cable in a 
metropolitan system, for instance, may 
represent no more than 30 per cent of the 
total installed cost of line switching sec¬ 
tions, useful duct space, manholes, and 
cables. It may be good business, there¬ 
fore, to take advantage of an appreciable 
increase in average load per cable at the 
expense of a possible corresponding in¬ 
crease in cable maintenance costs. In 
many respects the situation is quite the 
same for substation equipment, etc. De¬ 
cision as to the practical limit of this 
economy naturally requires consideration 
of all the factors in the light of experience 
and seasoned judgment. In appropriate 
circumstances, however, an above-average 
failure rate may represent more careful 
engineering than would a low failure rate. 

The Magnitude of Emergency Loads 

One of the facts that appears to be most 
confusing to those charged with direct 
responsibility for cable or apparatus 
ratings in electricity distribution is the 
usually very low average ratio of peak 
load to installed capacity. Surveys often 
show, for instance, that the average load 
per cable at the time of maximum sta¬ 
tion output is less than 70 per cent of its 
all-day emergency rating. Two factors, 
service continuity and load growth, al¬ 
most entirely explain this diflcerence be¬ 
tween installed capacity and the average 
yearly peak load per cable. Nearly all 
additions to distribution plant investment 
are made to provide for the supply of 
load growth and to maintain, or improve, 
service continuity. Perhaps it would be 
helpful to illustrate the effect of these two 
factors by discussing their effect upon 
substation supply cable loading. 

Let us assume that the load on a sub¬ 


station in one year is just equal to the 
normal load capacity of two supply 
cables. Also assume, tentatively, that 
the emergency and normal load ratings 
are identical for these cables, so that a 
third cable has been provided in order to 
have two cables available, should one fail. 
In the following year, however, a small 
increment of load growth requires the 
installation of another cable and, in that 
year, four cables are needed to supply but 
little more than a two-cable load. Load 
growth will then gradually absorb the 
spare capacity, until a time is reached 
when the load on the substation will very 
nearly equal the capacity of three cables. 
During the interval between the installa¬ 
tion of the fourth cable and the time when 
its capacity is required for adequate re¬ 
serve alone, then, there has been an^ 
average excess of installed cable capacity 
above load that is about equal to the 
capacity of IV 2 cables. Stated in more 
general terms, this amounts to saying that 
any substation which has a growing load 
and is supplied by n cables will have an 
average of 1.5 cables excess above load 
hence the average ratio U of total in¬ 
stalled emergency load capacity to the 
yearly maximum demand on the substa¬ 
tion would be: 


This ratio holds for any group of three 
or more identical lines, transformers, 
circuits, etc., so long as the number does 
not become large enough to justify con¬ 
sideration of coincident emergency loss of 
more than one unit in the group. It is 
always larger than would be expected by 
those who are much more accustomed to 
the lower instantaneous ratio u of emer¬ 
gency to normal loads: 


n 



( 2 ) 


Few substations are supplied by more 
than seven lines or have more than four 
transformer banks and some have only 
two. While it is true that the number of 


Table I 


Average Ratio (U) 

Number Emergency Load Instantaneous 

of Units Rating to Average Ratio (u) of 
Normally Yearly Maximum Emergency to 

in Service Demand per Unit Normal Load 


2 . 

.2 to 4.0*. 

.2.00 

3. 

. 2.0. 

.... 1 Kn 

4. 

. 1.60. 


6 . 

. 1.43. 


6 . 

. 1.33. 

1 20 

7. 

. 1.27. 

.1.17 


* Noth: Formula not entirely satisfactory for this 
case. 


primary distribution circuits is large, it 
is seldom that the load of one circuit can 
be transferred to more than three adjacent 
circuits if it should fail {n = 4) and, 
similarly, it is often impractical to trans¬ 
fer the load of one distribution trans¬ 
former to more than two adjacent trans¬ 
formers {n 3). Hence, in each parf of 
the distribution system, we find we are 
dealing with groups of units in which the 
values of (w) range from 2 to about 7. By 
substituting such values in equation 1, we 
may find directly that the resulting ratio 
of emergency load rating to the average 
yearly maximum demand per unit (table 
I) ranges from 4 to 1.27 for each such 
group. The corresponding values of the 
instantaneous ratio u are also shown. 

Thus, there may be many substation 
supply cables in a given underground duct 
bank but, if the average number of supply 
cables per substation is four, the sum of 
the normal noncoincident maximum de¬ 
mands on all the supply cables in that 
duct bank probably will not reach a total 
greater than 62.5 per cent (100 per cent/ 
1,6) of the combined emergency load 
ratings of those same cables. The same 
general relationship operates inexorably 
for each other class of load-carrying equip¬ 
ment in a growing distribution system 
and, to some less extent, in the bulk- 
power system. 

It is possible that economy in load¬ 
carrying facilities may be improved to 
some extent, however, by judicious ap¬ 
plication of emergency load ratings that 
are somewhat higher than the load rat¬ 
ings which would represent sound engi¬ 
neering practice for regular daily opera¬ 
tion. Equation 1 is also helpful in illus¬ 
trating the maximum ratio of emergency 
to normal load ratings which would be re¬ 
quired in order to bring the average yearly 
maximum demand up to a value equal to 
the installed normal load rating of each 
group of two or more units normally in 
service. Higher ratios have no practical 
value. Ratios as high as 1.6 and 2.0 would 
represent hopeless requirements, however, 
if emergency loads and their effects upon 
operating temperatures did not differ ma¬ 
terially from normal load conditions. 

We may, therefore, conclude from the 
foregoing discussion that the average 
cable loading and load losses in any giv^n 
duct run are materially lower than might 
be expected if load growth and the usuM., 
provisions for continuous supply wer^ 
not present. The emergency load losses;; 
lie in the range of 1.4 to 4.0 times the; 
normal load losses, or in such a relative 
magnitude as to require special considera¬ 
tion. Further, the severity of the all-dayj 
emergency load occasioned by failures of 
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load-supply elements in service decreases 
materially as to the number of elements 
per group increases. Hence, the need 
for high emergency ratings practically 
disappears as the number of cables ex¬ 
ceeds five or six per substation. 

An ordinarily practical engineering ap¬ 
proach to increased load ratings would be 
to determine first what maximum normal 
load rating may be permitted under the 
circumstances, then consider whether the 
probable emergency-load transients will 
be sufficiently frequent or severe to re¬ 
quire that they, rather than the normal 
load conditions, determine the need for 
installing additional capacity. Emer¬ 
gency operations differ from normal con¬ 
ditions chiefly in two respects: 

1. Emergency loads are transient in nature 
and, usually, short lived, 

2. The probability is usually very remote 
that an emergency will occur at the time 
when loads, ambients, and the limitations of 
installed capacity would combine to require 
operation of the equipment at the highest 
possible temperature which is selected as the 
design limit. 

Nearly all loads are variable in their 
nature rather than constant. Hence, the 
maximum temperature reached lasts for 
a very short time and is in most cases 
considerably lower than would obtain if 
the usually appreciable thermal capacity 
of the apparatus were not present to re¬ 
duce the temperature changes that ac¬ 
company changes in load. 

The problem of emergency load ratings, 
therefore, reduces to consideration of such 
factors as the operating temperatures to 
be expected and their possible relative 
effect upon the life of the apparatus in 
question, as determined not only by the 
temperature-life characteristics of the 
apparatus, but also the probability of oc- 
cturence of transient loads sufficient in 
magnitude to require operation at above 
rated temperatures, or with abnormal 
voltage regulation. 

Approximate Frequency of 
Cable Failures in Service 

Perhaps to a greater extent than for 
any other equipment, the cable engineer 
has access to a sufficient volume of data 
to determine with reasonable assurance 
the probable failure rate for any cable or 
group of cables. There are, for instance, 
about 15 cable sections and joints per mile 
of an underground cable installation, 
within which distance there may be ex¬ 
posure to a wide variety of conditions 
such as hot spots, electrolysis, water, 
abrasion, bending, etc. Relatively few 
miles of such construction are therefore 


needed to give the law of averages a 
reasonably good chance to work. 

In any given system, the deviations 
from the average failure rate usually may 
be explained. The author is familiar with 
an instance in which 22 miles of 13.2 kv 
cable were recently operated for about 
three years at very nearly twice the former 
average daily load and at maximum 
conductor temperatures ranging from 90 
to 105 degrees centigrade. The failure 
rate averaged 4 V 2 times the prior ten- 
year average for this cable, but the sta¬ 
tion economies made possible by such 
extraordinary operation far outweighed 
the increased cost of cable maintenance. 
By far the chief causes of cable failure in 
this instance were sheath cracks at cable 
bends in the manholes or sheath abrasion 
over rough spots in the duct, both of 
which were due to the longitudinal move¬ 
ment of the cable. Only one failure oc¬ 
curred in a section of cable that showed 
definite signs of insulation injury by the 
inordinately continued repetition of high- 
temperature operation. There are no 
doubt other such cable sections that have 
not come to light and might ultimately 
accelerate the failure rate but the usual 
sheath crack was the direct cause of this 
failure. From these observations there 
is some indication that, for less severe con¬ 
ditions, the cable failme rate should be 
expected to increase almost in direct pro¬ 
portion to the thermal movement of the 
cable, or in proportion to the square of the 
load carried. 

We can now estimate roughly the 
probable failure rate for cables supplying 
a given substation. Consider a group of 
five parallel supply cables, operating 
regularly at 80 per cent of their combined 
normal load rating, in which a cable failure 
may be expected about once in 450 load 
cycles. If the load were allowed to in¬ 
crease until the five cables would operate 
regularly at 100 per cent of their normal 
load rating, the average failure rate due 
to normal load operation might increase 
to about (100/80)^ times the previous 
rate, or one in 290 load cycles. Should a 
failure then require operation over one 
load cycle in 290, at a failure rate that 
is ten times as severe as for the average 
normal load cycle, the over-aU failure rate 
might further increase to one in 280 load 
cycles. In such an instance, the chief 
cause of the increased failure rate, there¬ 
fore, would appear to be the increased 
normal loads and temperatures. 

Similar analyses in respect to other 
types of equipment apparently develop 
similar results. In some cases it may be 
well to recognize the appreciable life loss 
due to all causes other than temperature, 


such as obsolescence, natural old age, 
mechanical damage, etc. In some in¬ 
stances this may be found to contribute 
as much to the average rate of life loss as 
do normal load temperatures. If the 
magnitude of this factor can be judged, 
its effect upon the existing rate of life loss 
should be deducted before estimating the 
change in life loss chargeable to a change 
in operating temperatures. ^ 

Distribution Load Characteristics 

Seldom in the distribution system does 
the load correspond to the conditions 
which determine the name-plate rating 
of the load-carrying apparatus, or the 
conditions often assumed in establishing 
load ratings for cables. In some respects 
questions of seasonal load variations, as 
well as the daily load changes, involve 
conditions so complex that it is almost 
impossible to subject this phase of the 
problem to rigid analysis. Furthermore, 
the present growth of electric-range, off- 
peak, and air-conditioning load introduces 
factors which have a profound influence 
upon the shape of the daily load cycle. 
The development of such loads already 
has reached the point where the load 
curve at one location in the distribution 
system may bear very little direct rela¬ 
tionship to that at another. It is no 
longer possible to select a load cycle that 
may be said with assurance to be typical 
or representative of any location except 
that where it was encountered. This be¬ 
comes increasingly evident in the smaller 
supply units of the distribution system, 
such as substation circuits, distribution 
transformers, and low-voltage circuits 
where nearly all degrees of relative satu¬ 
ration of these new loads already exist. 

To some extent, however, the range 
of load variation in a given case may be 
judged from load curves such as in figure 
2a for all-day loads, or in figure 2h for 
short-time loa4s. These illustrate re¬ 
spectively the distribution of normal daily 
maximum demands and hourly loads 
throughout the year on one substation. 
All extraordinary loads were excluded 
from the data used in their preparation. 
Substations having identical load factors 
may have different load curves, although 
the area under the solid curve of figure 
26 is proportional to annual load factor. 
Such curves become quite helpful for 
use in analyses to determine the ap¬ 
proximate probability of meeting given 
load, voltage, or temperature conditions. 
The dotted curves shown in these figures 
illustrate the corresponding loads at each 
of five levels while the yearly maximum 
demand is growing, say, from 80 per cent 
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Figure 2a. Illustrative occurrence of daily 
maximum demands on supply cables, for 
yearly peak loads ranging from 80 per cent to 
100 per cent of normal load rating 


to 100 per cent of the installed load rating 
in a given case. 

Approximate Probability of 
Emergency Load Occurrence 

The probability of load occurrence is 
one of the most important factors in con¬ 
sideration of emergency ratings. Three 
truths must be appreciated in dealing 
with this factor, however. First, the 
necessity for dealing with averages makes 
the conclusion no better than the average 
from which it is derived. Second, an oc¬ 
currence that may be expected no oftener 
than once in 100 years may confront the 
calculator within a month. Third, a 
loading condition which may be expected 
only once in 25 years in a given group of 
cables will be faced on an average of twice 
a year in a system which has 60 such 
groups of cables. These, however, serve 
only to emphasize the importance of 
selecting design limits for emergency 
operation that are no higher than the 
proponent is willing to face. 

One use of probability will now be 
illustrated by a sample calculation for 
five cables supplying a distribution sub¬ 
station, For example, assume a supply- 
cable failure may be expected on an 
average of 1.4 times per year and that five 
years is required for the peak load on that 
substation to increase from 80 per cent 
to 100 per cent of the normal peak: load 
capacity on all five cables. To be satis¬ 
fied Tidlb such a design, the engineer must 
be willing to face the possible need for 
canying an emergency load that can 
reach a maximum of 1.25 times the normal 
load design limit, should one cable be out 
of service at the time of the peak in the 
last year. Let us assume this is reason¬ 
able, and calculate the probabihty that an 
all-day outage of one cable would require 
the others to cany a peak load as high 
as 1.10 times their normal load rating. 
This will occur whenever the load on the 
substation would exceed 88 per cent of 
the total installed normal load rating of 
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the five cables. By reference to curves 
such as shown in figure 2a, it may be 
found that the normal daily maximum 
demand in this instance will not exceed 
88 per cent of rating at any time during 
the first or second years, but will during 
3.2 per cent of the third year, 11.2 per 
cent of the fourth year, and 28.6 per cent 
of the fifth year, or an average of 8.68 per 
cent per year. With 1.4 cable failures per 
year uniformly distributed, then, the 
probability of cable failures during daily 
load cycles whose normal mavinnim loads 
exceed 88 per cent of rating becomes 
0.0858 times 1.4 or 0.120. In this in¬ 
stance, then, all-day cable outages might 
be expected to require the remaining 
cables to operate at loads above 110 per 
cent of normal load rating on an average 
of once in about eight years. Other points 
may be calculated similarly and have 
been shown in the lower curve of figure 
3. Should one-half day be ample to re¬ 
pair a cable fault, the corresponding time 
intervals for this curve would double. 

For short-time emergencies the method 
of calculation is about the same as for the 
case just illustrated and may give a re¬ 
sult quite like the dotted curve of figure 
3. However, if figure 1 should represent 
the probable duration of such short-time 
emergencies, it is apparent that only one 
in seven will last as long as one-half hour. 
Hence, the probable interval between oc¬ 
currence of loads requiring one-half hour 
or longer operation at the given or a 
greater load becomes seven times as long 
as the probable interval between the 
short-time emergencies. This latter re¬ 
lationship is also shown in figure 3. 

^ As earlier pointed out, such calcula¬ 
tions should not be used as a basis for 
making close decisions. These calcula¬ 
tions, for instance, do not recognize the 
certainty that unbalance of loads between 
cables may load some heavier than 
others, etc. However, such curves be¬ 
come quite helpful in judging the maxi¬ 
mum amount of life loss which is reason¬ 
able to accept, in selecting the design 
limits for emergency and normal load 
^tings. In the instance just used for 
illustration, the author considers the 
emergency-load design limits sufficiently 
conservative to pennit their use as often 
as once each year, without any apparent 
effect upon cable maintenance costs and 
wthout any ominous increase in the like¬ 
lihood of such operation causing a second 
cable failure during such a state of 
^ergency. 

The foregoing discussion can serve only 
to point out some of the factom which 
work together to make the probability 
of severe loads and temperatures much 


more remote than the apparatus engineer 
is apt to realize. Variations in the rate 
of load growth seem not to have an im¬ 
portant effect upon the answer. Neither 
is it necessary to have an accurate 
knowledge of the failure rate since vari¬ 
ations in the range of two to one can only 
halve the number of years between the 
occurrence of a given or higher load. In 
any event it is apparent that the prob¬ 
ability of severe loading conditions is 
quite remote. 

Since the major purpose of emergency 
ratings is to permit increasing the average- 
day loading of the load-carrying elements 
in the system and this may increase 
voltage regulation, as well as operating 
temperatures, it becomes necessary to give 
some passing thought to voltage. 

Voltage Regulation 

Voltage regulators can be made to take 
care of increased regulation elsewhere and, 
with present available methods, can also 
reduce tlie spread between the first and 
last customers on the circuit. Small 
fixed boosters, shunt capacitors, and step- 
type regulators are now available for use 
by those who find that increased load 
ratings introduce normal-voltage regula¬ 
tion problems that cannot be solved a.s 
well by orthodox copper addition or re¬ 
arrangement. 

With the gradual extension of some 
form of the network principle beyond the 
substation bus and krther out into the 
distribution system, emergency voltage 
regulation, however, becomes one of in¬ 
creasing importance. This is particularly 
true of aerial distribution. It is the more 
urgent because the number of parallel 
paths normally available for the supply 
of the load in this part of the system oftei i 
is as few as two, hence tlie instantaneous 
ratio of emergency to normal load ap¬ 
proaches values as high as 2.00. 
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HlusbaUve «ub$tation supply- 
Mbie load duration, for peak loads ranglns 
from 80 per cent to 100 per cent of normal 
load rating 
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The principal gain possible by “net¬ 
working” is its contribution to increased 
service continuity. This, however, is a 
voltage problem in its own right, since 
service discontinuity is the simple case of 
no voltage at all. To illustrate further, 
let us assume that there are two circuits 
supplying adjacent areas with voltages 
which lie outside the established limits 
of normal voltage variation only when 
one of the circuits fails to deliver any 
voltage at all, while trouble-men labor 
to clear the fault. By suitably “net¬ 
working” these two circuits it may be 
possible to make the “no voltage” oc¬ 
casions much less frequent. The cost 
may well be unreasonable, if not almost 
prohibitive, however, should the design 
be made sufficiently rigid to prevent any 
possibility of ever delivering to the last 
customer a supply voltage that lies out¬ 
side the accepted limits for normal opera¬ 
tion. 

This raises the rather natural question 
whether it may not be good business to 
improve service continuity just so long 
as no step thus taken will result in de¬ 
livering to the last customer less voltage 
than he needs to permit his refrigerator 
motor to start; should its thermostat 
call for power in the rare instance where 
none would be available if the network 
had not been provided to supply no less 
than the bare necessities, until condi¬ 
tions can be restored to normal. The 
probability that apparatus failures will 
conspire with loads to precipitate such a 
situation, during the hour or less required 
to clear the fault in such instances, may be 
determined without much difficulty, as 
for figure 3. Thus, this phase of emer¬ 
gency ratings would appear to suggest the 
occasional need for considering some de¬ 
sign limits for emergency voltage regula¬ 
tion that may be quite apart from those 
for normal operation. As in temperature 
considerations, it may often be found that 
conditions necessary to satisfy the normal 
voltage requirements will need no assist¬ 
ance to keep utilization equipment op¬ 
erating in the rare instance when an 
emergency may cause temporarily ab¬ 
normal voltage regulation at some ex¬ 
treme locations. 

Temperature Transients 

Contrary to the author's expectations, 
when he approached the emergency-rat¬ 
ing problem several years ago, it has be¬ 
come increasingly evident that the prob¬ 
able interval between occasions when it 
would be necessary to operate at high 
emergency temperatures is often so long 
that the question of whether such an 
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operation would cause 10 or 300 times 
the normal rate of life loss for the day in 
which it should occur reduces to one of 
comparative unimportance. Even UvS 
high a rate as 300 times normal life loss 
over one load cycle may be no more severe 
than one year of normal operation. 
Montsinger’s evidence^ that insulation 
life loss may in some cases double for 
each 8-degree-centigrade increase in tem¬ 
perature, however, seems to be sufficient 
to indicate that temperatiure calculations 
used as the basis for emergency ratings 
may occasionally require a practical 
answer that lies somewhere within 10 
degrees or 20 degrees centi^ade of the 
actual. The accumulation of sufficient 
data in practical operation to indicate 
which of the present theories of life loss 
is best may require some time. It will 
require reasonably accurate knowledge 
of the temperatures responsible for that 
life loss. 

Published methods for direct calcula¬ 
tion of operating temperatures for cables, 
transformers, etc., are available, Mathe¬ 
matical analysis, however, can give no 
better answer than is permitted by the 
accuracy with which the various thermal 
coefficients and temperature corrections 
are known. Thfese often cannot be 
evaluated deductively without disquieting 
assumptions and considerable labor. 
Hence there appears to be some need for 
a little better general imderstanding of 
means which permit the engineer to de¬ 
termine empirically from test or other 
available data, all the coefficients needed 
to estimate the thermal response of the 
assembly in question to any regular or 
irregular transient load impulse. This can 
be accomplished by the use of an equiva¬ 
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lent circuit which is not materially differ¬ 
ent from that usually assumed in calcula¬ 
tions of steady-state load temperatures. 
Since load transients require considera¬ 
tion of copper losses only, it is helpful to 
treat the hot-spot temperature 6 in two 
components: 

1. The constant component or “threshold 
temperature” To which is the sum of the 
ambient temperature and the steady-state 
temperature rise caused by such factors as 
no-load losses and that part of the copper- 
temperature rise which corresponds to the 
average daily copper losses of the cable itself 
and its associates in the given conduit run. 

2. The variable component $i caused by the 
instantaneous difference p between the im¬ 
pressed copper losses and those cqpper 
losses, if any, which contribute to the “thres¬ 
hold temperature.” 

The “threshold temperature” com¬ 
ponent may be developed exactly as the 
calculator has been in the habit of esti¬ 
mating normal-load temperatures. This 
method of approach makes it necessary 
to know the transient load characteristic 
of the assembly for a total period equal 
only to the maximum probable duration 
of the emergency. There is seldom need 
to deal with transients which persist 
longer than one day. 

Now, let us consider the thermal circuit 
for the dissipation of the copper (variable) 
losses through the various successive 
steps encountered in the transfer of these 
losses from the conductor out to ambient. 
In a cable installation, for instance, there 
is a series of successive steps, such as 
copper, insulation, sheath, etc., which 
can be represented by the electric-circuit 
analogy of figure 4. This approaches an 
exact representation, as the steps become 
smaller. In this circuit the thermal dissi- 
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pation coefficients suy ^ 23 , . . . , are 
ahalogous to electrical conductances, 
wMle ki, kij ... j kn are analogous to 
electrical capacitances. The instantane¬ 
ous copper-loss input p has the nature 
of an electric current and the temperature 
rise 61 is the resultant “voltage*' rise 
needed at the sending end of the circuit 
to cause “current” p to flow. As in most 
electric circuit analyses we shall tenta¬ 
tively disregard the effects of tempera¬ 
ture upon the s coefficients of thermal 
dissipation and upon the electrical re¬ 
sistance component of the copper loss 
input p. 

The circuit of figure 4 is useful prin¬ 
cipally ^to illustrate the general form of 
the natural response to an impulse. From 
his familiarity with electric-circuit theory, 
the reader may recognize the sending end 
response of this circuit as that given in 
equation 3, for the condition that the 
input p is held constant at some value P: 

Oi - AP{1 - 6““^) -h BP{1 - + . *. 

+ NP{1 - (3) 

Those who do not recognize this response 
may observe the development of that for 
a “two-chunk” circuit, in appendix B. 
Theoretically, each additional step in 
the circuit of figure 4 will require an addi¬ 
tional term in equation 3.' Where there 
are many steps, or the circuit constants 
are distributed rather than lumped, it is 
often necessary to use some mathematical 
expedient to evaluate equation 3. In his 
analysis of radial heat flow, for instance, 
Church^ has shown how it is possible to 
obtain an expression for the harmonic 
impedance function for each homogenous 
step in the thermal circuit and, from these 
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Figure 4. Thermal circuit 

data, to determine the position of each of 
several points along the rectangular im¬ 
pulse characteristic. He has used a 
method so powerful that it can digest 
nearly any combination of steady-state 
harmonic functions that will represent 
the circuit at hand, and will produce the 
numerical position of any desired point 
along the curve of its response to a rec¬ 
tangular impulse. This method of har¬ 
monic analysis gets the answer, one point 
at a time, but seldom gives the response 
directly in its natural algebraic form. By 
whatever expedient the various points are 
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evaluated, however, the characteristic 
response of the thermal circuit in figure 
4 has the algebraic form given in equa¬ 
tion 3. 

It has been known for some time that 
only two exponential terms are needed 
to represent quite accurately the over-all 
thermal response of all the parts in an 
oil-filled transformer assembly. Simi¬ 
larly, it is known that aerial conductors, 
disconnects, and other assemblies whose 
current-carrying parts are sufficiently 
exposed to ambient temperatures, have 
thermal responses that may be quite ac¬ 
curately represented by the use of only 
one exponential term. Consequently, it 
does not seem to require undue use of 
the imagination to conclude that the form 
of equation 3 may be found to represent 
the natural heating characteristic for any 
situation to be encountered in electric 
power distribution. In any event, it 
should be possible to judge approximately 
the extent to which this is true through¬ 
out the range of a given set of observa¬ 
tions. Let us now consider briefly the 
manner in which as few as two equivalent 
parts of such a circuit may be made to 
represent the infinite series of figure 4 
and the following simpler equation: 

y = BJP = 4(1 - -b 5(1- e-^«)(4) 

In appendix A there is developed a 
method for determining the effective 
values of the parameters A, a, By and &, 
which will make equation 4 approximately 
fit any group of test observations for a 
given rectangular load impulse. In table 
II are shown the values of the parameters 
used in plotting the four curves drawn 
in figure 7, for underground cables. The 
curves are drawn to show the loci of 
equation 4 with respect to the observed 
points, also shown for comparison along 
the heating characteristics. In this case 
the observations shown were calculated 
by Church’s method (AIEE Trans¬ 
actions for 1931, page 982, and for 1935, 
page 1166) as modified to recognize some 
additional features to which the author’s 
discussion of Church’s latter paper called 
attention (AIEE Transactions for 1936, 
page 398). 

Such faithful correlation, in figure 7, for 
the difficult case of the underground cable, 
has led the author to conclude that equa¬ 
tion 4 can represent the rectangular load 
impulse characteristic of any assembly, 
for periods up to 24 hours duration, with 
sufficient practical accuracy to leave 
little need for rigorous analysis when 
suitable test data are available or can be 
obtained. If this is true, there is promise 
for considerably simplifying calculations 
of the emergency temperature transients 
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Table 11. Equivalent Thermal Circuit Con¬ 
stants for 13.2-Kv Three-Conductor 350,000- 
Circuiar-Mil Cable in an Underground Duct 
Bank 



Hottest of Eight 
Equally 
Loaded Cables 

Hottest of Two 
Equally 
Loaded Cables 

Cables Cables 
Dry in Water 

Cables Cables 
Bry in Water 

1. Empirical circuit constants 

(Appendix A) 

A.... 

... 7.48 3.62 

.. 7.00 ..3.56 

B.... 

..12.9 .. 13.7 ... 

.10.4 ..6.92 

a.... 

... 0.819..2.08 ... 

. 0.857..2.07 

6.... 

.. 0.118..0.0304... 

. 0.136..0.0480 

2. Approximate circuit constants (Appendix B) 

iCi... 

.0.132...0.130.. 

,..0.133..0,130 

Sa... 

-0.090...0.256.. 

..0,096..0.260 

Ki.., 

.0.763.,.2.34 .. 

..0.884..3.68 

S 2 ... 

-0.108...0.0753. 

..0.143..0,178 


which accompany other than rectangular 
load impulses. 

The approximate circuit of figure 5 most 
nearly corresponds to the actual thermal 
circuit, but has no particular advantage 
over the empirical circuit of figure 6 
which has about the simplest arrangement 
of thermal capacities and resistances that 
will give exactly the same sending-end 
response to all regular or irregular im¬ 
pulses. The coefficients for the empirical 
circuit of figure 6 are known immediately 
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Figure 5. Approximate circuit 

upon finding the parameters which make 
equation 4 fit the observed data, as by 
the method of appendix A. An advantage 
of the empirical circuit lies in the fact 
that the instantaneous input is the same 
for the A part as for the B part, while 
the instantaneous response of the A part 
is absolutely independent of that for 
the B part, so that: 




(S) 

while, 



Afla = (apA 

— ada)At 

(6) 

and, 



Ad]) — {bpB 

— h9i,)At 

(7) 


For those who are sufficiently in¬ 
terested, appendix B gives the correspond¬ 
ing instantaneous relationships found in 
the approximate circuit of figure 5, as 
well as the relations between the equiva¬ 
lent thermal constants of this circtut^ 
and the parameters of the empirical cii*^ 
cuit which has an identical response to all 
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transients. The following relations are 
included: 


Ki - 
Si2 = 


1 

cA “f" 65 

J^i(a + 6 ) - KMCA + 5 ) 


S2 « 

K2 - 


__ 

Si2(A + 5 ) - 1 

*S'l2‘S2 


( 8 ) 

(9) 

( 10 ) 

(II) 


The calculator need know no more about 
the thermal characteristics of the assem¬ 
bly. Should he desire, he may now de¬ 
velop the approximate harmonic im¬ 
pedance function directly from figure 6, 
by analogy to the electric circuit of 
parallel resistance and capacitance. For 
instance, let = aA/o) and X^ = 65/a), 
where co equals 27i/ radians per hour. 
Then the impedance Z of the empirical 
circuit becomes: 


r AXg BX, " 

U -jXa B -jXt_ 


AXg^ BX,^ ‘ 1 

^A^ + Xa^ B^+ XjO 


^ U* + Xa‘ B^+ Zi'J 


( 12 ) 


However, equations 6 and 7 offer means 
for a simple and direct tabular calculation 
that avoids any need for dealing with 
complex numbers or breaking the in¬ 
stantaneous values of p down into the 
various harmonic components. For in¬ 
stance, assume that: 5 = 24 degrees 
centigrade ultimate rise due to rated-load 
copper losses, while 6 = 0.24 and that it 
is desired to calculate Adf, for quarter- 
hour intervals (a^ = 0.25 hour). Sub¬ 


stituting these values in equation 7 gives 
the following guide for calculating the 
approximate temperature change across 
resistance B during each quarter-hour 
interval: 

AOb =- lAZp - 0.06006 (7a) 

Table III shows a sample calculation 
for one illustrative load cycle, for which 
the load value at the beginning of each 
interval has been expressed in terms of 
the ratio R of load to rating. In instances 
where the “threshold temperature’* does 
not need to include any part of the copper 
losses, it is often convenient to express the 
instantaneous load values in times rating 
R since this method gives the maximum 
temperature rise directly in terms of rat¬ 
ing. The effects of temperature upon the 
values of p or the coefficients of the ther¬ 
mal circuit seldom have any practical 
importance in such calculations, so long 
as the parameters of equation 4 are 
based upon observations at constant load 
throughout the range of temperature 
changes within which it is desired to 
operate. The parameters then include 
the average temperature correction. The 
tabular calculation of da I’lay be made 
exactly as that for Their maxima will 
not be coincident, but questions of such 
time-phase displacement take care of 
themselves. The fact that neither 6a nor 
6^ has any practical significance if taken 
alone, is of no disadvantage. The alge¬ 
braic sum of their instantaneous values 
is always equal to the hot-spot rise 6i 
above the “threshold temperature” To. 
When dealing with cable-temperature 
calculations, in which the instantaneous 
value of p equals the total copper losses 
less the average daily copper losses in that 


Table 111. A Sample Calculafion Using Equation 7a as a Guide 


Time (t) 

Load (r) 
in Times 
Rating 

1.43 p 
(1.43 r2) 

-0.060 Oh 


Bh 

4:00 p.m... 

...0.34 R... 

..0.167 Rs... 

..-0.167 R2... 

0* 

.. 2.78 Ra 

4:16 

.. .0.66 R ... 

. .0,432 R»... 

..-0.167 Ra... 

.. 0.27 R2... 

. . 3,06 Ra 

4:30 

...0.67 R... 

..0.466 Rs... 

..-0.183 Ra... 

.. 0.28 Ra... 

.. 3.33 R2 

4:45 

...0.69 R... 

..0.682 R2... 

,.-0.200 R2... 

.. 0.48 R8... 

.. 3.81 R2 

5:00 

...0.71 R... 

..0.720 Ra... 

..-0.228 Ra... 

.. 0.49 Ra... 

.. 4.30 Ra 

5:16 

...0.74 R... 

..0.786 Ra... 

..-0.268 R2... 

.. 0.63 Ra... 

.. 4.83 R2 

5:30 

.. .0.86 R.. . 

..1.06 R2... 

, .-0.290 R2... 

.. 0.77 Ra... 

.. 6.60 R2 

6:46 

. . .0.95 R.. . 

,.1,29 R2... 

..-0.34 R2... 

.. 0.96 R2... 

.. 6.65 R2 

6:00 

. . .1.00 R.. . 

..1.43 R2,,, 

,.-0.39 R2... 

.. 1.04 R2... 

.. 7.69 Ra 

6:16 

...0.99 R... 

..1.40 Ra... 

..-0.46 Ra... 

.. 0.94 Ra... 

.. 8.63 Ra 

6:30 

...0.92 R... 

..1.21 Ra... 

..-0.61 Ra... 

.. 0,70 R2... 

.. 9.23 Ra 

6:46 

...0,95 R... 

..1.29 Ra... 

..-0.66 Ra... 

.. 0,74 Ra... 

.. 9.97 Ra 

7:00 

. ..0.89 R.., 

..1.13 Ra... 

..-0.60 Ra... 

.. 0.63 R2... 

..10.60 R2 

7:16 

. ..0,82 R.. . 

. .0.960 Ra.., 

..-0.630 Ra... 

.. 0.33 R2... 

..10.83 R2 

7:30 

. ,.0.82 R.. , 

..0.960 Ra 

-0.660 R2.. . 

.. 0.31 Ra... 

..11.14 R2 

7:46 

...0.80 R... 

. .0.918 Ra... 

..-0.668 R2... 

.. 0.26 Ra... 

..11.39 Ra 

8:00 

...0.83 R... 

. ,0.986 R2... 

. . -0.684 Ra... 

.. 0.30 Ra... 

..11.69 Ra 

8:16 

...0.71 R... 

. .0.720 R2... 

..-0.700 Ra. .. 

.. 0.02 Ra... 

..11.71 Ra 

8:30 

...0.74 R... 

..0.785 Ra... 

..-0.705 Ra... 

.. 0,08 R2... 

..11.79 Ra maximum 

8:45 

...0.68 R... 

..0.660 R2... 

..-0.71 R2... 

..-0.05 R2. .. 

..11.74 Ra 

9:00 

...0.62 R.. . 

. .0.550 Ra... 

..-0.70 Ra,.. 

.. -0.15 R2... 

..11.69 R2 


♦ Notb: This is often a safe assumption, if load changes are small prior to the period under observation. 


cable, the values of p will be negative 
whenever the total copper losses fall below 
the average daily copper losses, if the 
calculator should elect to investigate 
temperatures during light-load periods. 
This method, however, makes it usually 
not necessary to start tabular calculation 
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Figure 6. Empirical circuit 


at a time when the copper losses ^re less 
than the average for a normal day. 

The time interval At that is used in 
equations 6 and 7 for practical calcula¬ 
tions of cable temperature, seldom needs 
to be less than one-fourth to one-half 
hour, depending chiefly upon the number 
of observations of p that are needed to 
give a fair representation of the variations 
in copper losses. Adequate recognition 
of the thermal circuit itself is apparently 
retained so long as the interval At thus 
selected is not much larger than {A + B)/ 
4(aA + 65). When the value of a is large 
and a/h is greater than nine as for many 
transformers, however, it is readily pos¬ 
sible that a more convenient value of At 
will make aAt greater than three. When 
this is true 6a from equation 6 will so 
nearly reach its ultimate value pA within 
each step as to permit assuming this 
simplification of equation 6, and using 
fewer steps. 

While the foregoing method appears 
to be direct and convenient for transient- 
temperature calculations, it is only one 
of several. It has been helpful to the 
author, in occasional difficult situations 
and has been outlined with the thought 
it may be helpful to others who are not 
already familiar with a method that pro¬ 
duces satisfactory results. Many time¬ 
saving opportunities will appear to the 
calculator, as he becomes more familiar 
with the method he elects to use. 

A possible use of the circuits of figures 
5 and 6 for underground cables lies in the 
ease with which they permit a direct 
though somewhat approximate estimate 
of what would be the corresponding ther¬ 
mal circuit for some other size or type of 
cable in the same situation. An inkling 
of this possibility may be had from table 
II in which it will be observed that Ki 
has the same value in each of the four 
situations, where 512 changes only with 
the addition of water in the duct. For 
underground installations, therefore, part 
1 appears to be the cable itself. The per- 
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Rsure 7. Hot-spot response to constant load 
losses^ for groups of equally loaded 13.2-lcv 
three-conductor 350,000-circular-mil cables 
in duct 

centage change in the thermal capacity 
coefficient of the cable, also the cor¬ 
responding percentage change in thermal 
conductance from copper out through 
the sheath, may be estimated in a few 
nunutes. The effect of these changes in 
and Si 2 upon the parameters a, b, 
and jB, may then be determined (appendix 
B) with almost the same confidence as 
though the original observations repre¬ 
sented such cable. 

A Word About Tests 
and Thermal Corrections 

There are a few points regarding tests 
and thermal corrections that may be 
worthy of passing mention. Until one 
becomes thoroughly familiar with his 
data, it is usually best to express input 
in watts, thermal capacity in watt-hours 
per degree centigrade, thermal dissipa¬ 
tion in watts per degree centigrade, and 
temperature rise in degrees centigrade per 
watt Otherwise the test observations of 
rising temperature at constant load will 
appear to give a slightly faster moving 
response than similar observations after 
the load is removed. This is because of 
the greater accderation caused by the 
effect of thermal increases in electrical 
resistance upon input in the former case. 
When using test data expressed in such 
umts, there can be no confusion as to 
when to make some approximate final 
adjustment for the higher electrical re¬ 
sistance at the higher temperature. If 
the correction is excluded from the test 
data, it should be recognized in the cal¬ 
culation. 

Where the hot-spot temperature cannot 
be read directly during a test on a given 
installation, the average copper tempera¬ 
ture may be assumed to equal the hot 
spot, with sufficient accuracy for cable- 
temperature analyses. In oil-fified trans¬ 
formers, the hot-spot temperature at any 
time should be about equal to the average 


winding temperature plus the oil tem¬ 
perature rise from that at a level opposite 
the midpoint of the winding to that of the 
top oil. Thus it is usually possible to de¬ 
termine the approximate hot-spot tem¬ 
perature at each point of the test curve 
for cases where it cannot be read directly. 
It is seldom necessary to test any one 
assembly at more than one constant load 
value. If observations are taken on the 
heating curve, it may be helpful in some 
cases to continue them on through the 
cooling cycle after the load has been re¬ 
moved. In this way the one set of ob¬ 
servations may be used as a check on the 
other. 

Conclusion 


These notes have been prepared with 
the thought that they will serve their 
purpose if they show in a general way 
some of the conceptions that should be 
included in a broad review of the op¬ 
portunities to effect system economies by 
the judicious application of emergency 
ratings. 


List of Symbols 


A, B, etc. — parameters 
a, b, etc. « parameters 
f “ harmonic frequency, in cycles 

per hour 


Ki, Ki, etc. 


P 

P 

R 

r 

•Sij, 5*, etc. 


n 


u 

u 

X 

y 

z 

6 


« thermal capacity coefficients, 
in (watts) (hours)/(degrees 
centigrade) 

* maximum value of copper 
loss transient, in watts 

» instantaneous value of copper 
loss transient, in watts 

* ratio of maximum load to 
rating 

: instantaneous load 
' thermal dissipation coeffi¬ 
cients, in (watts)/(degrees 
centigrade) 

> threshold temperature, in de¬ 
grees centigrade. It indudes 
all constant components of 
the hot-spot temperature 
time in hours 

ratio of total installed emer¬ 
gency-load capacity to aver¬ 
age yearly maximum demand 
instantaneous ratio of emer¬ 
gency to normal load 
dy/dt 

thermal response (di/P) to an 
impulse, in (degrees centi- 
grade)/(watts) 
harmonic impedance of the 
thermal circuit 
base of Napierian logarithms 
hot-spot temperature (To 
plus ^i), in degrees centigrade 
variable component of hot¬ 
spot temperature, in degrees 
centigrade 


Oa and $jf = arbitrary components of 
w s= radians per hour 


Appendix A. Empirical Analysis 
of Temperature-Time Characteristic 
for a Rectangular Load Impulse 


Given the test curve of temperature, such 
as shown in figure 7, which represents the 
temperature-time ch^cteristic of a given 
assembly when subjected to a rectangular 
load impulse. The problem is to find the 
values of A, B, a, and b, which when sub¬ 
stituted in the equation: 

y = .4(1 - €-«<) -f- Bil - 6-^0 (13) 

will make it fit the curve with reasonable 
fidelity for all values of t within the range of 
the observed data. 

Select five points on the curve: one 
(fi, yi) which lies well up on the fast moving 
part of the curve; one (to, yo) at t « 0.6/j; 
and three others at about h ^ miu h = 
2mt\, and Ia » 4m/i, in such a way that m is 
greater than 4, but Amh includes no more 
t^n 80 per cent of the transient’s apparent 
life. Graphically determine the slope x of 
the curve at each of the three latter points. 

Now solve for h by considering the points 
(k, yi), (h, yi), and (U, yi), which have been 
selected in such a way thajt they should be 
in the region where (at) is greater than 4. 
hence, for practical purpases, 


y‘‘A+B(1 - s-«) 

(13a) 

and 



(14) 


From the observed slopes x%, Xi and xa, then, 

^ Mk-h) 

OCa *Xa 

(15) 

From these three relationships it is possible 
to write directly the value of b which most 
nearly satisfies these observations. 

^ ^ 1 V ^ognixt/xj) losnixt/xi) 

SI h-tt tA-t2 

log«(«i/a?4)l .... 

To solve for B substitute the value of h 
from equation 16, also (yj), (y,). and 
respectively in equation ISa, as: 

yi = i4 + S(1 - «-»*«), y, A X 
(1 - e “•), = A+ B(l~ €-"•*) 

then 


y, - y, =. - €'“4) 

y, - y,=: - e~**4) 

y. - 3% « Sa(e~*‘» - «->*») 
Hence 


B 


U y* - yt 

- e-«4 



+ 



(17) 
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To solve for A, substitute B, b, and the 1^1 

observed values of V 2 , Vs, and y^ m eauation ^ ~ o I 7 
13a. as: ^ 

^2 ^ 3^2 ” B{1 - e”*^ 2 ) 2.01og„ ( 


A^ = y,- B(1 - €-^h) 

A4 = V4 - B{] - 

^2 “h -4a + ^4 3^2 + J's + 3''} 


B 4- - (18) 


iQ, ( 7.48 \ 

2 Ll \7.48 + 1.52 - 5.60/ ^ 

(7.48 + 0.76 - 3.34)] "" 


y = 7.48(1 - e-”-*'”*) + 12.90(1 - 

( 20 ) 

A plot of equation 20, which is the upper 
curve drawn in figure 7, shows the manner in 
which it represents the observations from 
which it was derived. 


To solve for a, consider the points to and h 
between the origin and the apparent *'knee’’ 
of the curve. In this region it should be 
found that is very nearly equal to 
(1 — bt). Otherwise select more suitable 
points nearer the origin, then substitute the 
new values of (h), (yi), and — 1 — bii) 
in equation 13 as follows; 

= .4(1 - + Bhk 

similarly, 

3^0 = 44(1 — € -f- Bbta 

and from these, 

“ ■ + 

J] 

Equations 16,17,18, and 19 pennit evalu¬ 
ating all the constants needed to make 
equation 13 represent the actual conditions 
about as well as the data from which they 
were developed. A sample calculation 
follows. 

Sample Calculation of A, a, B, and b 
for Hottest of Eight Equally Loaded 
Cables in Duct in Earth 

Given: 


Point 

t (Hours) 

y 

(dy/dt) X 


.. 0 . 

0 


to. 

.. 0.5. 

3,34. 


ti. 

.. 1.0. 

. 5.60. 


ta. 

.. 5.0. 

,13.30. 

.0.978 

ta. 

, .10.0. 

.16.30. 

.0.434 

U . 

...20.0. 

.19.20. 

.0.190 


if log^2.25 logn5.15 

3 L(^8 -- ^2) = 5 (k- h) == 15 


log;t 2.29 1 
{U - k) == loj 


0-118 (16a) 



A = i (13.3 + 16.3 4-19.2 - 38.7 + 

o 

12.90 (e-"-'ii + 6-i-is + «->•“)] = 7.48 

(18a) 


Appendix B. Direct Analysis of 
the Two-Chunk Series Thermal 
Circuit with Constant Coefficients 

The electric circuit which most nearly 
represents the relations between the usual 
thermal coefficients for the respective parts 
of the equivalent thermal circuits for tran¬ 
sient load losses in transformers as well as 
cable installations, etc., is shown in figure 5 
of this paper, in which {Si^ and (^a) have 
the nature of conductances, (iTi) and {K^) 
are thermal capacity coefficients, (p) has 
the nature of an electric current, and B corre¬ 
sponds to the voltage rise required to cause 
^current” {p) to flow. Of the heat {pdt) 
flowing into part one, some {KidBi} is ab¬ 
sorbed by part one and the rest {Bi ^2)5124/ 
flows on into part two, hence; 

pdt — (^1 — O^Svidt 4" KidBi (21) 

and similarly, the heat entering part two 
{Bi — B-^Svadt is partly absorbed and partly 
dissipated through (^a), or, 

{B\ — B^S^^dt == B^S^jdt 4* K^dB-^i (22) 

By solving (21) and (22), first to eliminate 
(^a) and then (^i), the two following instan¬ 
taneous relationships are obtained, one in 
terms of the hot-spot rise (0i) and the other 
in terms of {B <^: 


d^Bi ^ (Sn , S\2 4" *52^ dOi ^ 
_ + + 



When the values of the 5 and K coeffi¬ 
cients are constants and p ^ P one solution 
for each of these linear equations takes the 
foUowing form: 

B ^ AP{1 - 4- BP{1 - e-®^) (25) 


In either case the values of a and b will be as 
follows: 




while the values of A and B which make 
equation 25 represent 9^ are 




Conversely, if equation 25 accurately repre¬ 
sents test observations of the hot-spot 
temperature (^i), the effective values of Ki 
Ki, 5i 2, and 52 become: 


aA 4- hB 

Sn *= Ki{a -f &) - Ki^ah{A + B) 

g ^ _^12_ 

' 512(44 4 - B) - 1 

and 


( 8 ) 

(9) 

( 10 ) 




S 12 S 2 

ahK, 


ill) 
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Discussion 

R. J. Woodrow (Philadelphia Electric Com¬ 
pany, Philadelphia, Pa.); In his analysis 
Mr. !]bdder has shown that the approidmate 
thermal circuit given by figure 6 of his paper 
can be replaced by and used interchangeably 
with the empirical circuit of figure 6 in order 
to analyze the temperature rise Bi, and has 
given equations in appendix B by which the 
constants of either circuit can be calculated 
from those of the other. This is particu¬ 
larly valuable in investigating the thermal 
characteristics of a number of types of elec¬ 
trical equipment such as transformers, regu¬ 
lators, oil circuit breakers, and cables, 
whose thermal heating circuits are for all 
practical purposes composed of two parts 
as shown in figure 5. 

In order to determine rapidly and simply 
the constants a, b, A^ and B of the empirical 
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Rgure 1 


circuit of figure 6 of Mr. Kidder’s paper 
from the constants 5i2, S 2 , Ku and K% of the 
circuit of figure 5, three sets of curves have 
been drawn and are shown in figures 1, 2, 
and 3 of this discussion. By entering these 
curves with n « Ki/Ki and w * A 
and JB can be determined directly in per unit 
of the corresponding thermal resistances 
l/'S’u, and I/S 2 of figure 5, and a and h in 
per unit of the corresponding reciprocal time 
constants Svt/K\ and The relations 

which apply when using the curves are as 
follows: 

Enter curves with n and w « ^ 

Kt S12 

Read values of C/, 7, and P7. 

Then 


a » 



h 


i A 

U' K 2 


A - 




^ As stated by Mr. Ridder the temperature 
differences 0^ and Oj, of the empirical circuit 
of figure 6 have no real significance and 
actually do not exist in the equipment. 
There are some cases, however, in which 
these temperature differences are so nearly 
the same as those that actually do exist 
a^oss parts 1 and 2 of the circuit of figure 5 
tmt, practically, they may be assumed to be 
the same. From the curves it may be seen 
that wh^ K. 1 /K 2 is less than 1/60, and 
* S 2 /S 12 is less than 1/1, the constants of 
the empirical circuit and those of the actual 
cucuit do not in any case differ by more than 
five per cent. Thus in an oil-filled trans¬ 
former, for example, where the above limit- 
mg values of w and » are somewhat repre- 
s^tative, there is not much error in con¬ 
sidering the thennal circuits as if the cou¬ 
nts of figure 6 were identical to those for 
figure 6 (that is, U ^ 7=. 17« 10 ) 
Equation 4 of Mr. Kidder’s paper* can be 
rewritten slightly as follows to give the 
temperature ^ 1 : & 


fl» - pwd -«-«) + B(i - (-*•)] 
in which there are two exponential terms 
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with different time constants. It should be 
pointed out that not only does the solution 
for $1 have two exponential terms, but $ 2 , 
the temperature rise of part 2, and 0i — ^ 2 , 
the temperature difference across part 1 of 
figure 6, also have two exponential terms 
with the same time constants in their solu¬ 
tions. Thus: 



Again taking transformer heating as an 
example, this means that the top oil tem¬ 
perature rise (^ 2 ) has both a slow-moving 
and a fast-movmg term in its response to a 
st^dily applied load, the fast-moving term 
being opposite in sign to that of the slow- 
moving term and thus causing $2 to rise less 
rapMy for a short time after the load is 
applied. Likewise in the temperature rise 
(^1 — ^ 2 ) of winding above top oil tempera¬ 
ture there are both fast-moving and slow- 
moving exponential terms. However as 
previously pointed out, with n approxi¬ 
mately 1/60 arid m approximately 1/1, the 
error is not large in considering the top oil 
temperature as having a single slow-moving 
term in its response, and the winding rise 
above top oil as having a single fast-moving 
term in its response. 

Although it is approximately correct to 


Figure 2 


assume that the heating of an assembly 
having a thermal circuit such as given by 
figure 5 of Mr. Kidder^s paper is practically 
^e same as given in figure 6 with no change 
in constants if n is less than 1/60 and m less 
than 1/1, when these ratios increase the 
error rapidly becomes larger, For example 
if iCi « K 2 and S 12 =« S 2 (that is, w » » 
1.0), then the following values result 1 

0 = 2.62.^ j»0.38-§- 

-^1 K 2 

A = 0.n-^ 5-1.80-i 

•Sii 5, 


V. M. Montsinger (General Electric Com¬ 
pany, Pittsfield, Mass.): I wish to com¬ 
ment on the statement made in the last 
paragraph preceding the conclusion to the 
effect that in oil-filled transformers the hot¬ 
spot temperature at any time should be 
about equal to the average winding tempera¬ 
ture plus the difference in temperature be¬ 
tween the top oil and the oil opposite the 
midpoint of the winding. 

When first reading this rule, I felt that it 
would not be a safe rule to follow under 
heavy overload conditions. Further In¬ 
vestigation, however, showed that in general 
it gives approximat<dy correct results up to 
160 per cent load. Nevertheless, I wish to 
qualify the statement about its being a safe 
rule to follow under all conditions. Wliile 
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there is a certain relationship between the 
hot-spot temperature (and by hot spot I 
mean the difference between the maximum 
and the average winding temperatures) and 
the difference between the top oil and aver¬ 
age oil temperature, factors other than the 
vertical temperature gradient affect the hot¬ 
spot temperature. One of these factors is 
current density in the copper coupled with 
the type of coil. One design may have a 
low current density, while another design 
has a high current density, yet both may 
have the same vertical oil gradient. The 
hot spots may be quite different in the two 
designs. 

Another factor which the rule does not 
take into consideration is eddy-current 
losses which may not be uniformly distri¬ 
buted throughout the windings. Hot-spot 
temperatures will in general range from four 
or five degrees to ten degrees at nonnal load, 
the average probably being about .seven 
degrees. 

To see how the rule worked I took a 
typical ca.se assuming that at nonnal load 
both the vertical oil gradient and the hot 
spot was .seven degrees and found that at 125 
per cent the rule was in error by approxi¬ 
mately one degree (too low) and at 150 per 
cent the rule was in error approximately two 
degrees. This is close enough for all prac¬ 
tical purposes. 

On the other hand, if the hot spot is ten 
degrees at normal load and if the oil gradient 
is seven degrees, the rule, when used for 126 
per cent load, would be in error by approxi¬ 
mately five degrees. For 150 per cent load 
the error would be approximately eight 
degrees. 

Since the rule covers only the vertical oil 
gradient factor that affects the hot-spot 
temperature, some care should be used in 
applying it in the field. It is easy to use if 
the user knows where the midpoint of the 
winding is by placing two tliennometers on 
the outside of the tank—one at the top and 
one opposite the midpoint of the windings, 


E. R. Thomas (Consolidated Edison Com¬ 
pany of New York, Inc., New York): Mr. 
Kidder is to be congratulated in assembling 
together the factors to be considered in de¬ 
signing a transmission and distribution sys¬ 
tem. In obtaining equations 1 and 2, I 
assume that the derivation is based only 
upon a first contingency. As the number of 
units increases numerically to values greater 
than seven, as for example in the number of 
feeders being considered into an a-c network 
area, operating experience has shown that it 
is not uncommon to have a second contin¬ 
gency. I would like to ask the author ^ 
whether, in his opinion, consideration should 
be given to second contingencies as affectmg 
the average ratio of emergency load rating 
to normal rating when five or more units are 
being treated as a design combination. 


F, H. Butter (General Electric Company, 
Schenectady, N. Y.): Mr. J^dder's pri¬ 
mary purpose in presenting this paper ap¬ 
pears to be the development of a method 
whereby tlie efficiency of utilization of fist¬ 
ing plant may be increased. It is evident 
tliat considerable savings will result if it is 
feasible to carry increased loads on*existing 
plant without overloading the aforesaid 
plant, and Mr, Kidder proposes to do this 


by what amounts to a material reduction in 
the amount of spare capacity available for 
use during emergencies. 

This of course may result in the over¬ 
loading of the plant when such emergencies 
actually arise; and Mr. Kidder has at¬ 
tempted to discover just about how much 
such overloads are likely to damage the 
existing cable. 

He has shown in his paper that an over¬ 
load of approximately 26 per cent, as com¬ 
pared with the maximum the cable should 
carry according to the AIEE temperature 
rules, will produce a very material increase 
in cable failures. Just what proportion of 
the 4 V 2 times figures which he gives can be 
directly attributed to the overload, cannot 
be established very clearly without knowing 
the peak loads which the cable was carrying 
in the ten years prior to the application of 
the long-time overload; but it must be a 
very considerable proportion of the figure in 
question. 

Furthermore, Mr. Kidder points out that 
the failures which, have resulted from the 
overload to date have almost all been sheath 
failures, caused by abrasion, or by bending 
of the cable in the manhole, particularly in 
the neighborhood of the duct mouth. We 
would expect his failure rate to increase ma¬ 
terially with time rather than to decrease 
for two reasons. First, the lead sheath is 
^terially weakened by high temperatures; 
and while three years of operation would 
probably weed out most of the weak spots in 
the lead sheath, and also the spots which are 
materially overstressed due to repeated 
bending as compared with the rest of the 
cable, it is possible that other weak spots 
have been developed in the sheath of the 
remaining cable due to the high tempera¬ 
tures, over and above those which have been 
found already; and these weak spots might 
never have existed had the cable been oper¬ 
ated at a more nonnal temperature. More¬ 
over, the bends in the manholes at the duct 
moutlis are still in operation and will proba¬ 
bly contribute just as much to the cable 
failure rate as they ever did, if the high- 
temperature load cycles are maintained. 

Second, the wide range of temperature 
which is encountered on these cycles will 
unquestionably cause considerable sheath 
stretching and compound migration even 
where no sheath failure actually occurred. 
This means that void formation and ioniza¬ 
tion will be much more severe under these 
wide temperature cycles than would be the 
case if the AIEE limitations were respected. 
Now void formation and ionization usually 
tend to work quite gradually in producing 
cable failures, unless they are extremely 
severe from the beginning; and the fact that 
few failures have occurrM as yet due to 
deterioration of the insulation does not 
mean that a large number of failures may 
not occur in the future due to these causes. 

With regard to the mathematical dmva- 
tion given in appendix B and covering a 
direct analysis of the two-chunk series 
thermal circuits, this analysis should proba¬ 
bly work out pretty weU for low-voltage 
cables and for cables of intermediate volt¬ 
age. 

Mr. Kidder points out that for overhead 
lines without insulation that one exponen¬ 
tial term is sufficient. The reason for this is 
self-evident. The thermal resistance of the 
copper in such a circuit is exceedingly low, 
and there is no thermal resistance of the 


insulation; consequently all the thermal 
resistance is concentrated at the surface of 
the conductor, and is therefore actually a 
concentrated constant. The thermal ca¬ 
pacity of the copper is the only thermal 
capacity involved in the heat dissipation of 
a system of this sort; and this is also for all 
practical purposes a concentrated constant. 
For two concentrated constants of this type 
a single exponential term is sufficient to 
represent the performance of the systM 
mathematically, just as a single exponential 
term is sufficient in an electrical circuit con¬ 
taining concentrated resistance and capaci¬ 
tance. 

If the insulation of the cable possess^ 
appreciable thermal resistance and capaci¬ 
tance, however, we have a condition more 
nearly analogous to an electrical transmis¬ 
sion line with distributed resistance and 
capacitance than to an electric circuit with 
concentrated constants. If the insulation is 
thin, it is possible to get reasonably accurate 
results by the use of a single exponential 
term to represent the entire cable, just as it 
is possible to represent a short transmission 
line with distributed constants by an 
equivalent circuit with concentrated con¬ 
stants. When the line gets long, or when 
the insulation gets thick, due allowance 
must be made for the fact that the constants 
are actually distributed. Various people, 
including the present writer, Mr, Church of 
Boston, and Mr. Miller of Chicago, have 
developed methods of doing this, but they 
all lead to a series of the general form of 
equation 3 in Mr. Kidder’s paper ^d are 
quite complicated to apply in practice. 

Incidentally, it should be noted that while 
successive terms of this series may converge 
quite rapidly toward zero the rate of 
change in each term does not converge 
nearly so rapidly. The use of distributed 
constants is therefore more important in 
problems involving the rate of change in 
temperature than in problems involving 
only the temperature itself. Experience 
indicates that these additional terms con¬ 
tribute materially to the rate of change in 
temperature for a period ranging from 5 
minutes to 30 minutes after the application 
or dropping of load; this may affect the 
choice of the first point on the curve when 
analyzing time-temperature characteristics 
empirically in accordance with the method 
outlined in appendix A of Mr. Kidder’s 
paper. 

Mr. Kidder’s second exponential term 
represents the cooling of the duct bank 
rather than that of the cable itself. Em- 
piricai information of this sort is extremely 
valuable, since it is very difficult to establish 
accurate mathematical equations for the 
cooling of a duct bank, and even if these 
equations were established, they would be of 
little value without the corresponding con¬ 
stants which can only be obtained empiri¬ 
cally. 

One point on page 9 of Mr. Kidder’s paper 
deserves a little further consideration. The 
writer is of the opinion that the threshold 
temperature To should correspond to the 
sum of the ambient temperature, a steady- 
state rise caused by no-load losses, and the 
copper-temperature rise corresponding to 
the actual cable temperature at the time of 
the application of the overload rather than 
to the average daily copper loss. For the 
sake of safety, it would probably be advis¬ 
able to assume that the overload occurs at or 
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near the peak of the daily load cycle, since 
there is absolutely no guarantee that it 
shall not occur there, and since if the over¬ 
load persists for as long as 24 hours it is 
absolutely certain to hit the peak of the 
daily load cycle at some time or other. Just 
how close it should be assumed to the peak 
is a matter for individual judgment; but 
certainly it would appear that it should be 
assumed to hit the cable at some tempera¬ 
ture higher than that caused by the average 
daily losses. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): The author’s 
approach to the problem of emergency rat¬ 
ings is interesting and should help in working 
out individual situations. However, to de¬ 
duce genialities by means of probability 
laws requires many basic assumptions, some 
of which are not as yet well established. 
A more dej&nite idea on the matter will 
come from more experience than just the 
three years of operation of 22 miles of cable 
at high temperatures cited by the author. 

As pointed out in my paper (“Load Rat¬ 
ings of Cable,’’ AIEE Transactions, 
volume 58. 1939. pages 535-56) cable move¬ 
ment is not directly proportional to the 
square of the load, as was assumed by the 
author. Also, the rate of sheath troubles 
due to repeated daily bending in the man¬ 
hole increases more rapidly than the first 
power of the magnitude of the cable move¬ 
ment. Furthermore, consideration of trou¬ 
bles should not only include the very im¬ 
portant matter of sheath cracks but should 
also include the effect of high temperature 
on the insulation. This is especially im¬ 
portant for some of the old high-voltage 
cables which have high dielectric losses. 
In some of the newer cables with thick 
insulation ^d oil fed at the joints, the 
^ects of oil movement and sheath expan¬ 
sion must also be considered. 

Any problem of loading including emer¬ 
gency loading must consider the economics 
for the system as a whole and the probable 
shortenmg of the life of the cable by the use 
of the higher temperatures. 

A. H. Kidder: As should perhaps be ex¬ 
pected for a paper of this sort, the discussion 
has been the more helpful because space did 
twt Pttmit a complete summary of the 
^oughts behind each of its observations. 
The points raised will be reviewed in the 
OTder in which they were brought out in the 
discussion. 

V. M. Montsinger’s comments on the 
author’s suggestion for determining the 
approximate hot-spot temperature in a test 
on an oil-filled transformer, give a valuable 
mdication of the probable magnitude of 
e^r. One to eight degrees centigrade at 
160 per cent load is usually well within the 
oveT'^ limits of error faced in making the 
pr^tical compromises between accuracy 
and ccmvenience that assume important 
proportions in most electric distribution 
proble^. The author’s method assumes 
tto the vertical gradient in the winding is 
ttot of the oU alone. The method wfll, 
therefore, be m error to the extent that 
ctOTent density and eddy currents distort 
the vertical temperature gradient. The 


author’s only claim for his method is that it 
provides a convenient means for approxi¬ 
mate recognition, during a test at constant 
load, of the oil temperature gradient as an 
important component of the instantaneous 
hot-spot rise above average winding tem¬ 
perature. 

E. R. Thomas’s suggestion of the need for 
considering second contingencies should not 
be overlooked in dealing with large numbers 
of units n in equations 1 and 2. Their 
probable frequency of occurrence and their 
effect upon the curves in figure 3 of the 
paper may be evaluated approximately by 
the method outlined for first contingencies. 

The severity of second-contingency load¬ 
ing naturally decreases to some extent when 
the number of units increases in a given de¬ 
sign combination, while the likelihood of 
facing a second contingency increases with 
the number of units in the group. 

F. H. Fuller’s thoughts on the possible 
causes of cable failures at high temperatures 
are quite similar to those which have oc¬ 
curred to the author from time to time. 
The instance of daily repeated high-tem¬ 
perature operation for 13.2-kv cables proba¬ 
bly stands by itself in that it is much more 
severe than would be justified in any ordi¬ 
nary situation. Should the cable have been 
destroyed already, the station economies 
have been adequate to finance their replace¬ 
ment with new and larger cable. In the 
meantime, the experience being accumu¬ 
lated from such a full scale “accelerated life 
test’’ should in time answer approximately 
some of the interesting questions Mr. Fuller 
has raised. The point that the author ap¬ 
parently failed to drive home, however, is 
that the cables cited in this instance have 
already done on at least 600 occasions what 
they would not be expected to do once in 100 
years, if they were in the service represented 
by figure 3 of the paper which assumes 
strict observance of the AIEE limitations 
for all regular daily operations. 

Mr. Fuller’s suggestion of the need for 
care in selecting the first point on the curve, 
when analyzing temperature-time charac¬ 
teristics empirically in accordance with the 
method of appendix A, raises an interesting 
point. Practical tabular calculations of the 
temperature transients which accompany 
normal or emergency load cycles do not 
require close agreement between the ap¬ 
proximate and the true responses to load 
impulses of less than one-half hour duration 
on any assembly, because any possible effect 
of the circuit transient phenomena which are 
r^po^ible for inaccuracies in this region 
will disappear within so very short a time in 
comparison to the duration of the load cycle 
under consideration. Emergencies which 
expire within one hour are almost always 
easiest and best treated as if the accompany¬ 
ing change in load losses were a rectangular 
unpulse, for which the correct value of the 
response is directly proportional to the read¬ 
ings available on the true temperature-time 
characteristic. 

temperature To to which 
Mr. Fuller refers was taken to be that level 
above or below which all temperature 
changes move because of deviations p from 
average copper losses in the cable in ques¬ 
tion. For safety the author prefers to 
start the tabular calculation of cable tem¬ 
perature at the time during the day when 


the normal values of p are changing from 
negative to positive quantities and to as 
sume arbitrarily that the initial value of 0i is 
zero, instead of the slightly negative value 
it would have at that time. To determine 
the approximate copper temperature at any 
other time it is then necessary only to use 
in the tabular calculation, the successive 
values of p which represent the anticipated 
time sequence of the instantaneous normal 
and emergency loads. In this way the 
calculation automatically will include proper 
recognition of the temperature attained by 
the time the emergency load is applied, and 
without need for redefining threshold tem¬ 
perature. 

The maximum temperature is usually 
reached well toward the close of the day’.s 
normal heavy-load period and often within 
an hour or two after the peak. The highest 
emergency temperature, therefore, accom¬ 
panies the state of emergency which begins 
at such a time that normal loads cannot be 
restored until just after the close of the peak 
load period. Often the time required for 
restoration of normal conditions is short 
enough so the emergency values of p need 
not be introduced in the tabular calculations 
prior to the time when 0i may safely be 
assumed to be zero, as described above. 
The calculation may also begin at the same 
point on the load curve when it is desired to 
initiate emergency loading still earlier in the 
day, but should follow the normal values of p 
in reverse time sequence until the instant 
the emergency values of p will be applied 
and then proceed as usual. There is always 
the alternative of calculating one complete 
temperature curve for a normal day’s load 
cycle, as a means for determining the time 
of maximum temperature and the conditions 
at the time it is then decided to start the 
emergency temperature calculations. 

R. J. Woodrow’s discussion contributes 
material which should be very helpful to 
those investigating the thermal character¬ 
istics of a number of different types of elec¬ 
trical equipment. 

The data assembled by Mr. Halperin un¬ 
mistakably support his comments on cable 
movement and its effect upon formation of 
sheath cracks. Bach other possible cause 
of cable failure probably likewise has its 
own special characteristic, so that the over¬ 
all effect cannot be calculated deductively 
without first estabUshing all of these rela- 
tio^hips. There is much to be gained from 
actively accumulating the facts needed to 
evaluate these relationships. In the mean¬ 
time, however, cases of high-temperature 
operation such as cited by the author should 
gjve a fair, though empirical, indication of 
the approximate manner in which the over- 
^ failure rate will follow moderate changes 
loading of similar cables. 
Whether three years, or about 600 load cy¬ 
cles, of high-temperature experience 
give a practical answer to the effect of tem¬ 
peratures upon the over-all failure rate, 
would appear to depend appreciably upon 
how imny such high-temperature load cy¬ 
cles wiU be imposed upon the cable in ques- 
author’s opinion that the 
AIEE limits are none too conservative for 
norm^ operati^ conditions, also that the 
possibility of infrequent temperature ex¬ 
cises durmg emergency load periods should 
give no cause for alarm. 


610 Trahsactioks 


Kidder—Emergency Ratings 


Electrical Engineering 



Economical Loading of High-Voltage 
Cables Installed in Underground Subway 

Systems 
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A n imdergrountl hi^h Vf4tugt* cable 
system in made np of two major 
com[iiments: the cable with its joints 
and arcessories unci the tuiderKrcnuul duet 
and nmiihtile stmeture. The (luestion of 
whul si/e of (‘oiiduetor should be chosen 


ground facilities already exist and when 
only a few additional feeders are being 
cmisidered it might seem logical to nnikc 
use of them. A study of the annual 
charges may show, however, in some 
eases, that it will be more economical to 


Table U Cable Technical Data 

____.. _“ M. ■ t .■«»»«•• 






Maximum 






Copper 

Dielectric 





Tempera- 

Loss 

Kittle 

Nttmhsr of 

iThousftfids 0t 

XniulsUon 

ture 

(Watts 

volts 


Circular Mils) 

(Mils) 

(Deg C) 

per Foot) 

13 6 . 

3, 

. . 380. 

. 156 X 7M 

...78,0.... 

,.0.7... 

13 6 


... HOII, . . . 

. 203 

...82.0. 

..0.8..,. 

13 6 . 

. ) 

,2)i0ll. 

, 203 . 

,,.82.0. 

.. O.3.... 

27 M 

3.. . 

. . . 380. 

. 207 . 

...74,4. 

..1.3.... 

'.J? 0 

, . .3. 

, , . .81*0, . 

. 207 

...74.4. 


27, U 

1. . 

. . .1*800...,., 

, 2t*7 , 

..,74,4..,.. 

.•0.4.... 

18.** 

’ . .! 3 '.. 

. , 801*. 

. 228 . 

...76.0.,. 

..O.4.... 

132 M 

, ... 1. . 

. . . «0ll . 

. 56*1 

...70.0,.... 

.,1.2.... 


Thermul Constanta 
(Deg C per Watt per Foot) 


Hi Hs Hi 


.t.044..1.74to2,00.0.75 
.0.80 ..1.28 to 1.88.0.78 
.0.702..l«B5tol.84.0.78 
.0.80 .,1.51 to 1.67.0.76 

,0.702.. 1.30 to 1.03.0.76 
.1.200. .1.81 to 2.08.0.78 
.0,41) ..1.26 to 1,80.0.76 
.2.02 ..1.70 to 1.02 . 0.76 


fnr a iiurtimlar tntiisuitssintt fmlcr ur us a 
general siantlarrl for dislribuli(m feeders 
1 ms eonfronteil every 1*1^111111^^ group. 
Till! voltage for the system is fnniueutly 
limited l** one f>r lo relatively f(*w differ¬ 
ent values ultt'udv cxistiuK as u system 
standard, deviations from which wimld 
result ill increastsi cost to otituin ter- 
niiiud facilities, l•rcqueutly some under- 
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fonitiiiitre t*« powrr and (liiitHtintioii. 

am) at tfir AIKK Kvintrr canvcnlioti, New 
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<iiilMnUtea Noveitil«r 26. UlHH; mmie availalile for 
lirefirtfilirtK Ociictnlier 30. 1038. 

K. H. "rifuMAHiK HIvWon iffiKtnrer t>f the eahlc dJvi* 
bIoii. OiintothlMteU Kdianit CiiiwiMiiiy of New York, 
Intv, New York. 
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L For all nuinbercd refetcncea, ace U»t at end of 
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build additional new underground facili¬ 
ties ratlier than further to congest already 
existing structures. 

Since some of these ([uestions arose in 
connection with the planning of tie feed¬ 
ers and network distribution feeders in 



Figure!, Ratingi of cable id ducti 

Three conductors, 800,000 circular mils, 
13.6 kv 


New York City the cables in the voltage 
classes which were standard on that sys¬ 
tem were investigated. 

Procedure 

The ratings of cables installed in ducts^ 
for a given load-cycle and ambient tem¬ 
perature will vary with the number of 
cables installed in the duct bank and with 
the size of the duct bank. A typical set 
of curves for one size of cable is shown in 
figure 1. It will be readily recognized 
that for any duct bank the load per cable 
which may be carried will become a de¬ 
creasing function as more cables are in¬ 
stalled in the bank. This causes tlie cost 
per unit of load for cables alone to in¬ 
crease as more cables are added due to 
the decrease in their rating. At the same 
time the profiortional cost per cable for 
the duct bank is decreasing due to greater 
occupancy. The most economical com¬ 
bination will be determined by the ratio 
of costs between these two component 



FIgur® 2. Relative installed cost of cable 



Fisurc 3. Relative coit of subway per duct 
foot 

Ordinate scale same as lisure 2 
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parts and the respective changes in cost 
with increment number of cables* 

The sizes of cables which have been 
selected in this study are typical of those 
found in practice and a number of them 
represent the largest size for that type 
and voltage which are suitable for installa¬ 
tion in ducts four inches in diameter. 
Physical and electrical characteristics of 

Table II. Duct Bank Technical Data 
Duct Bank 

Ducts Ducts Thermal Constants Hi + Hi 
wide High (Deg C per Watt per Foot) 


2.2.1.600 

2 .5.0.8fi7 

3 .6.0.667 to 0.702* 

* .6.0.600 to 0.653* 

3.6.0.500 to 0.571* 

* Weighted average duct constant used when 
inner ducts were occupied. 

these cables are given in table I. The 
relative installed costs per unit length of 
cable are shown in figure 2, These are 
based on common metal-market prices 
of copper 12*78 cents per pound, lead 
4 cents per pound. 

Duct-bank and manhole costs vary 
over a considerable range due to the 
character of the soil affecting excavation 
and to congestion with other subsurface 
structures. Two unit costs for these 
were used in this study, one a higher-cost 
subway S 3 rstem where excavations were 
dfficult due to soil conditions and conges¬ 
tions of subsurface structures, the other 
an average-cost subway system where* 
excavation conditions were normal. The 
relative values of these are shown in 
figures. 

The annual carrying charges have been 
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Ordinate scale same as figure 4 

calculated on the basis of 14 per cent of 
the installed cable cost and 12 per cent 
of the subway cost. These values as¬ 
sume an average Kfe of 25 years for the 
cable and 35 years for the subway S 3 rstem 
and include interest, insurance, taxes, 
depreciation, operation, and mainte¬ 
nance. The evaluation of losses was not 
included since the trend changes due to 
cost of wasted energy are small compared 
to the effect of losses in limiting cable 
ratings. 

The ratings of cables used in this study 
have been calculated for normal allow¬ 
able copper temperatures, soil ambient 



Rgure 7. Comparative transmiision cost of 
different cables installed in six-wide by six- 
high duct bank 

Ordinate scale same as figure 4 

Thomas—Loading of Cables 


of 15 degrees centigrade, cable and duct 
thermal constants as given in tables I and 
II, 40 per cent loss factor, and 85 per cent 
attainment factor. The loss factor is the 
ratio of average to peak loss in the duct 
bank. The attainment factor is used 
because the rise in temperature of tlie 
copper above the idle duct may be less 
when the peak load occurs periodically 
instead of continuously. The ratio of 
this actual rise to the ultimate for a con¬ 
tinuous load is called the attainment 
factor. These values of loss factor and 
attainment factor were selected as being 
representative of the usual loading of 
duct banks and cables encountered in an 
imderground distribution system. All 




Figure 8. Comparative transmission cost, 
three-conductor 350,000-clrcular-mll t3.6-kv 
cable Installed in different-size duct banks 


Ordinate scale same as figure 4 
Curve 1—Two-by-twp bank 
Curve 2—Two-by-five bank 
Curve 3—^Three-by-slx bank 
Curve 4—Four-by-sIx bank 
Curve 5~-Slx-by-slx bank 
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Fisurc 9. Comparative transmission cost/ number of ducts occupied Figure 11 ■ Comparative transmission cost/ 

three<<onductor 800/000-circular-inil 13.6- three-conductor 500/000-circular-mil 27-lcv 

kv cable instaiied in different-size duct banks Figure 10. Comparative transmission cost. cable installed in different-size duct banks 

single-conductor 2/500/000-clrcuiar-mil 13.6- 

Ordinate scale same as figure 4 kv cable installed in different-size duct banks Ordinate scale same as figure 4 

For curve designations, see subcaption of Ordinate scale same as figure 4 designations/ see subcaption of 

figure 8 ® figure 8 

For curve designations, see subcaption of 
figure 8 

of the ratings assume three-phase 60- 10, 11, and 12. As an illustration, it will 


cycle operation. There may be special 
conditions of operation where a higher 
loss factor may be encountered. Since 
the loss factor of all the cables in a bank 
principally affects the temperature rise 
of the bank, these special conditions may 
indicate a somewhat lower rate of occu¬ 
pancy of the bank than with the load 
factor studied. 

Results of Calculations 


mission. Large single conductor cables 
are somewhat more economical than 
three-conductor cable but no account has 
been taken of the greater voltage regula¬ 
tion which obtains with single-conductor 
cable and which frequently may make it 
unsuitable for parallel operation with 
three-conductor cable. 

When an underground high-voltage 
cable system is made up of one standard 
size of cable it becomes of interest to 


be noted in figure 9 that if six three- 
conductor 800,000-circular-mil 13.6-kv 
cables are already installed in a two-by- 
five duct bank of average-cost subway 
and there is need for adding two, three, 

Table III. Effect of Load Division Between 
Cables in a Two-by-Five Duct Bank Containing 
Five Three-Conductor 500/000-Circular-Mil 
27-Kv Cables and Five Three-Conductor 800,- 
000-Circular-Mil 13.6-Kv Cables 


The annual charges for several t 3 qDes 
and voltage ratings of cable installed 
in common-size duct banks are shown 
in figures 4, 6, 6, and 7, showing relative 
values both for the higher subway costs 
and for average subway costs. These 
data show in general that the largest- 
size cable for a given voltage class which 
it is practical to install in a duct results in 
the most economical high-voltage trans- 



Rgure 12. Comparative transmission cost, 
single-conductor 1/500/000-circular-mil 27- 
kv cable installed in different-size duct banks 

Ordinate scale same as figure 4 

For curve designations, see subcaption of 
figure 8 


know when it is more economical to build 
new undergroimd facilities to take care 
of additional cables as compared to install¬ 
ing them in existing facilities. The rela¬ 
tive annual charges for several different- 
size duct banks are shown in figures 8, 9, 



Figure 13. Comparison of transmission cost, 
27-kv and 13.6-kv cables co-occupying and 
separately occupying two-wide by five-high 
duet bank 

Ordinate scale same as figure 4 


Load (Rilovolt-Amperes) 

Copper 
Temperature 
(Deg C) 

27-Kv 

13.6-Ev 


27-Kv 

13.6-S:v 

Cables 

Cables 

Total 

Cables 

Cables 

90,000. 

0 . 

90,000.. 

..74.4 


74,000. 

47,000. 

121,000.. 

..74.4.. 

..72.2 

72,000. 

50,000. 

122,000.. 

..74.4.. 

..75.8 

70,000. 

52,600. 

122,600.. 

..74.4.. 

..79.0 

68,000. 

55,000. 

123,000*. 

..74.4.. 

..82.0 

65,000. 

. 55,500.. 

120.600.. 

..72.9.. 

..82.0 

60,000. 

. 66,600.. 

116,600.. 

..68.9.. 

..82.0 

55,000. 

. 57,600., 

112,600.. 

,..66.2.. 

..82.0 

0 . 

. 63,000.. 

63,000.. 

. 

..82.0 


* Maximum kilovolt-amperes is obtained when all 
cables are at their normal copper temperature. 


or four additional cables that it is more 
economical to build a new two-by-two 
duct bank to take care of these additional 
cables. However, if the duct bank were 
of higher-cost subway it would be more 
economical to continue to utilize the exist¬ 
ing facilities in the two-by-five duct bank 
for all except the addition of four cables. 
It will be noted from the various data 
for duct banks in these figures that two¬ 
wide bank construction results in lower 
over-all annual charges on underground 
high-voltage cable systems than any of 
the wider bank widths. This is a some¬ 
what fortunate condition as racking 
facilities in manholes are greatly improved 
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Figure 14. Comparison of transmission cost, 
132«lcv and 13.6-kv cables co-occupying and 
separately occupying two-wide by five-high 
duct bank 

Ordinate scale same as figure 4 


when there is no crossing of cables over 
duct positions as frequently occurs when 
duct-bank widths of greater than two are 
used. 


Figure 15. Graphi¬ 
cal solution of rat¬ 
ings of cables co¬ 
occupying a two¬ 
wide by five-high 
duct bank 

Solid line—Five 
threc-conductor 
500,000-circular- 
mil 27-lcv cables 

Dashed line—Five 
three - conductor 
800,000-circular-mil 
13.6-lcv cables 



25 50 75 (00 

TOTAL WATTS LOSS PER FOOT PER BANK 


obtains due to occupancy of the same sub¬ 
way system. In order to study the limit¬ 
ing condition when two different voltage 
classes of cable are installed in a common 
duct bank we have found that the graphic 
solution as described in appendLc I is 
very helpful. 

Under a given set of conditions the 
maximum load which may be transmitted 
on both types of cable through the duct 
bank may not necessarily be the most 
economical manner in which to transmit 
the load. If we consider a system made 
up of a sufficiently large number of cables 
of two voltage classes and compare the 
relative annual charges of installing 
those cables as a mixed system in common 


tor 800,000-circular-mil 13.6-kv cables 
and single-conductor 600,000-circular- 
mil 132-kv cables is shown in figure 14. 
However, when the increment number 
of cables to be added in an existing sys¬ 
tem of other-voltage cable is small, the 
most economical arrangement will have 
to be studied as a specific case. 

Conclusion 

1 . Increased operating economies will 
obtain by properly co-ordinating the selec¬ 
tion and loading of cables in specific duct 
banks. 

2 . The use of duct banks having more than 
two-wide arrangements in general are not 
economical. 


Usually more than one high-voltage 
class of cable exists on a system and it 
has been common practice to install 
cables operating on these different volt¬ 
ages in the same underground duct facili¬ 
ties. These cables have different maxi¬ 


Table IV. Effect of Load Division Between 
Cables in a Two-by-Five Bank Containing Six 
Single-Conductor 600,000-Circular-Mil 132- 
Kv Cables and Four Three-Conductor 800,000- 
Qrcular-Mil 13.6.KV Cables 


mum allowable copper temperatures and 
different thermal properties. Different 
voltage classes of cable which are not 
^dely different in their thermal proper¬ 
ties and which are installed in two-wide 


(KiloTolt-Amperet) 


Copper 
Temperature 
(Deg C) 


1$2-Kt 13.6-Ky 
Cables Cables Total 


132-B:t 13.6-Et 
Cables Cables 


duct banks usually will trajismit the 
maximum kilovolt-ampeies through the 
bank when the load is so proportioned 
between the two classes of cable that 
they both reach their allowable copper 
temperature at the same time. A t 3 ^ical 
set of data is shown in table III for vari¬ 
ously apportioning load on five three- 
conductor 800,000-circular-nul 13.6-kv 
cables and five three-conductor 600,000- 
circulm-mil 27-kv cables installed in a 

two-wide by five-high duct bank. Similar 

data are shown in table IV for six single¬ 
conductor 600,000-circuiar-mil 132-kv 
cables and four three-conductor 800,000- 
drc^-mil 13.6-kv cables. This illus¬ 
tration, which deals with cables of widely 
different voltage classification, shows the 
marked reduction in capacity which 


279,000. 

. 0 . 

279,000*. 

..70.0 


222,000. 

43,000. 

. 266,000... 

..70.0.. 

. .72.0 

217,000. 

45,000. 

. 262,000... 

..70.0., 

. .77.6 

211,000.. 

. 48,000. 

. 259,000... 

..70.0.. 

. .82.0 

192,000,, 

> 48,300. 

. 240,300... 

..66.0.. 

. .82.0 

168,000.. 

. 49,000. 

. 217,000,.. 

..62.0.. 

..82.0 


* Mwdmum kOovolt-amperea is obtained whoi 
there la no load on the 13.6-kv cables. 


duct banks as compared to installing each 
of the two voltage classes of cable in 
separate duct banks, it will be found that 
the relative annual charges are less when 
cables of the same voltage classification 
only are installed in common duct banks. 
The comparison between three-conductor 
800,000-circular-mil 13,6-kv cables and 
three-conductor 500,000-circular-mil 27- 
kv cables is ^own in figure 13 and a 
similar comparison between three-conduc- 


construction of new underground 
facilities frequently may result in a more 
economical system as a cable system is being 
^panded, than would an increase in conges¬ 
tion of existing facilities, 

4. In general, it is not economical to 
instah cables of widely different voltage 
classification in a common duct bank. 



Figure 16. Heat lots in two-wide by five- 
high .duct bunk 
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Appendix I. Graphical Method 
of Determining the Effects of Load 
Division on Kilovolt-Amperes for 
a Duct Bank Containing Cables of 
Two Voltage Classes 

The effects of load division on kilovolt¬ 
amperes for a duct bank containing cables 
of two voltage classes may be determined 
graphically. This method requires curves 
of idle duct temperature versus watts loss, 
the curves for different cables being plotted 
on separate sheets, and curves of kilovolt¬ 
amperes versus watts for each cable. 

By superimposing one set of curves on 
another, the watts loss for each cable at 
rated copper temperature, or the watts loss 
on one cable if the loss on the other is known, 
may be determined. The watts may be 
converted to kilovolt-amperes by a kilovolt- 
amperes-versus-watts curve. It is possible 
also to determine the copper temperature 
of the cables that are operating below their 
rated copper temperature. 

Two idle-duct temperature curves are 
needed for each cable, one calculated by 
subtracting the thermal drop from copper 
to idle duct from the rated copper tempera¬ 
ture (equation 1) and one c^culated by 
adding the thermal drop from idle duct to 
base earth to the earth ambient (equa¬ 
tion 2). 

Ta ^Tcu-AFX(Hi^H2+H,)Wt (1) 

Ta = idle duct temperature in degrees 
centigrade 

Tcu — copper temperature in degrees centi¬ 
grade 

Hi » thermal constant for insulation 
(Simmons) 

« Q-QQ522 RGj 
N 

H 2 — thermal constant, sheath to duct 
wall 

“ D(l -f omsWt) 

Hi s= thermal constant, duct wall to idle 
duct, 0.76 (Kirke). iTi, fTg, and jHi 
are in degrees centigrade per watt 
per duct foot 

AF =» attainment factor for rise of copper 
above idle duct 

R = thermal resistivity of insulation in 
degrees centigrade per watt per 
centimeter cube 

Gi » geometric factor (Simmons) 

Wt « total watts loss per duct per duct 
foot 

D « outside diameter of cable—inches 
N » number of conductors 

Ta ^Te+LFX(Hi + Hi)Wt (2) 

Ta » duct temperature in degrees centi¬ 
grade 

LF = loss factor for duct bank 
iTi -f jffs « thermal constant for duct bank 
in degrees centigrade per watt per 
duct foot (Kirke) 

Wt total watts loss per duct foot for the 
duct baiik 
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Te = earth temperature in degrees centi¬ 
grade 

In equation 1 values for the total watts 
loss per foot of cable are assumed, and the 
idle duct temperature is calculated. If 
there are five cables of one type in the bank, 
this idle-duct temperature is plotted against 
five times the assumed watts per cable. 
Values of total watts per foot per bank are 
assumed for equation 2. 

The application of the graphical method 
is shown in the following example. Assum¬ 
ing a two-by-five bank containing five 
three-conductor 600,000-circular-mil 27-kv 
cables having a total loss of 30 watts per 
foot and five three-conductor 800,000- 
circular-mil 13.6-kv cables, the problem is 
to find the kilovolt-amperes which can be 
transmitted through the bank and the cop¬ 
per temperature of the 27-kv cables if the 
13.6-kv cables are at rated copper tempera¬ 
ture. 

Idle-duct temperature curves are drawn 
for each cable and the 13.6-kv curves are 
placed on the 27-kv curves so that the zero- 
watt 13.6-kv ordinate coincides with the 
30-watt 27-kv ordinate. This is shown in 
figure 16 where the curves for each cable 
are drawn on one sheet to simplify the 
explanation in preference to using separate 
sheets. The 13.6-kv cables will be at 
rated copper temperature where the cable 
and bank duct temperature curves A A and 
BB intersect. The watts loss for the five 
13.6-kv cables is found by projecting this 
' point to the 13.6-kv watt scale to be 71 
watts. Using the kilovolt-amperes-watts 
curves (figure 16) for the five 27-kv and 
five 13.6-kv cables the kilovolt-amperes 
per each set of cables is found and added 
to get the bank kilovolt-amperes. By 
repeating this process for various assumed 
watts loss on each set of cables the correct 
load division for maximum kilovolt-amperes 
may be found. 

The kilovolt-amperes-watts curves are 
calculated using resistance and dielectric 
loss values at rated copper temperature. 
This will introduce some error when one 
type of cable is operating below the rated 
copper temperature. 

The copper temperature of the 27-kv 
cables in the example given is found in the 
following manner: The idle-duct tempera¬ 
ture of the bank is indicated by. the inter¬ 
section of AA and BB to be 49.6 degrees 
centigrade. However, at 30 watts per foot 
on the five 27-kv cables the thermal drop 
from rated copper to idle duct indicates a 
required duct temperature of 68.6 degrees 
centigrade as shown by the intersection of 
CC and the zero-watt 13.6-kv ordinate. 
The difference between the actual duct 
temperature and this required duct tem¬ 
perature, 9.0 degrees centigrade, subtracted 
from the 27-kv rated copper temperature, 
74.4 degrees centigrade, gives a copper tem¬ 
perature of 65.4 degrees centigrade for the 
27-kv cables. 
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Discussion 

L. I. Komives (nonmember; The Detroit 
Edison Company, Detroit, Mich.): The 
data presented in table IV, concerning the 
effect of load division between c^bl^ of 
widely different voltage ranges, certainly 
merits considerable interest. It is, of 
course, understood that the cables* de¬ 
scribed were compared on the basis of nor¬ 
mal temperature limits. However, as oil- 
filled cables can be operated at higher tem¬ 
peratures than solid-type cables with the 
same factor of safety, this table should be 
used only when all other factors are taken 
into consideration. 


J. M. Comly (Consolidated Edison Company 
of New York, Inc., New York): In Mr. 
Thomas* paper, figures 8, 9, 10, 11, and 12 
show curves of relative annual cost per 
kilovolt-ampere for various combinations 
of cables and ducts. It may be of interest to 
mention an investigation of the effect on 
these curves of changes in copper tempera¬ 
ture and loss factor. 

The normal kilovolt-amperes used in 
calculating cost per kilovolt-ampere might 
be reduced in practice by the necessity of 
carr 3 dng contingency loads on some of the 
cables without exceeding their normal al¬ 
lowable copper temperature. Thus a re¬ 
duction in copper temperature for normal 
operation would be necessary. Similarly, 
loads of different types would result in dif¬ 
ferent daily loss factors. Obviously if 
changes in these constants materially affect 
the relative costs f6r different cable and duct 
combinations, the curves presented in the 
paper will not show the relative economy of 
these different combinations except for very 
special cases. 

A study of the effect of changing copp^ 
temperature for the special case of three- 
conductor 800,000-circular-mil 13.6-kv cable 
indicates that changes in copper temperature 
from the normal allowable value of 82 
degrees centigrade to 60 degrees centigrade 
and even to 30 degrees centigrade make no 
appreciable change either in the point of 
lowest cost nor in the relative costs in dif¬ 
ferent-size duct banks. 

Mr. Thomas* data are based on an as¬ 
sumed daily loss factor of 40 per cent. It 
seems unlikely that the load of large-capac¬ 
ity distribution feeders would vary its 
character more than would be indicated by a 
variation in loss factor from 30 per cent to 
50 per cent. In this range, the changes in 
location of the point of minimum cost are 
negligible for three-conductor 800,000- 
circular-mil 13.6-kv cable operating in a 
two-by-five duct bank. If the range is 
from 20 per cent to 100 per cent, the point 
of minimum cost in the curves of cost per 
kilovolt-ampere versus number of ducts 
loaded may vary as much as two ducts. 

In conclusion, it appears from a study of 
the effects of changes in these two essential 
constants that the relative costs shown by 
Mr. Thomas* curves would be reasonably 
accurate for all practical operating condi¬ 
tions within the range of subway and cable 
costs shown. 
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W. F, Davidson (Consolidated Edison Com¬ 
pany of New York, Inc., New York): In 
figure 1 of his paper, Mr. Thomas has used a 
figure of 1.3 watts per foot for the dielectric 
loss on 27-kv three-conductor cables. This 
is probably a representative value but it is 
by no means a maximum. In the course of 
some laboratory studies a few years ago, it 
was found that some cables, when subjected 
to overload-cycle aging tests, experienced a 
very large increase in dielectric loss. This 
suggested the desirability of examining 
samples removed from service and asstuned 
to be typical of cable installed on the system. 
A disturbing number showed dielectric 
losses at rated voltage and 80 degrees 
centigrade of more than 5 watts per foot 
with isolated cases going to more than 10 
watts per foot. Careful study of the operat¬ 
ing records failed to disclose any evidence 
indicating previous high operating tem¬ 
peratures, nor was there any clue to the 
cause of the large increase. Some day, we 
hope to know the answer but until we do, it 
win be necessary to use some caution in 
calculating possible maximum temperatures 
or else be willing to accept the inevitable 
failure that will occur if a piece of this 
deteriorated cable happens to come at a 
point where the duct temperatures are 
somewlmt higher than average. 


F. H. Bullet (General Electric Company, 
Schenectady, N. Y.): The writer wishes to 
endorse Mr. Thomas’ conclusions most 
heartily. 

The first conclusion is self-evident. 

With regard to the second conclusion, the 
company with which the writer is associated 
has always contended that the most eco¬ 
nomical type of duct construction is a bank 
two ducts wide and deep enough to ac¬ 
commodate as many cables as may be 
required. Mr. Thomas has brought out 
in his paper that the use of duct banks with 
inside ducts is seldom economical, thus bear¬ 
ing out this contention. 

.With regard to the third conclusion, the 
company with which the writer is associated 
has alwa 3 rs contended that the use of more 
than 12 cables in a duct bank is seldom eco¬ 
nomical. Mr. Thomas’ curves, particu¬ 
larly fipre 9, indicate that it is seldom 
economical to use more than 10 cables in a 
duct bank, even with a comparatively 
high-cost subway. While the inclusion of 
the cost of losses might increaise this number 
of cables somewhat on the basis of 
charges, the writer is in full agreement with 
Mr. Thomas that a highly congested duct 
system is liable to be quite uneconomical 
in the matter of cuirent-carrying capacity. 

With regard to the fourth conclusion, this 
also has been the contention of the company 
with which the writer is associated, since 
the sacrifice of load on the higher-voltage 
cable may quite often exceed the total load 
earned by the low-voltage cable, and even 
if it does not, and the total load carried 
by the duct bank is increased by the instal¬ 
lation of the low-voltage cable, nevertheless 
there may well be a definite sacrifice in 
economy by following this procedure. 

With regard to appendix I, Mr. Thomas 
has followed the Elirke method of calculating 
cable ratings. This method is somewhat 
more complicated than the usual method 
adopted by the Edison Electric Institute 
and the Insulated Power Cable Engineers 


Association in preparing current loading 
tables, but as used by Mr. Thomas would 
not give widely differing results. 

On the one hand, Mr, Thomas uses an 
ambient temperature for New York City of 
16 degrees centigrade, whereas the usual 
method would be to base calculations on an 
ambient of not less than 20 degrees centi¬ 
grade, on the basis of the curve of earth 
temperature shown in figure 14 of Mr. 
Kirke’s paper (AIEE Journal, October 
1930, page 855). On the other hand, the 
usual method omits the heating constant Ht 
altogether, or rather includes it in the duct 
constant D. In general, the usual duct- 
heating coefficient tends to be somewhat 
lower than Mr. Kirke’s values, especially 
for small numbers of cables in the duct bank, 
and this offsets the difference in ambient. 
The resulting differences in current canning 
capacity are shown in tables I and II of 
this discussion. 

It will be seen that the usual method gives 
somewhat higher current-carrying capacity 
than the Earke-Thomas method for small 
numbers of cables in the duct bank, but that 
the discrepancies involved are not very 
large. 

With regard to the graphical method for 
evaluating current-carrying capacity when 
two different types of cables are installed 
in the same duct bank, the plan which Mr, 
Thomas outlines in his paper should work 
very well if the duct bank contains a group 
of cables which are not fully loaded, and it 
is desired to find how much load an addi¬ 
tional group of cables can carry without 
exceeding permissible operating tempera¬ 
tures. It appears, however, to be limited 
to two types of cables, and involves a con¬ 
siderable amoimt of cut-and-try if it is de¬ 
sired to determine what load each group of 
cables should carry in order to operate at its 
maximum permissible copper temperature. 

The writer has developed a graphical 
method which can be used quite readily for 
any number of different types of cable, 
and which will give the load which each 
cable can carry when operating at its maxi¬ 
mum permissible copper temperature, or 
any other arbitrarily selected copper tem- 


Table I. Cables and Duct Arrangements 
Covered in Mr. Thomas* Paper 


Number of Cables 


in Duct Bank 

♦Ratio 

4.. 

.ina 

10 .. 

... 101 

18.. 


* Rati f ewreut rating by usual method 

current rating by Elrke-Thomas method 

Table II. Usual Standard Groupings 

Number of Cables 


in Duct Bask 

Ratio 

1 . 

.1.12 

3. 

. 1 . no 

6 . 

.1 OK 

9. 

.1.02 

12 . 

.0.99 

ns. 

..0.97 

ns. 



These groupings are not standard, but are ob¬ 
tained by esctrapolation using the standard method 


perature, without resorting to cut-and-try. 
Since the method is very simple to apply, it 
might be well to outline it here. 

List op Symbols 

Te * copper temperature, degrees centi¬ 
grade, equally loaded cables 
Ten » copper temperature of cable n (un¬ 
equally loaded cables) in degrees 
centigrade 

To » earth ambient, degrees centigrade 
Td =* duct temperature rise in degrees cen¬ 
tigrade 

W *» loss per cable, watts per foot (for 
similar equally loaded cables) 

Wn — loss in cable n in watts per foot (for 
unequally loaded cables) 

L « loss factor, as a decimal (for equally 
loaded cables) 

Ln ™ loss factor, as a decimal in cable n (for 
unequally loaded cables) 

N » number of cables in duct bank 
H = duct heating constant 
D = "duct constant” for equally loaded 
cables = HLN 

Rin = thermal resistance of insulation, for 
cable n 

Rsn “ thermalresistanceof surface forcable» 
Ri » thermal resistance of insulation (simi¬ 
lar equally loaded cables) 

Rs = thermal resistance of surface (similar 
equally loaded cables) 

The usual equation for equally loaded 
cables is: 

Tc - To = W(Ri + Re+D) 

« W(Ri + !?,) .+ WLNH 

Or, since WD = WLNH = Ta 

W(Rt + Rs) + Td (1) 

If there are N equally loaded cables: 

NWL = (WL + WL + WL.. .)toterms 

which may be written 

n^N 

'^nWL 

Now, suppose that the N cables are 
unequally loaded but the average value of 
the product (watts loss times loss factor) is 
equal to WL. The duct temperature Ta 
will be the same as before. 

Then 


NWL='^nW„Ln 

»*■! 

for the unequally loaded case. 

So that the duct temperature, Tdt which 
is the same as before, will be 

n^N 

Ti = HNWL - fl- 2 wWnA, (2) 

Also, from equation 1 

Ten “ To « “i" 22jf,j) -|- Td 

or 

W *» Tq •— Tg 

Hin -|- Ren 


(3) 

(4) 
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VALUE OF Td 


Fi0ure 1 • Illustrating graphical method of as¬ 
signing current ratings to dissimilar unequally 
loaded cables in the same duct bank 

Also, from equation 2 
n^N — 

X) nW„Ln - ^ (5) 

n-l 

And, finally, from equations 3 and 2, 

Ten ~ ^0 “ H" -Ran) 4“ 

n^N 

nW^Ln («) 

« — 1 

Assuming arbitrarily chosen values of 7* 
plot Wn against Ta from equation 4 for 
each cable. The quantity WnLn should be 
calculated for each value of Wn, and the 
summation 
n^N 

y] nWnLn 

li-1 

should be computed and plotted for each 
value of Ta. Call this summation 
Next, compute 

nW„Ln 

from equation 6. Call this quantity 
and plot it against Where the curves 
of ^2 intersect, we have the 

value of Ta which satisfies both equations 
3 and 5. 

By dropping a perpendicular from this 
intersection and noting where it intersects 
the curves of Wn against To, we can find the 
values of Wn for each cable corresponding to 
the proper value of Tat and we can de¬ 
termine the current loading to give these 
values of TT in the usual way. 

Since all the curves involved are straight 
lines, only two points need be calculated on 
each curve. This makes the arithmetical 


work very simple, even where several dif¬ 
ferent types of cable are involved. 

Example 

Two-by-five duct bank—five three-con¬ 
ductor 600,000-circular-mil 27-kv cables, 
five three-conductor 800,000-Gircular-mii 
13.6-kv cables. 

Here we will take Ei# + as equal to 
Mr. Thomas* values of (Hi + Hs + Hz) X 
0.86 and H - H* -|- H#. The usual 
EEI-IPCEA values could, of course, just 
as well be used. The loss factor be 

taken as 40 per cent or 0.4. 


Cable 

27 Xt, 13.6 Kt, 

500,000 800,000 

Circular Circular 
Mils Mils Notes 

Nin-i- jRgn.. 2.902 .. 2.53. .Using lowest value 


of Hi 

Ten .74.4 .. 82 

Wd . 1.8 .. 0.8 .. Dielectric loss 

Xrn . 0.4 .. 0.4 

r« . 0.16 ..15 

H . 0,867.. 0.867 


Since there are two groups of five similar 
cables each, it will only be necessary to plot 
two curves of watts loss, since the cables in 
each group will presumably be loaded 
equally, though the two groups will carry 
different loads. 

The values of Wi and W% and also Yli 
and are plotted in figure 1 of this dis¬ 
cussion. and ^2 intersect at Ta =* 

36.4 degrees centigrade (duct temperature 

60.4 degrees centigrade). Wi * 62.6 or 

12.6 watts per foot of cable. Wz “ 41.6, or 
8.3 watts per foot of cable. Wi + W 2 ^ 
104.0. Mr. Thomas* method gives Wi « 

64.6 and Wz — 44.0, or a total of 108.6 
watts per foot of duct bank. The dif¬ 
ference is probably due to ^de-rule work 
or graphical discrepancies. 

Both this meihod and Mr. Thomas’ 
method are based on the assumption that 
the duct heating coefficient is the same for 
all the cables in the duct bank. This 
assumption may not hold very closely if 
some cables are installed in inside ducts. A 
conservative plan would be to assume a duct 
heating coefficient for all the cables cor¬ 
responding to inside ducts; or altemativdy, 
an average duct heating coefficient for the 
entire duct bank may be used, and the 
rating for the cables in the inside duct 
subsequently reduced somewhat, to take 
care of the higher duct-heating coefficient, 
which actually obtains in these ducts. 

Herman Halperin (Commonwealth Edison 
Company, Chicago, III.): This paper was 
interesting and stimulating. However, 
some of the conclusions apparently do not 
apply for Chicago conditions. 

As a result of detailed cost studies, we 
have found that the cost of duct banks that 
are two-wide is higher per outside duct than 
for a duct bank that is three-wide, pro¬ 
rating the cost of manholes in each case. 
This applies to a two-by-four duct bank 
as against a three-by-three duct bank, as 
wdl as to a two-by-five duct bank as 
against a three-by-four duct bank. Gener¬ 


ally, the width of excavation in Chicago 
is about the same for a three-wide conduit 
as for a two-wide conduit, due to the 
minimum requirements for working room, 
while the need for going to extra depth with 
two-wide conduits results in more labor and 
interference with other substructures. An¬ 
other advantage to us in using the three¬ 
wide conduits, where there are enough 
cables involved to justify such conduits, 
is that the center ducts may be used for 
signal or relay cables without interfering 
with the use of the other ducts for power 
cables. 

Our studies of heating constants indicate 
that a 9-duct conduit has a very slight 
advantage over the 8-duct conduit, and this 
applies also for i2-duct conduit as compared 
to 10-duct conduit, assuming that only the 
outside ducts are occupied for power 
cables. 

In general, it seems there must be some 
differences in conditions between New York 
and Chicago in this matter. 

Regarding the author’s conclusion 3, we 
have been endeavoring to limit the size of 
our conduits to 12 ducts, or to 16 ducts in 
special cases, for at least the past 12 years. 

In general, we have not found it un¬ 
economical to install cables of different 
voltage dassificatiems in a common conduit 
If one were to lay out a brand new system 
and install all the cables in a given city in 
a short time, then it certainly would be 
most economical to install cables of only one 
voltage classification in a given conduit as 
far as possible. Our policy is to avoid as 
much as possible the installation of con¬ 
duits in a street for five years after it has 
been repaved. These and other factors 
affecting system planning plus the fact that 
the incremental cost of the larger conduits 
is relatively small mean that many ducts 
are unoccupied. It therefore becomes 
necessary to use these ducts as much as pos¬ 
sible for new circuits, regardless of the 
voltage. 

It so happens, however, that this practice 
works out fairly well because it is fre¬ 
quently necessary to limit maximum con¬ 
duit temperatures to 60 degrees centigrade 
or less, in order to avoid drying of the soD 
which would cause conduit and cable tem¬ 
peratures to become excessive. By limiting 
the normal conduit temperatures to 46 or 
60 degrees centigrade, the resulting copper 
temperatures are reasonable in almost all 
cases for all types of cable that may happen 
to be in a given conduit. In connection 
with emergency loading, only one cable, or 
three cables in the case of a single-conductor, 
three-phase line, is subjected to an unusual 
load and is generating an imusual amount of 
heat. The emergency lasts just one day, 
except that it might last two days for an off- 
filled line, but during that short time the 
increase in the temperature of the conduit 
is only a few degrees. At the same time the 
cable temperature may safely go to 90 or 
100 degrees centigrade or so, that is, to the 
limit set by the insulation for emergency 
operation. 

£. R, Thomas: It is gratifying to the author 
that the presentation of this paper should 
have aroused the interest indicated by the 
pertinent comments and discussions which 
have been presented. 

W. F. Davidson calls attention to the 


December 1939, Vou. 58 


Thomas—Loading of Cables 


Transactions 617 












Ignitrons for the Transportation Industry^ 


J. H. COX G. F. JONES 

ASSOCIATE AIEE NONMEMBER AIEE 


T he use of the multianode metal- 
tank mercury-arc rectifier is well 
established in the transportation industry. 
At the present time there are approxi¬ 
mately 500,000 kw of these rectifiers in 
operation on railway properties in Amer¬ 
ica. The units vary in size from 600 to 
3,000 kw and range from 600 to 3,000 
volts direct current. 

The mercury-arc rectifier has replaced 
rotating conversion equipment for trans¬ 
portation service largely because of its 
higher efficiency, particularly at low 
loads, lower installed cost, increased re¬ 
liability, less maintenance, simpler con- 


Paper number 39-^9, recommended by the AIEE 
committee on transportation, and presented at the 
AIEE winter convention, New York, N. Y., January 
23-27, 1939. Manuscript submitted November 
23, 1938; made available for preprin ting January 
3, 1939. 


J. H. Cox is rectifier section engineer and (3. F. 
JONBS is a central-station engineer with Westing- 
house Electric and Manufacturing Company. East 
Pittsburgh, Pa. 

1. For all numbered references, see list at end of 
paper. 


trol, no noise or vibration, ability to cany 
short-time heavy load swings, and its 
instant availability for service. 

Although, for these reasons, the con¬ 
ventional rectifier amply justifies itself, 
it has been realized that it does not take 
full advantage of the possibilities inherent 
in the mercuiy-vapor arc. The voltage 
drop in a simple, high-current mercury 
arc is less than ten volts and the reverse 
voltage that such a structure will with¬ 
stand is many times the value encountered 
in the transportation field. However, in 
some as yet not fully understood manner, 
a simple mercury-arc arrangement has 
been found to break down occasionally in 
the reverse direction or arc back, at 
voltages in the range required. In the 
conventional multianode rectifier, the 
anodes are removed from exposure to the 
cathode and are surrounded by shields 
and grids in order to provide the neces¬ 
sary reliability. This complication of the 
structure results in an arc drop varying 
from 20 to 30 volts, depending upon the 


fact that the dielectric Ipss of cables with¬ 
drawn from service has been found to exceed 
the^ average values used in calculating the 
ratings for the paper in many instances. 
This is a fact which should be considered in 
any investigation of a specific , duct loading 
problra. Its effect on the results will be 
to indicate that the greatest economy can be 
obtained with smaller duct structures when 
and if such high-loss cables are used. 

Mr. Halperin*s comment on conditions 
in Chicago is very interesting. It would 
seem that where a requirement for duct 
space for supervisory or signal cables exists, 
a very real economy might be obtained by 
the use of the three-wide rather than the 
two-wide duct structure. 

Mr. Buller*s general agreement with the 
conclusions of the paper is appreciated. The 
variations he mentions between the ratings 
obtained by the EEI method and the Kirke 
method are recognized. However, it is felt 
that a somewhat greater complication of the 
Kirke method gives greater accuracy than 
the EEI method does. 

Mr. Buller’s comment on the graphical 
method given in the paper suggests that it 
involves the use of cut and try. By the 
superposition of several curves drawn on 
different sheets of transparent material, it 
is possible to determine accurately the load 
which each of several cables will carry when 
all ^e operating at their maximum per¬ 
missible copper temperature. With some 
loss of accuracy, it is possible to use the 
same curves to determine the load each of 
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several types of cable will carry when 
opeiuting at temperatures other than the 
maximum permissible temperatures. The 
method outlined by Mr. BuUer does not 
appear to be as flexible as the one shown in 
my paper since one set of curves is good 
only for one solution of one set of conditions. 
A simultaneous solution of two equations 
would accomplish the result with less 
labor. The Wi curves shown in figure 1 of 
Mr. Buffer’s comments are straight be¬ 
cause his Rg is a constant. In my equation 
Hi replaces the Rg in Mr. Buffer’s equation 
and Hi varies with the watts lost. 

The supplemental data presented by Mr. 
Comly are interesting since they indicate 
the probability that the conclusions given 
in my paper would not be affected materially 
by normal changes in type of load or average 
loading. 

Mr. Komives’ comment on the permissible 
temperature limit for oil-filled cable seems 
irrelevant since the figures in table IV are 
based on the allowable temperature for 
each of the cables indicated. For the 
132-ky cable, the values are those for oil- 
filled insulation. 

In closing, let me re-emphasize the fact 
brought out by the paper that a considerable 
saving may be realized by careful analysis 
of the economies involved in duct-bank 
size and loading in advance of construction, 

I am indebted to the discussers for their 
interest and hope that more analyses of the 
subject may be made as a result of this 
discussion, 

Cox, Jones—Ignitrons 


tank size, the amount of increase being 
in proportion to tank size. 

Figure 1 shows a cross section of a 
typical conventional mercury-arc recti¬ 
fier, and figure 2 is an external view. 

The ignitron, as conceived by Slepian 
and Ludwig,^ is a major step in the prog¬ 
ress toward the ideal mercury-arc recti¬ 
fier. This t 3 rpe of rectifier is now a prac¬ 
tical device as established by excellent 
operation in commercial service. 

In the coal-mining industry, which is 
largely transportation, there are installed 
a total of 6,000 kw of mercury-arc recti¬ 
fiers. Of this total, approximately 60 
per cent, or eight units, consists of igni¬ 
trons. They vary in size from 300 to 400 
kw and operate at 275 and 600 volts direct 
current. Service ranges upward to two 
years. 

There are now in service or on order, 
for railway application, two mercury-arc 
rectifiers of the ignitron type. These units 
are each 3,000 kw in size, they have the 
heavy-duty rating, and are in the OOO-volt 
d-c class. These units have an anode 
rating equal to tliat of the largest multi¬ 
anode rectifier now built for railway serv¬ 
ice. One of these units is for service on 
the subway system of the Board of Trans¬ 
portation of the City of New York, and 
the other is for service on the main-line 
electrification of the New York Central 
Railroad. 

Principle of the Ignitron 

A cathode spot is the essential element 
of an arc. Witli a cathode spot, in a low- 
pressure gas chamber, any anode will 
pick up current when a positive potential 
is applied. Since a cathode spot cannot 
be created reliably in a low-pressure gas 
by the application of high voltage, it is 
necessary to start a rectifier by some 
other means. In the conventional recti¬ 
fier, this is done by drawing an arc by 
separating electrodes at the cathode sur¬ 
face. The cathode spot thus formed is 
maintained continuously by a small cur¬ 
rent to an auxiliary anode. This arc cur¬ 
rent results in ionized gas. It is obvious 
that economy of equipment and auxiliary 
power is effected by placing several power 
anodes in the same tank. This is the 
reason for the multianode rectifier. The 
continuous presence of ionized gas, which 
includes the time that the anodes are bear¬ 
ing reverse voltage, greatly facilitates the 
formation of a cathode spot on an anode 
wHch is the principal reason for the 
shields and grids as previously mentioned. 

The igmtron principle provides a 
method of starting an arc reliably in a 
few microseconds. This method is ame- 
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nable to synchronous appKcation. With 
such a system of ignition, the arc may be 
permitted to extinguish completely at 
the end of each conducting period. This 
leaves the anode surrounded by deionized 
gas during the time that it is bearing re¬ 
verse voltage, except for a few micro¬ 
seconds following the conducting period, 
which is the transition time required for 
deionization to take place. Of course, in 
order to take advantage of this method of 
operation, each anode with its own cath¬ 
ode is mounted in a separate chamber, 
thus removing it from the influence of 
other anodes when they are conducting 
current. This permits the reduction of 
the shields and grids to the minimum 
necessary to take care of the transition 
period and permits the location of the 
anode close to the cathode. 

The way in which an arc is started by 
the ignitron principle is described in de¬ 
tail by Slepian,2 Briefly, when a high- 
resistance rod is immersed in mercury and 
a current of sufficient magnitude is passed 
through tlie rod to the mercury, the poten¬ 
tial gradient set up at the junction be¬ 
tween the two materials is sufficient to 
initiate a cathode spot. The magnitude 
of current necessary is dependent upon 


the resistivity of the material used for the 
rod. It has been found that rods or igni¬ 
tors of boron carbide or silicon carbide, 
which are the materials most in use today, 
have a resistivity such that a current of 
less than 20 amperes and approximately 
100 volts are required. These are con¬ 
venient values for practical operation. 
The excitation circuits will be described 
in a later section. 

Construction of the Ignitron 

In general, the type of construction 
used for large power ignitrons is the same 
as that used for conventional rectifiers. 
The anode assembly, consisting of a 
vacuum-tight insulating bushing, anode 
head, and the current-conducting parts 
is identical. The tanks are made from 
specially selected sheet steel with the 
seams welded vacuum tight. The same 
type of vacuum-tight gaskets are used for 
the cover-plate seal and for all separable 
connections in the vacuum pumping 
system. The vacuum pumping equip¬ 
ment, is identical. The essential differ¬ 
ences lie in the separate anode with as¬ 
sociated cathode vacuum chamber, the 
vacuum-piunping manifolding, the simpli¬ 



fied anode-shielding structure, and the 
ignitor with associated control thyratrons 
of the excitation system. 

Figure 3 shows a cross section of an 
ignitron. 

There are a number of features associ¬ 
ated with the small vacuum tank that 
contribute to reliability in senrice. The 
vacuum-tight gaskets are smaller. The 
need for a cathode insulator is eliminated. 
Copper coils for the water-cooling system 
are easily applied. The use of copper for 
external cooling coils and nickel for in¬ 
ternal cooling coils eliminates all ferrous 
materials from the cooling system and re¬ 
duces the corrosion problem to a mini¬ 
mum. 

In order to secure a satisfactoiy wave 
form, power rectifiers are usually built 
with multiples of six anodes. This prac¬ 
tice is followed in assembling the ignitrons 
into units. While, if required, more than 
six ignitrons can be assembled with 
a common vacuum-pumping system, 
greater operating flexibility is permitted, 
even for large station capacities, when 
the units are sectionalized. 

Figure 4 shows a rectifier unit of six 
ignitrons. 

A great deal of work is now being done 
on sealed-off rectifiers of both the con¬ 
ventional and ignitron types. So far, 
sealedroff construction has been confined 
to relatively small sizes, smaller than the 
usual transportation requirement. Not 
enough ^perience has been obtained to 
determine the average life of such recti¬ 
fiers and it is obvious that this factor will 
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Figure 1. Cross- 
section view of con¬ 
ventional multi- 
anode mercury-arc 
rectifier 
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Figure 2. A TSO-kw 
600-vol( six-anode 
mercury-arc rectifier 
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determine the maximum size where this 
type of design is attractive. Since a 
sealed-off rectifier must be thrown away, 
or imdergo a major factory rebuilding 
when it deteriorates to a point where 
service is unsatisfactory, the life must be 
many years to justify its use in the larger, 
more expensive sizes. On the other hand, 
in the small capacity sizes where the cost 
is low, the cost of periodic replacement is 
not prohibitive. This must be balanced 
against maintenance and relatively high 
initial cost of a vacuum-pumping system. 
Omission of the vacuum-pumping system 
is always attractive and an increase in the 
capacity of sealed-off rectifiers is to be 
expected. 

EfiSlciency 

One of the major advantages of the 
ignitron is its high efficiency. The factors 
that affect a rectifier unit efficiency are 
the losses of the transformer, the losses of 
the auxiliary apparatus, and the voltage 
drop in the power arc. The transformer 
is a highly developed piece of equipment 
and the losses are established by the 
economics of design. There is not much 
margin here on which to work to improve 
unit efficiency. The auxiliary losses are 
low and their total elimination would not 
represent much gain for units of the size 
used by the transportation industry. 

The arc loss of a conventional rectifier 
constitutes not only two-thirds of the 
total unit loss but is known to be greatly 
in excess of that theoretically necessary. 
The present commercial ignitron, with 
its arc drop of 14 to 18 volts, is a major 
advance toward the theoretical minim^ im 
from the 20 to 30 volts obtained in the 
conventional design. In both ignitrons 
and multianode rectifiers the higher arc 
drop is associated with the higher ratings. 

Figure 5 illustrates the efficiency ad¬ 
vantage of the ignitron over conventional 
rectifiers at 600 volts. 


For 275-volt applications, the ignitron 
has an even more marked advantage in 
efficiency. In any given type of rectifier 
the losses are almost proportional to the 
current and the arc drop is only slightly 
influenced by the system voltage. There¬ 
fore, the arc drop is a greater proportion 
of the output voltage in the lower voltage 
classes and an arc drop advantage be¬ 
comes more important. This is illustrated 
in figure 6. 

Factors Influencing Rating 

The major factors which determine the 
rating of a given design are thermal limit, 
current instability in the arc, and arc- 
back frequency. 

The thermal limitations of materials 
used are easily determined and offer no 
problems from the design standpoint. 

Arc-current instability is the cause of 
voltage surges. In order to transport a 
given current in an arc, proper ion density 
must be maintained. The lower the va¬ 
por density, which is influenced by the 
temperature of the cooling surfaces, and 
the more obstructions in the arc path, the 
more difficult it is to maintain proper ion 
density. With an inadequate supply of 
ions, the arc resistance fluctuates with 
corresponding current fluctuations, or the 
arc tends to go out. Sudden decreases 
of direct current through a reactor, which 
in this case is the secondary winding of 
the transformer, cause the stored energy 
of the reactor to appear as high voltage, 
or voltage surges. To avoid surges in 
conventional rectifiers, it has been the 
practice to maintain cooling-water tem¬ 
peratures above the value at which surges 
occur. In the ignitron, because of ie 
reduced obstructions in the arc path rep¬ 
resented by minimum shields and grids 
and because of the proximity of the anode 
to the cathode, where the vapor density 
is greatest, the tendency to surge is 
greatly reduced. Incidentally, operating 



Figure4. At,500^ 
kwdOO-voltiix-igni- 
konredifter unit with 
vacuum and control 
auxiliaries 


conditions under which surges occur also 
favor the occurrence of arc-backs. This 
cause of arc-back is, therefore, materially 
decreased in ignitron rectifiers. 

The most important of the limitations 
in the design of a rectifier is arc-back. 
Although the causes of arc-back are not 
fully understood, they are known to be 
favored by such things as impurities in 
materials *and foreign dirt particles, poor 
vacutun, too high mercury-vapor density, 
surge conditions, and exposure of an 
anode bearing back voltage to a cathode 
spot or ionized gas. The first three of 
these causes are minimized by careful 
selection of materials, careful shop prac¬ 
tice, use of modem vacuum technique, 
and adequate cooling-medium control. 
Surge-producing conditions are avoided 
for normal conditions of operation. 

As previously mentioned, the last cause 
is minimized by the use of shields and 
grids, and for the conventional rectifier, 
by the removal of the anodes from the 
cathode. These shields and grids in¬ 
crease the arc drop and the amount of 



Figure 5. Redifler unif efficiency curves of 
3,000-l<w 600-voli voHage-controIled mer¬ 
cury-arc rectifiers with 13,200-volt 60-cycle 
supply 

A—^Single-tank 12-anode rectiBer 
B —^Sectional-type 24-anode rectlBer 
C—lgnltron-lype 12-anodc rectifier 



Figure 6. Rectifier unit efficiency curves of 
600-l(w 275-volt voltage-controlled mercury- 
arc rectifiers with 2,300-volt 60-cycle supply 

A ^Single-tank six-anode rectifier 
B —Ignitron six-anode rectifier 


the increase is proportional to the extent 
to which the arc-back rate is minimized. 
Experience with conventional lectifiers 
in commercial service has established the 
economic balance between the permissible 
arc-back rate and efficiency, as influenced^ 
by arc drop. Since the ignitron has per- 
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mitted a substantial reduction in shields 
and grids as well as anode to cathode 
spacing, by an entirely new principle of 
operation, there is a new proportionality 
between arc-back frequency and arc-drop 
voltage. At present, because there is this 
new proportionality, in order to provide 


THREE- 
PHASE A“C 

POWER 

TRANSFORMER 



Figure 7. Ignitron rediRer diagram using 
the anode firing method of excitation without 
voltage control 



THYRATRON 
IGNITOR TUBES 


Figure 8. Ignitron rectifier diagram using the 
anode firing method of excitation with voltage 
control by phase shift 

greater freedom from arc-back, full ad¬ 
vantage of the efficiency increase has not 
been taken. 

Special Circuits for Ignitrons 

There are several ways by means of 
which the necessary accurately timed cur¬ 
rent impulses may be applied to ignitron 
ignitors. Possibly the simplest is shown 
in figure 7, which uses anode firing without 
direct-voltage control. The ignitor power 
is taken from the main transformer 
through thermionic-cathode gas-filled ig¬ 
nitor tubes. When the anode of the 
ignitron and associated ignitor tube be¬ 
come positive with respect to the cathode, 
current will flow through the ignitor tube 
because of its thermionic cathode. Upon 
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the creation of the ignitron cathode spot, 
caused by this flow of current through the 
ignitor tube and ignitor, the ignitron will 
pick up, its arc short-circuiting and there¬ 
fore extinguishing the ignitor current. 

Control of the direct voltage of an igni¬ 
tron is obtained in the same manner as it 
is for the conventional rectifier, that is by 
delaying the pickup of the anodes. How¬ 
ever, in the ignitron, this delayed pickup 
is controlled by the provision of energized 
grids in the ignitor tubes rather than in 
the main power arc. This permits voltage 
control without any sacrifice in efficiency 
and by the use of relatively very little con¬ 
trol energy. Figure 8 shows the devices 
and circuits involved. Th 3 rratron ignitor 
tubes, which are thermionic cathode tubes 
with control grids, are used for the ignitor 
circuits. The anodes of the ignitron and 
thyratron tubes become positive with 
respect to the cathode, as before, but cur¬ 
rent will not flow through the thyratron 
tube until its grid is made positive with 
respect to the cathode by the grid trans¬ 
former. The grid transformer is ener¬ 
gized through a static phase shifter by 
means of which the phase angle between 
the potential of the anode and that of the 
grid may be accurately controlled. In 
this manner, the formation of the cathode 
spot in the ignitron is delayed to secure 
the desired direct-voltage reduction. 

Another method of ignitron excitation 
is shown in figure 9, in which the ignitor 
current is obtained from a separate source 
including capacitors and a charging trans¬ 
former. In the circuit shown, direct- 
voltage control is obtained by means of a 
bias voltage in the neutral of the grid 
transformer rather than by means of a 
phase shifter. 

Other methods of ignitron excitation, 
include transformer without capacitors, 
peaking transformer with Rectox, rotat¬ 
ing impulse generator, and rotating com¬ 
mutator. The last three methods do not 
require ignitor tubes. 

Since the ignitron depends on curirent 
flow through its ignitor before an anode 
can pick up, it is only necessary to block 
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the excitation current to prevent pickup. 
This blocking can be accomplished either 
by opening the ignitor circuits, which can 
be done by relay contacts, or by applying 
a negative voltage to the grids of the 
thyratron tubes, if used. Since this in¬ 
volves only the control of low-energy cir¬ 
cuits or the blocking of grids of low- 
energy tubes, “arc snuffing,” that is, the 
interruption of d-c short circuits or of 
anodes feeding into an arc-back, can be 
accomplished with great speed and re¬ 
liability. 

Conclusions 

The ignitron rectifier brings to the 
transportation industry a conversion unit 
having several advantages over the con¬ 
ventional multianode rectifier. 

Although, in the interest of high re¬ 
liability, full advantage is not taken of 
the possible reduction in arc drop, an 
efficiency advantage of from one to IV 2 
per cent is realized for 600-volt units and 
of from 2 to 3 per cent for 275-volt units. 

Because control of anode ignition is ac¬ 
complished through small auxiliary tubes, 
voltage control is more flexible, has no 
detrimental influence on efficiency, and 
requires less control energy. For this 
same reason, “arc snuffing” can be ac¬ 
complished with maximum speed and 
rdiability. 

Because the single-anode tanks of 
ignitrons are relatively small, the use of 
tubing of copper or other corrosion-re¬ 
sisting materisd for the cooling system is 
easy. This practically eliminates the 
corrosion problem. 

In performing internal maintenance, 
only one ignitron need be opened at a 
time. The smallness and lightness of 
parts greatly facilitates this operation. 

For a given rating, an ignitron unit is 
lighter and occupies less volume than a 
conventional rectifier. This results in 
economy of installation. 

The ignitron also has some disad¬ 
vantages. 

There is the necessity for manifolding 
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separate tanks to a common vacuum- 
pumping system which complicates the 
vacuum connections. 

The excitation system is somewhat 
more complicated. Most of the circuits 
in use today involve the use of thermi¬ 
onic-cathode tubes which require periodic 
replacement. 
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Discussion 


D. S« Smith (Northern Electric Company, 
Montreal, Que., Canada): In the paper 
on ‘Tgnitrons for the Transportation In¬ 
dustry*’ the statement is made that as yet 
the sealed-olf construction of rectifiers has 
been confined to small sizes below the range 
usually associated with traction substations. 
It is true that the individual sealed-off unit 
has not been built in large sizes, say above 
1,(W0 amperes, but by the adoption of the 
unit principle large rectifier banks have been 
made possible. Glass is for many reasons an 
ideal material to use for the envelope of a 
^ed-off rectifier and the glass bulb recti- 
fier has achieved considerable popularity in 
some parts of the world. 

First of all let me give a rather broad 
picture by describing briefly some of the 
large glass-bidb traction installations made 
by one British company: 


A. TTie Mucbester-Burjr line of the LMS Rail 

The rectifier traJ 
fo^ are connected U-phase and no d-c smooth 

S **“? ““‘® '^‘h high-speed d-< 

These two substo 
A 8*«ss-bnU>-eqaipped substatioiu 

on the LMS totalling 13.200 IcwT 

Railway in India hat 
«*^hulb subsUtion comprising two 
ba^ of SIX bulb units each, operating rt lfiM 
volU di^t current. The reitm^wuLh is 

with d-c smoothing 
^m^ent and has automatic grid control to give 

an overcomponnded characteristic. ^ ' 

T^ New Zealand Government Railwavs b.v. 
ax substations with a total capacity of 6 000 kw 
operatmg at 1.600 volts direct cmrent ’ ^ 

®eoteic Railway has 
optrating at 880‘vote ThS**^ 

—- “2.” 

E. 

total 


1 ^^ Transport Board has 

49 glass-bulb substations ranging in size u 
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to 3,000 kw and having a total capacity of 35,500 
kw. 

F. The largest glass-bulb rectifier substation is one 
of 7,000 kw in Shoreditch London but this is not a 
traction job. 

G. Finally, to give some idea of the place of the 
glass-Dulb rectifier in Great Britain, I might say 
that the total installed capacity is over 500,000 
kw against 350,000 kw of steel tank—these figures 
include all power rectifiers, not only those for trac¬ 
tion service. 

Now let US look at the glass bulb from 
another angle. In spite of its apparent 
frailty it can, if it is of approved type, be 
insured at an annual premium equal to 
41 /a per cent of its value for the nine years 
following the initial year of service. During 
the first year it is covered by the manufac¬ 
turer’s guarantee. Mention has already 
been made of the Shoreditch station and it 
is interesting to note that no bulb replace¬ 
ments have been made to the three original 
2,000-kw banks each with 16 bulbs and in¬ 
stalled in 1929,1930, and 1931, respectively. 
For a 2,000-kw installation made in 1925 
the average annual maintenance cost per 
bulb unit including bulb replacements has 
been under $2.26 in spite of the fact that 
the bulbs are of an old type which could 
not be repaired. One engineer when asked 
about maintenance charges on a 3,600-kw 
traction substation imder his charge placed 
them at about five shillings a week, $1.25, 
and this included the cost of periodical 
cleani n g up of the substation. 

Objections to the use of glass in the en¬ 
velope of a rectifier are largely psychological 
and are gradually being overcome as a re¬ 
sult of the comparative rarity of breakage 
in handling. ' One installation of glass-bulb 
rectifiers is in a mine in South Africa where 
the bulbs are subjected to frequent con¬ 
cussions from explosions. The British 
Admiralty actually carried out tests in which 
rectifier bulbs were set near large guns dur¬ 
ing firing and as a result have a glass-bulb 
rectifier at the Woolwich Arsenal. 

Gl^-bulb rectifiers are of course char¬ 
acterized by their extreme simplicity, the 
only auxiliary required being the cooling 
f^. The bulbs hold their vacuum indefi¬ 
nitely so that no vacuum pumps are re¬ 
quired, and control gear is very simple in 
comparison with corresponding gear for 
water-cooled steel-tank installations. The 
strength of the glass bulb really lies in the 
seals which are simply formed by using a 
glass and metal combination with two 
nearly identical coefficients of expansion. 
The techmque of glass manufacture, in¬ 
cluding of course, the seals, is the foundation 
for the success of the glass bulb, but it has 
taken long years to develop the technique 
and as a result the pioneer manufacture of 
bulbs m Great Britain still does a very 
large proportion of the glass-bulb business. 
There is one other point in connection with 
the use of glass which must be mentioned 
fad it refers to its transparency. This is an 
invaluable asset both during processes of 
manufacture and afterward during opera¬ 
tion. Trouble in a glass bulb when it does 
occur is very readily diagnosed. 

^Bulbs of the larger sizes are usually of 
the six-anode type with two or three excita¬ 
tion electrodes continuously energized and 
st&ttmg electrode. The old tilting bulb is 
a thing of the past and methods of starting 
are very simple, one method using a flexible 
electrode which is drawn down into the 
mercury pool by means of a smaU external 
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electromagnet. Start-up is practically in¬ 
stantaneous and full load can be thrown on 
a cold bulb without fear of trouble. 

The electrical characteristics of the glass- 
bulb rectifier are generally similar to those 
of the steel-tank tjrpe. Inherent regulation 
is usually about six to seven per cent from 
low load to full load. Efficiencies generally 
are higher with glass bulbs than for the large 
tank-t 3 q)e rectifiers as the use of large 
tanks involves a longer arc path with higher 
arc drops—^the arc drop is of the order of 
22 volts in the glass bulb and is thus higher 
than for the ignitron, but about the same as 
for small tank-type rectifiers. 

Common overload ratings for glass-bulb 
rectifiers for traction service call for 25 per 
cent overload for two hours, twice full load 
for ten minutes, and three times full load 
momentarily. While higher overload rat¬ 
ings are sometimes called for and can readily 
be met by a small derating of the bulbs, 
these are fairly typical figures which have 
been found satisfactory in practice. 

Six-phase connection of glass-bulb recti¬ 
fiers is most common for traction supplies 
and smoothing equipment comprises air- 
cored choke and tuned shunt circuit. 
Twelve phase is sometimes used, two six- 
phase bulbs working together, and in such 
case smoothing equipment has usually been 
found unnecessary except where grid con¬ 
trol was in use. 

Backfires or arc backs in glass-bulb rec¬ 
tifiers are of extremely rare occurrence. 
This is easy to understand when the proc¬ 
esses of manufacture by which all impurities 
are excluded from the bulb are considered. 
The use of a pure graphite anode reduces 
the likelihood of hot spots forming on the 
^ode and as the vacuum is permanent there 
is no trouble from this source. High-rup- 
turing-capacity fuses are normally con¬ 
nected in each anode circuit and these clear 
any internal faults but high-speed d-c 
breakers in the output circuit of each bank 
clear on external faults. Incidentally, all 
that is necessary to put a bulb back in serv¬ 
ice after a backfire is to replace the fuses. 

Present maximum current ratings of glass 
bulbs are of the order of 400 amperes at 
560 volts and 300 amperes at 1,500 volts, 
these ratings having been made possible by 
the efficient use of fan cooling. Experi¬ 
mental bulbs have been built to carry 
1,000 amperes at the lower voltages and it 
would appear that a bulb of this rating 
would be useful for large installations if 
there is no sacrifice in efficiency. 

Voltage control where required has in 
many cases been effected with induction 
regulators or on-load tap-changing trans¬ 
formers. Grid control has been very suc¬ 
cessfully applied but is not favored very 
generally on account of the harmonics intro¬ 
duced. Where grid control is used it is 
considered advisable to apply the debiasing 
voltage in the form of a steep-front wave, 
as the alternative method of steadily in¬ 
creasing the amplitude of,the positive bias 
may lead to uncertain timing of the ignition 
of anodes working in parallel. 

Multibulb banks of glass bulbs have the 
distmct advantage that the loss of one bulb 
^ults in only a small decrease in capacity 
Further the large number of anodes results 
m a low Client density per anode and this, 
together with the wide mechanical spacing 
or the electrode arms helps further to reduce 
the possibility of backfire. 
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While it would appear at first that the 
space required for glass-bulb rectifiers would 
be large this in fact is not the case. Gen¬ 
erally speaking they require little if any 
more space than equivalent metal-tank 
types, this being partly due to the smaller 
amount of control gear necessary with glass. 

Finally I would refer to discussions 
which have been going on with a view to 
eventually issuing an international speci¬ 
fication on mercury-arc rectifiers. While 
it was originally proposed to have two sepa¬ 
rate specifications with different test con¬ 
ditions for steel-tank and glass-bulb recti¬ 
fiers, as a result of the insistence of the glass- 
bulb manufacturers themselves the two are 
to be grouped together and the glass-bulb 
rectifier will thus have to meet the same 
standards as the steel-tank type. 


J. J. Linebaugh (General Electric Com¬ 
pany, Schenectady, N. Y.): The authors 
have given us a good outline of the develop¬ 
ment of the ignitron* type of mercury-arc 
rectifier for transportation service with a 
general description of the ignitron prin¬ 
ciple, as applied to single-anode tanks. 

The company with which the writer is 
connected has been working on the new 
problems incident to the development of 
this new type of rectifier for several years 
with very satisfactory results. 

In 1937 the development had reached 
such a stage that an order was taken for a 
3,000-kw 626-volt 12-tank unit for the New 
York Board of Transportation subway 
system. This unit has been in service since 
June 1938 and carries regular loads suc¬ 
cessfully. It is interesting to note that 
this unit must deliver 14,400 amperes for one 
minute. Similar equipment has been sold 
for service in coal mines. 

One of the main problems to be solved in 
this development is the best method of 
starting the arc, as regards simplicity and 
reliability. 

A number of different firing schemes 
have been proposed and several tried with 
varying degrees of success. Improvements 
are continually being made for the purpose 
of simplification and longer ignitor life. 

It has been our experience that these 
625-volt single-anode tanks can be opened 
for inspection and then restored to regular 
service without the necessity of bakeout if 
each tank is provided with a separate vac¬ 
uum valve. 

Our experience has been similar to that 
described in the papers and we find the ad¬ 
vantages set forth in the conclusion of the 
paper are amply realized. 

This type of rectifier will undoubtedly be 
a serious competitor of the multiple-anode 
tank. 


S. R. Burand (nonmember; Allis-Chalmers 
Manufacturing Company, Milwaukee, Wis.): 
The authors of this interesting paper have 
reviewed the principle of the ignitron tube 
and compared it with the multianode rec¬ 
tifier tank which today is well established in 
the transportation industry. When new 
developments are created which appear to 
have advantages in comparison to equip¬ 
ment already in use, there is always a period 
of time in which the value of these new fea¬ 
tures must be carefully weighed against the 
ruggedness and reliability of the well- 
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tried and proved equipment. Very often 
in spite of outstanding new features incor¬ 
porated in a device, some of these features 
in themselves may have inherent limitations 
which will impair the ultimate develop¬ 
ment of the equipment to the same degree 
of service reliabiUty as attained in the older 
equipment. As the development of ignitrons 
and similar electronic devices proceeds, it is 
possible that in the near future equipment 
will be perfected which will most nearly 
meet in all respects the qualities desired in 
conversion apparatus for the transportation 
and other industries. 

The authors have described the method of 
control utilizing the principle of timing the 
ignition. However, they also mention 
that use is made of shields and grids in ig¬ 
nitron tanks, and a grid and grid-inlet bush¬ 
ing coimector are shown in the cross-sec¬ 
tional diagram of figure 3. It would be 
interesting to know if grid control is em¬ 
ployed in some manner with ignitor con¬ 
trol, or if the grid is simply energized to as¬ 
sist in the pick-up of the arc. 

The use of external copper and internal 
nickel cooling coils is prrferable to the use 
of steel water jackets on small tanks even 
though the problem of corrosion has been 
materially reduced in most large rectifier 
installations by means of recirculating 
cooling systems with heat-exchange units. 
In some localities the cost of cooling water 
is an important item in the operation of rec¬ 
tifiers in the transportation industry, so 
that it would tmdoubtedly be of interest to 
many engineers to know if the cooling-water 
consumption of a group of ignitrons can be 
reduced in comparison to multianode tanks 
under the same load conditions. 


0. K. Marti (Allis-Chalmers Manufactur¬ 
ing Company, Milwaukee, Wis.): The au¬ 
thors present in a very interesting way 
the principle of the so-called ^‘ignitrons** 
consisting of a tube or tank with a single 
anode having a cathode and an ignition de¬ 
vice called the ‘'ignitor,” from which this 
kind of rectifier took its name. A very in¬ 
structive comparison is made between the 
design as well as the characteristics of this 
rectifier with a conventional multianode 
rectifier which today is well established in 
the transportation field. 

The main feature of operation of this rec¬ 
tifier is to establish a cathode spot only for 
a very brief interval so that no arc is main¬ 
tained during the time a reverse voltage is 
applied to the anode. Therefore no ionized 
gases will be present during this period and 
it is claimed this principle will result in an 
operation free of backfires. At least the 
original papers by Mr. Slepian elaborated 
on this theory and pointed out that this new 
principle of inducing an anode to fire would 
reduce the backfire tendency even though 
the anode is located directly above the 
cathode and not shielded by grids, baflflies, 
or the like. 

Therefore I was greatly astonished to 
notice, from the cross-section view of such a 
rectifier (see figure 3) that not only is the 
same anode arrangement with shields used 
as in the conv^tional multianode rectifiers 
(see figure 1), which the authors call "an 
elaborate one,” but the same ring insulator 
to hold the anode shield and a very com¬ 
plicated grid and shield with two baffies 
and a cathode with an ignitor. By com¬ 
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paring figures 1 and 3 these facts become 
apparent. Considering that for a 12-tank 
arrangement there are 12 ignitors and 12 
cathodes instead of one as in the conven¬ 
tional type of rectifier, it, therefore, seems 
to me that the authors overstress the sim-? 
plicity of this new rectifier design. The 
same comparison could be made consider¬ 
ing the number of auxiliary devices for the 
ignition apparatus of both tsrpes, however, 
reference is made to figures 7, 8, and 9, each 
showing as many ignition and auxiliary de¬ 
vices as there are tanks. 

The brief presentation about surges is 
very interesting and our observation on an 
ignitor-type working together with a con¬ 
ventional-type rectifier, when both were 
cooled with water at toee degrees centi¬ 
grade, showed the former to operate with¬ 
out any surges originating in the main arc. 
However, what was most surprising was 
that a gr6at many surges were foimd to be 
originating in the ignition arc. It is not 
our experience that surges due to an un¬ 
stable arc lead to backfires; several 3,000- 
kw units on the Long Island Railroad which 
were installed from six to ten years ago were 
subjected to numerous surges during the 
winter season because the cooling water was 
often below ten degrees centigrade during 
starting. There are, however, other reasons 
which made our company introduce re¬ 
coolers in order to avoid having water of 
very low temperature enter the rectifier, as 
is the case when direct cooling is used. The 
same reasons would in some cases also ne¬ 
cessitate a recooling system for these 
single-anode tank ignitor rectifiers. 

I understand that not only is the life of 
these ignitors very short, probably due to the 
fact that the main arc in each cycle is for 
an instant concentrated at the base of the 
ignitor, but that these ignitors fail quite 
often, during normal operation, to establish 
the m ain arc, and one or more anodes and 
their respective transformer windings re¬ 
fuse to carry current for several cycles. In 
other words, every time an anode of a 6- or 
12-pha8e transformer rectifier circuit fails 
to pick up current, the 6- or 12-phase trans¬ 
former is magnetically unbalanced. It was 
a surprise to me to see ignitor rectifier in¬ 
stallations where no precautions were taken 
to avoid the destructive effect of such ab¬ 
normal operations. These effects may not 
yet be appar^t since these rectifier installa¬ 
tions are operating below full load and have 
not been in service very long. Frequent 
arc failures may affect the life of the second¬ 
ary windings of the transformer, especudly 
should such ignitor failiures occur during 
heavy load. 

It would have been very valuable if the 
authors could have given some data on how 
these ignitor rectifiers behaved during over¬ 
load and what overload characteristics they 
show compared to the conventional mul¬ 
tiple-anode rectifiers. Due to the lack of 
volume, the gases freed during overloads 
and the excess vapor pressure produced may 
have a very decided effect on the overload 
capacity of such small tanks. 

It would have been very interesting if 
the authors could have made some com¬ 
parison between the conventional multiple- 
anode rectifier tank, the sectionalized mul¬ 
tiple-anode rectifier, and the ignitor single¬ 
anode tank, not only as to arc drop or effi¬ 
ciency, but also in regard to auxiliary equip¬ 
ment, power consumption of auxiliary 

Transactions 623 



equipment, etc. This would have been 
very instructive because the same authors 
have fostered the introduction of section- 
alized units—in other words, have repeat¬ 
edly recommended the use of four multiple- 
anode tanks of 500-to 750-kw size instead of 
a 2,000-kw or 3,000-kw single-tank unit. 
All of you who have followed the rectifier 
development during the last few years will 
probably agree with me that the section- 
alized rectifiers have not been used here nor 
abroad very extensively. Now this paper 
recommends the use of a further subdivision 
of units in tanks of single anodes. I do not 
want to infer that this may not be the final 
solution, but on the other hand I would like 
to call to your attention that the same op¬ 
timism was expressed the last few years in 
regard to the sectionalized unit. Further¬ 
more, we have to keep in mind that new 
features must be carefully weighed against 
the reliability of the well-tried and proved 
equipment. 

J. H. Cox and G. F. Jones; Mr. Smith has 
presented some very interesting data on the 
capacities of glass-bulb rectifiers in service 
throughout the world and the bulb life being 
experienced with these units. 

Bulb capacities up to 1,000 amperes are 
predicted, but it is interesting to note that 
the highest bulb capacity, for a commer¬ 
cial installation, listed in the discussion is 
208 amperes. For large-capacity installa¬ 
tions, this would indicate a large number of 
units with attendant complication and large 
space requirement. The overload rating 
standards listed in the paper are much lower 
than American standards for transporta¬ 
tion service. 

Glass is a poor heat conductor, which 
accounts for the very low capacity/volume 
ratio as compared with metal-tank rectifiers. 
Relatively large condensing surfaces are 
required in order to control the vapor pres- 
sme for given load conditions. 

Except during the experimental stage, 
the ability to see what is going on inside 
the rectifier has little value. With modem 
relay applications, faulty conditions are 
easily detected and the cause exactly de¬ 
termined. With metal-tank rectifiers, any 
necessary repairs can be made on location 
by the regular maintenance personnel. 

The glass-blowing art has not been de¬ 
veloped in America to the point where 
large glass-bulb rectifiers can be made re¬ 
liably. This makes any American user 
dependent on a European supplier. Con¬ 
trary to Mr. Smith’s statement, we are in¬ 
formed by a British user of glass-bulb rec¬ 
tifiers and by our European manufacturing 
associates that a regular setup is made for 
return of the glass bulb to the factory for 
re-evacuation, the user being supplied with 
special shipping cradles to minimize break¬ 
age during shipment. 

For comparable service standards, the 
control functions for any type of rectifier 
are the same. Mr. Smith points out the 


simplicity of fuses in the anode circuits of 
glass-bulb rectifiers. This is simply an 
inexpensive device for localizing faults 
which could be used with any rectifier if serv¬ 
ice standards permit manual replacement 
of fuses. 

Mr. Durand has asked regarding the 
energized grid in the ignitron illustrated and 
regarding comparative water consumption 
of the two types of rectifiers. 

As used at present, the grid is connected 
to its associated anode through a resistor, 
in the large size ignitrons, to insure prompt 
pickup of the anode. It is not used for 
voltage control. This is so easily accom¬ 
plished by control of the ignitor current 
that there is no need for controlled grids in 
the ignitron. 

For given conditions of load and cooling- 
water temperature, the water consumption 
of the two types of rectifiers is comparable. 
The loss in the ignitron is lower, but for 
present designs, the discharge water tem¬ 
perature is also lower, the two factors prac¬ 
tically counterbalancing each other so far 
as water requirement is concerned. Due to 
the use of copper cooling coils for the ig¬ 
nitron, except for very bad water conditions, 
a heat exchanger is not required to minimize 
corrosion. For direct water cooling, the 
water consumption is considerably less than 
for a unit requiring a heat exchanger. 

Mr. Marti expresses surprise at seeing 
grids in an ignitron. As pointed out in our 
paper, a limited amount of shielding is used 
to take care of the transition period. As 
is natural with a new product, ample margiil 
is taken in the use of these grids. It is ex¬ 
pected that they will be reduced in the fu¬ 
ture. However, even in the present design, 
the amount of reduction of shielding can be 
realized by comparing the arc drop of 12- 
anode 3,000-kw 600-volt units. For the 
Ignitron the figure is 18 volts and for the 
single tank design, approximately 30 volts. 
There is little likelihood of the shielding be¬ 
ing reduced in the "well-established” con¬ 
ventional rectifier. 

The relative simplicity of the anode struc¬ 
ture of the ignitron cannot be realized by 
comparing figures 1 and 3. Figture 3 shows 
one anode of a 12-anode 3,000-kw 600-volt 
ignitron, whereas figure 1 shows one tank 
of a four-section 3000-kw 600-volt section¬ 
alized rectifier which has a total of 24 anodes 
and which has by far the simplest anode 
structure of any rectifier at this rating. 
If a comparison is made with the anode 
structure of a 12-anode single-tank rectifier 
at this rating, for either grid control or non¬ 
grid control, the relative simplicity is quite 
pronounced. 

The ignitron has a separate cathode for 
each anode. This cathode consists of a 
mercmy pool in the bottom of the tank with 
a small quartz ring to confine the intermit¬ 
tent arc to the center of the pool. Note 
that there are no cathode insulators, no vac¬ 
uum seals, no return mercury baffies, and 
no moving parts in the excitation system. 

Mr. Marti’s statement regarding ignitron 


circuit surges comes as a complete surprise 
to us. Surges in an arc originate when, for 
given conditions, the arc path is overloaded. 
If properly applied, the low-energy ignitron 
circuit of the ignitron will not surge nor will 
it be influenced by surges originating in an 
associated power arc. In the authors’ ex¬ 
perience, which comprises most of the past 
experience with ignitrons, there have been 
no surges in ignitron circuits. 

The life of the ignitors is still to be deter¬ 
mined. We now have over 100 ignitors in 
commercial rectifier service and have yet to 
experience a single failure of an ignitor in 
operation extending up to two years. 

Pickup of an ignitron anode is just as 
reliable as for a multianode tank rectifier. 
For either type of rectifier, it is simply a 
matter of supplying the proper it)nization 
to insure pickup. Ignitrons operate an 
inverter service with excellent reliability. 
Here, a single failure of an anode to pick up 
will result in a forward fire or short circuit. 
Extensive testing of both types of recti¬ 
fiers in this service shows comparable re¬ 
liability. 

Failure of a thyratron excitation tube will 
result in failure of its associated anode to 
pick up. This results in magnetic un¬ 
balance of the transformer with tendency to 
saturate and with consequent increase in 
magnetizing current. The only result is 
increased heating of the transformer. This 
is a gradual temperature rise and is guarded 
against by transformer thermal protection. 
It could hardly be termed "destructive.” 
An occasional failure of an anode to pick up 
is definitely of no consequence. 

In actual railway service, a few failures of 
thyratron tubes have been experienced. 
The tubes have been replaced during normal 
inspection periods and in no case has any 
protective device been called upon to operate 
nor has service been impaired, even with 
tubes out of service for several days. Simple 
automatic means are available, if desired, to 
detect continuous misfiring of an anode. 

The overload characteristics of the igni¬ 
tron are equal to those of the conventional 
rectifier. Obviously they must be to meet 
the specified tests. They are somewhat 
superior in the higher, short-time over¬ 
loads—above rating—because of the more 
open arc path and lesser tendency to surge. 

The auxiliary power requirements are 
not an important item in determining rec¬ 
tifier elBSciency. A vacuum pumping sys¬ 
tem requires less than one kilowatt and an 
excitation system for a tank rectifier or 
ignitron, three-quarters of a kilowatt or less. 
The efficiency curves shown in the paper 
include auxiliary power losses. 

Contrary to Mr. Maxti’s statement, the 
sectional rectifier had an excellent reception 
following its advent, notwithstanding the 
fact that it was a new type in an established 
field. Since then, there have been as many 
sectional rectifier units installed in the trans¬ 
portation industry as single-tank rectifiers; 
from any one supplier. The ignitron is re¬ 
ceiving an even more gratifying reception. 
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Experience With Ultrahigh-Speed 
Reclosing of High-Voltage 
Transmission Lines 


PHILIP SPORN C. A. MULLER 

FELLOW AIEE MEMBER AIEE 

T he basic principles of ultrahigh- if it is of any importance, that should be 

speed reclosing of high-voltage trans- designed and installed on any other basis 

mission lines have been presented pre- except on the basis of ultrahigh-speed xe- 

viously before the Institute.^ Although, closing. Since presentation of the 
as has been explained, the effects and first data on this subject, three additional 

phenomena bdhind these principles are line sections, that is six terminals, have 

generally known, there are still a number been equipped with ultrahigh-speed re- 

of unknown factors that have not been closing and a number of others, as will be 

explored fully and the effects of which brought out later, are under way. It is 

need be known to make a thorough and the purpose of this paper to describe the 

scientific application of these principles. 


purpose a time of approximately eight 
cycles after the trip coil was energized. 
This does not refer to special designs. 
Within the last year more or less standard 
breakers having total time not to exceed 
five cycles have been developed and al¬ 
though faster times are expected, they 
are as yet not available today, in the 
American market at any rate. The work 
described herein has all been carried out 
so far on breakers having a time of ap- 
proximatdy eight cycles. 

The redosing mechanism of the breaker 
has to be so designed that it is capable of 
redosing the breaker with an elapsed 
time equal to no more than the minimum 
necessary to assure complete deionization 
of the arc and, therefore, assurance of no 
restriking on the one hand and minimum 
probability of loss of s 3 nichronism or loss 
of load on the other hand. Within the 
limits of dght-cyde operation of a breaker 
it has been fdt heretofore that this time 


Among these are further data on the ef¬ 
fects of breaker time and dapsed time be¬ 
tween dearing of the arc and the re¬ 
energization of the circuits on the de¬ 
ionization of the arc and the re-establish¬ 
ment of the insulation strength of the 
surrounding area; data on the probable 
extent of and total time' dapsed, as wdl 
as time between intervals of multiple 
strokes; knowledge concerning the ef¬ 
fects of the quantity and the t 3 rpe of load 
on the likdihood of restriking or the fail¬ 
ure of lines to hold when re-energized by 
virtue of system drifting away from syn¬ 
chronism; and, finally, data on the dead 
time needed on phase to phase faults to 
prevent restrlking. 

All of these, however, are dements in a 
problem which can reasonably be ex¬ 
pected to be further devdoped as time 
goes on. They are all aspects of a prob¬ 
lem that on the whole is weU understood 


Figure 1. Sche¬ 
matic diagram of the 
new ultrahigh-speed 
redosing mechanism 
for oil circuit break¬ 
ers 



and on which further work is going for¬ 
ward. But while waiting for results from 
this work to materialize, there is no reason 
why the admitted great advantages in 
power-system operation of utilizing the 
main prindple need be or should be 
waived because the problem has not been 
worked out yet with complete precision. 
As a matter of fact the authors believe 
that there is no high-voltage .Hne today, 

Paper number 39-61, recommended hy the AIEE 
committee on power transmisston and distribution, 
and presented at the AIEE winter convention, 
New York, N. Y., January S3-27, 1939. Manu¬ 
script submitted November 26, 1938; made avail¬ 
able for preprinting December 17, 1938. 

Phzlxp Sporn is vice-president in charge of engineer¬ 
ing and C. A. Muli.br is protection engineer, 
American Gas and Electric Service Corporation, 
New York, N. Y. 

1. For numbered reference, see end of paper. 


development of the equipment and the 
installation of these new terminals and 
to cite operating experience with all of 
them in so far as that is available. 

The Elements of 
Ultrahigh-Speed Reclosing 

The elements of an ultrahigh-speed 
redosing setup are three. These are the 
high-speed breaker, the ultrahigh-speed 
mechanism and the high-speed relay 
system. 

It is desirable that the circuit breaker 
be capable of interrupting a fault and de¬ 
energizing the line in the least possible 
time. So-called high-speed breakers * 
available heretofore, in the United States 
at any rate, have had to utilize for this 


has to be of the order of a minimum of 
seven cycles but this has not been ob¬ 
tainable heretofore on mechanisms with¬ 
out running into stresses beyond what 
was desirable or practical in the standard 
breaker designs. As will be shown later 
on the actual performance so far this 
time has been from 10 to 14 cydes. 

The relay system again must operate 
positively to dear the circuit on both ends 
in a TnitiiTniiin of time. Within the limits 
of breaker and redosing speeds immedi- 
atdy in contemplation, it has been shown 
previously that this time should not ex¬ 
ceed one cyde. No difficulty has been 
experienced so far in getting that with the 
utmost rdiability. 

In the earlier designs of ultrahigh-speed 
oil-circuit-breaker mechanisms two 
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Figure 2. Front view of new ultrahigh-speed 
reclosing mechanism 


mechanisms wei‘e provided for closing the 
breaker. One of these was a standard 
closing mechanism for normal operation 
and the other was designed to provide 
high-speed redosing. These mechanisms 
were attached to opposite ends of a walk¬ 
ing beam to the center of which the op¬ 
erating rod for the breaker contacts was 
attached. Energy for the high-speed re¬ 
closure was provided by a heavy spring 
which was reset automatically after each 
redosure by means of a small motor: 
Each mechanism was provided with a 
trip coil and a transfer scheme was pro¬ 
vided so that all tripping rdays which 
would normally trip the redosing mecha¬ 
nism were automatically transferred to 
the standard mechanism after a high¬ 
speed redosing operation and remained 
there until the redosing spring had been 
reset. The high-speed redosing mecha¬ 
nism was also provided with an opening 
spring to speed up the opening of the 
breaker contacts. When the redosing 
trip coil was energized this spring pulled 
the breaker contacts through a travd of 
about eight inches, at which point a latch 
released the dosing spring, thtis complet¬ 
ing the redosing operation. It was found 
that these mechanisms could be adjusted 
to give reliable operation with 18 cydes 
total elapsed time from trip coil energiza¬ 
tion to redosure of breaker contacts. 

Because there were two mechanisms 
required for each breaker, the total space 
needed for the complete equipment was 
considerably increased over that required 
by a standard electrically-operated 
bredcer. Further, the space occupied by 
the high-speed redosing part of the de¬ 
vice was much greater than that used by * 
the standard dosing mechanism, so that 
the total space occupied by the com¬ 


plete equipment was more than doubled. 

It was fdt that this space requirement 
should be reduced if possible and at the 
same time the mechanism should be sim¬ 
plified in its operation. Keeping these 
objectives in mind, a new mechanism was 
designed and built which used the same 
motors both for normal closing and high¬ 
speed redosing, thus eliminating the need 
for powerful redosing springs, reducing 
the space required for tlie equipment, and 
considerably simplifying its operation. 

A schematic diagram of the new ultra- 
high-speed redosing mechanism is shown 
in figure 1. As in the case of the earlier 
equipments these new mechanisms are 
provided with a standard trip coil and a 
high-speed redosing trip coil. The clos¬ 
ing motors drive a cam which operates 
the breaker output crank through a roller 
on its surface. At the end of the closing 
operation a prop falls into place and holds 
the breaker contacts closed. At the same 
time the cam is prevented from returning 
to the open position by the presetting 
prop. When the redosing trip coil is en¬ 
ergized the prop is removed and the 
breaker contacts begin to open. After 
the contacts have opened a predetermined 
amount, an auxiliary switch energizes the 
dosing motors starting the cam revolving 
in a direction to close the breaker. The 
breaker opens until the cam roller comes 
in contact with the cam surface, the con¬ 
tact motion is then reversed, and the 
breaker redoses. Operation of the nor¬ 
mal trip coil releases a trip-free toggle 
opening the breaker without a high-speed 
redosure. As in the case of the earlier 
mechanisms, these newmechanisms permit 
breaker adjustment to reclose contacts in 
18 cydes after the trip coil is energized 
and to do so with a considerably lessened 
strain. 

Two views of this motor mechanism are 


shown in figures 2 and 3, and a view of 
the mechanism installed on a standard 
138-kv oil drcuit breaker in figure 4. 
The latter illustration is particularly 
striking when compared with a corre¬ 
sponding illustration of the original 
mechanism shown previously. 

Ultrahigh-Speed Reclosing 
Installations on 132-'Kv Lines 
of the Central System of the 
American Gas and Electric 
Company 

The first 132-kv line on which ultra- 
high-speed i*eclosing was installed, was 
tlie 59.2-mile line between the Fort 
Wayne (Ind.) station of the Indiana and 


Figure 3. Side view of new ultrehigh-tpecd 
redosing mechanism 


Figure 4. A 132- 
Icv installation of the 
new ultrahigh-speed- 
redosing breaker 
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Michigan Electric Company and the 
Deer Creek (Marion, Ind.) station of the 
Indiana General Service Company. This 
was placed in operation on May 17, 1936. 
Figure 5 shows a diagrammatic arrange¬ 
ment of the transmission lines in the area. 
It will be seen that these include a num¬ 
ber of connecting lines comprising a loop 
circuit radiating from the Fort Wayne 
station and that they supply not only the 
Deer Creek station but also the Delaware 
station of the same company at Muncie, 
Ind. Although there is an interconnec¬ 
tion at Kokomo, it is not of sufficient ca¬ 
pacity to supply the entire load of the 
Indiana General Service Company when 
separated from the Fort Wayne station. 
Consequently the load here represents 
the general condition of a stub load fed 
from an interconnected system either by 
a single line or by a double-circuit line on a 
single-tower line. The solution for main¬ 
taining service continuity to tliis load was, 
as previously explained, felt to be the ap¬ 
plication of ultrahigh-speed reclosing, as 
a necessary part of which one-cycle 
carrier-current relaying was included. 
Behind all this was the idea that in case 
of simultaneous trouble occurring on the 
two circuits of the single tower line be¬ 
tween Fort Wayne and Deer Creek, serv¬ 
ice restoration on the Fort Wayne-Deer 
Creek line would be made fast enough to 
avoid the normal consequences of a double 
circuit tripout. 

The two ultrahigh-speed redosing 
breakers used on this line were of the, 
first design employing spring-operated 
mechanisms. The breakers were ad¬ 
justed to give an over-all time of 20 cycles 
from the energization of the trip coil to 
the time the line was re-energized and 
that meant a dead time of approximately 
12 cycles. The one-cycle carrier relay 
system gave an actual relay operating 
time of slightly less than one cycle. 

The first operating results previously 
described and on which further data will 
be given in this paper were so successful 
that the same principle was applied on 
additional line sections. The sections 
chosen for equipping with ultrahigh-speed 
reclosing were three sections of a.350-mile 
double-circuit tie line between the Philo 
station of The Ohio Power Company, 
the Twin Branch station of the Indiana 
and Michigan Electric Company, and the 
Michigan City station of the Northern 
Indiana Public Service Company. Figure 
6 shows diagrammatically these lines 
with various sectionalizing stations, gen¬ 
erating capacities, and the syncluronous 
condenser capacities installed at the vari¬ 
ous points, These three stations in turn 
tie in with very extensive 132-kv net- 
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works totaling some 4,000,000 kw of gen^ 
erating capacity. Tke flow of power over 
this tie line on certain sections reaches 
above 100,000 kw at some times and for 
this reason it is obviously very important 
that the continuity of the line should not 
be interrupted, if at all possible, even in 
case of simultaneous trouble occurring on 
parallel lines on the same tower line. 
Hfence it was only natural that with the 
promising results obtained on the Fort 
Wayne-Deer Creek Hue, the solution of 
ultrahigh-speed reclosing as a means to in¬ 
suring continuity be tried here. 

The 17-mile line between the South 
Bend and New Carlisle substations was 
equipped with ultrahigh-speed reclosing 
equipment and placed in operation on 
January 29, 1938. The 65.4-mile double¬ 
circuit lines between the Twin Branch 
generating station and Fort Wayne sta¬ 
tion were equipped with ultrahigh-speed 
reclosing equipments a little later and the 
equipments placed in service on July 25, 
1938, on one line and on August 31, 
1938, on the second line. 

The six ultrahigh-speed reclosing break¬ 
ers used on these three line sections were 
of the latest design, employing motor- 
operated reclosing mechanisms of the 
type shown in figures 2 and 3. All of 
these circuit breakers were adjusted to 
give an over-all time of 18 cycles from the 
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Figure 5. The 132-l<v system of the Indiana 
and Michigan Electric Company radiating 
from Fort Wayne and supplying Deer Creek 
and Delaware stations of the Indiana General 
Service Company 


energization of the trip coil and that 
meant a dead time of approximately 10 
cycles. The one-cycle carrier-ciurent re¬ 
lay system again gave the usual relay 
operating time of somewhat less than one 
cycle. 



Operating Experience 

With the installation of ultrarapid re¬ 
closing equipment on the three line sec¬ 
tions described above, there were operat¬ 
ing during a portion of 1938 a total of 
eight 132-kv breakers so equipped and 
serving four line sections. Since their in¬ 
stallation there has been a total of 15 
operations on the four line sections. A 
summary of these operations, all of which 
except one due to sleet have been traced 
to lightning, giving the time, type of 
fault, total time of de-energization, and 
details with regard to fault current and 
breaker operation, is given in table I. 
It will be seen that in all cases flashovers 
occurred between a phase wire and 
ground, 12 of the flashovers being be¬ 
tween phase 3 which is the top conductor 
and ground, one between phase 3 which is 
the middle conductor and ground and two 
between phase one which is the bottom 
conductor and ground. In 13 of the 15 
cases the breakers on both ends of the 
line tripped and reclosed without the arc 
restriking and without any of the normal 
deleterious effects of a feeder outage being 
felt in any case. This point, however, 
needs further elaboration and this will be 
done below. 

In two of the 15 cases the breakers 
failed to stay in after the first initial ul¬ 
trarapid reclosure. At least one of these 
cases analysis shows to be due to multiple 
Hghtning stroke and it is quite likely that 
the other failed to stay in'for the same 
reason. Although in cases 2-7 inclusive 
and in cases 9, 10, 11, 12, and 13, no nor¬ 
mal deleterious effects due to breaker 
outage and line de-energization were ob¬ 
served, it will be noted that in each of 
those cases only single line faults occurred. 
Hence no full test of the efficacy of the 
steps taken and the equipment installed 
was obtained in any of these situations. 


Figure 6. The 132-kv double-circuit tie line 
of The Ohio Power Company, Indiana and 
Michigan Electric Company, and Northern 
Indiana Public Service Company 


It is, however, interesting that in the case 
of the Fort Wayne-Deer Creek line where 
prior to the installation of a one-cycle 
relaying system, plus the ultrarapid re¬ 
closing setup, approximately 25 per cent 
of Hghtning flashovers involved both cir¬ 
cuits, in more than two years that have 
elapsed since the installation of the ultra¬ 
rapid equipment, not a single double-cir¬ 
cuit flashover occurred although no other 
steps of any kind were taken on the line. 
Whether that is due to chance or whether 
the reason is to be found in the speeding 
up of the relaying and breaker action just 
the necessary amount to prevent involve¬ 
ment of the second circuit by the first to 
flashover, is something on which addi¬ 
tional data will have to be obtained. But 
the two striking operations that put to at 
least partially complete test the principles 
attempted to be developed in this method 
of operation of high-voltage lines,' were 
obtained in cases 14 and 15, and these 
deserve more full discussion. 

In case 14, the system setup previous 
to this operation was a case of a single 
circuit tie between Twin Branch and Fort 
Wayne stations and a long weak tie line 
between the Fort Wayne and Plymouth 
stations. Referring to figure 6, the Twin 
Branch oil circuit breaker on one of the 
lines at Fort Wayne station was open due! 
to oil-circuit-breaker revamping to ultra^ 
high-speed reclosing, and the breaker on 
the other end of the line at Twin Branch; 
station was closed supplying a tap-off 
load. A 205-mile tie Hne between the ' 
Fort Wayne station and the Plymoulh 
station by the way of Marion, Kok'omo, ! 
Lafayette, Oakdale, and Monticello sth-- 
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tions was closed. A lightning flashover 
between phase 3 conductor and ground 
occurred on the tie line between Twin 
Branch and Fort Wa 3 me stations, causing 
the breakers at both ends of the line sec¬ 
tions to trip from carrier-current relays 
and to reclose immediately without re¬ 
striking ;vrithout the loss of any load or 
system disturbance. The speed of opera¬ 


tion was sufficiently fast to prevent the 
opening up of the weak tie line between 
Fort Wayne and Pl 3 nnouth stations, 
which invariably occurred when Twin 
Branch station was separated from Fort 


Figure 7. Oscillograms of actual operations 
on Fort Wayne-Deer Creek line 


Wa 3 me station before the installation of 
high-speed-redosing circuit breakers on 
these lines. 

In case 16, the system setup was normal 
before this operation in that both lines 
between Twin Branch and Fort Wayne 
were in service as well as the weak tie 
line between Fort Wayne and Plymouth 
being dosed. During a lightning storm 
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simultaneous trouble occurred on both 
Twin Branch-Fort Wayne lines, causing 
one of the lines to trip at both terminals 
from carrier-current relays and to reclose 
immediately without the arc restriking. 
On the other line installation of high- 
speed-reclosing breakers was not as yet 
completed, and both terminals of this 
line tripped from instantaneous over¬ 
current relays since carrier-current re- 
la 3 ring was not in service at the time. 


In this case no loss of load or system 
disturbance was experienced, and, in addi¬ 
tion, the weak tie line between Fort 
Wayne and Plymouth stations did not 
open up. 

The fact that in similar situations as 
those that occurred in cases 14 and 15 the 


Figure 7 (continued). Oscillograms of actual 
operations on Fori Wayne-Deer Creek line 


system invariably pulled apart gives 
every reason to believe that the speeding 
up of the reclosing process can in similar 
situations be made to give the very de¬ 
sired result of having the systems opened 
and yet reclosed before either loss of volt¬ 
age is felt on any part of the system or be¬ 
fore the systems drift apart sufficiently 
to make necessary the introduction of 
considerable delay until they can be re¬ 
synchronized. Obviously further expe- 



k'i-:'- 


r . . . . 









Is' 




.mma-As 



1 GRD AMPS ”-863 a 

TRIPPED EROM ML"? MECH & RECLOSED & RFSTRbTK 
TOTAL OCB TIME™ 2LO''V 

LINE DEENERG17ED-!4"v 

DEER CREEK—JUNE 34, 1937-8:42 AM 
<1^ 3 TO GROUND F7AULT 

# 1-3 “m32~KV Bus voltage 


Q 2 - 3 f32"KV BUS VOLTAGE 


*^3-3 -- 132-KV BUS VOLTAGE 





630 Transactions 


Sporn, MuUer—UliraMgh-Speed Reclosing Electrical Engineering 









rience is necessary in similar situations 
while canying loads more nearly within 
the stability limits of the line. But with 
tlie installation of additional equipments 
it is hoped to be able to present informa¬ 
tion on the performance under such con¬ 
ditions. 

The oscillographic records of the per¬ 
formance of the systems under these con¬ 
ditions are extremely illuminating. In 
figure 7 are shown tliree sets of oscillo¬ 
graphic records showing system perform¬ 
ance in cases 6, 8, and 12. Referring to 
the record of case 6 it will be noticed that 
a short circuit occurred close to Marion 
on phase 1 and that the line remained de¬ 
energized for a period of approximately 
12 cycles and reclosed without any fur¬ 
ther disturbance. 

The oscillogram of case 8 shows the 
line voltage on the third trace from the 
top of the record taken at Deer Creek. 
This is obtained from a bushing poten¬ 
tial device and it will be noticed that at 
least three cycles before the line was re¬ 
energized, potential of possibly three 
times normal appeared on the line, even¬ 
tually dying out. The inference is very 
strong that a lightning discharge took 
place to the line and that the effect of 
that was to cause the line to flashover 
dynamically when it was re-energized 
some two cycles after the discharge itself 
had apparently disappeared. The ap¬ 
pearance of the same voltage is shown 
clearly also on the record taken at Fort 
Wayne, except to a lesser extent. A pos¬ 
sible explanation of that is that the volt¬ 
age at Fort Wayne is measured by a 
regular instrument-type potential trans¬ 
former. 

The record of case 12 was obtained on 
May 20, 1938, and shows a successful 
reclosure of the Fort Wayne-Marion line. 
It will be noticed in this case that the 
fault was very close to Deer Creek and 
after a line de-energization of ten cycles, 
redosure was entirely successful. 

New Installations 

The 80.6-mile double-circuit 132-kv 
lines from the Philo Generating station 
to the Howard substation (see figure 6) 
are both at present being equipped with 
ultraliigh-speed-reclosing drcuit break¬ 
ers in conjunction with one-cycle carrier 
rela3dng and it is expected that these will 
be placed in operation the early part of 
next year. This is another step in making 
this 350-mile tie line immune to inter¬ 
ruption in continuity for simultaneous 
trouble occurring on two lines on the same 
tower line. 

Plans are under way to install ultra- 


high-speed-reclosing circuit breakers on 
the 77.9-mile 132-kv line between the 
Fort Wayne station of the Indiana and 
Michigan Electric Company and the 
Delaware substation of the Indiana Gen¬ 
eral Service Company (see figure 5). It 
is expected that these installations will be 
put in operation before the next lightning 
season. The aim in this case is to install 
ultrahigh-speed-reclosing circuit breakers 
on both of the 132-kv supply circuits ra¬ 
diating out from the Fort Wayne station 
to insure uninteirupted service to this 
important load in case of simultaneous 
trouble occurring on both of these lines, 
one of which it is hoped will remain closed 
after the first reclosure. 

A number of other points on the Ameri¬ 
can Gas and Electric system still remain 
where principal source of supply comes 
in either over a single-circuit line or over 
a double-circuit line running on the same 
right of way without some loop backup. 
In all of these cases it is expected over 
the next year to install ultrarapid re¬ 
closing as fast as the breaker and relay¬ 
ing problems in connection therewith can 
be properly worked out an^i taken care of. 

Conclusions 

The results obtained so far, it appears 
to the authors, definitely warrant the 
following conclusions: 

1. On high-voltage overhead lines outages 
caused by lightning can be materially re¬ 
duced by ultrarapid reclosing. The origi¬ 
nally^ expected figure of 75 per cent seems 
conservative in the light of the additional 
experience obtained since that time. 

2. Apparently two-circuit flashover. on 
double-circuit transmission lines properly 
equipped with ground wire, when the two 
ends are equipped with ultrarapid-reclosing 
breakers is materially reduced. It does not 
appear that the ultrarapid reclosure element 
can be a major contribution in this regard 
and it would appear, therefore, that this is 
in a large measure the result of a speeding 
up of the relaying and circuit interrupting 
process. More information on that is 
needed and it is hoped to gather it over the 
ensuing years. 

3 .. It appears definitely that not only can 
service continuity materially be improved 
by the installation of ultrarapid reclosing on 
lines feeding isolated areas, but the use of 
ultrarapid reclosing on tie lines between two 
major generating systems will result in line 
flashover having a minimum effect on the 
continuity of power flow. Apparently even 
when handling power close to the, stability 
of the line ultrarapid redosure when properly 
functioning can be made to bring two sys¬ 
tems together without the necessity of a 
wait for synchronization and without the 
danger of system drift to a point where re¬ 
dosure without synchronization produces 
any ddeterious effect or fails to keep the 
two systems together. 


4. The experience with ultrarapid re¬ 
closure seems to indicate the need for a 
complete re-examination of the concept 
of the switching process on any important 
high-voltage drcuit, consisting of relaying, 
de-energization, and re-energization of the 
circuit. If ultrarapid redosure will accom¬ 
plish, in a vast majority of cases, the results 
here indicated, it would appear logical to 
consider that under all cases the proper 
cycle of operation is one in which ultra¬ 
rapid redosure to the extent of one re¬ 
closure ought to become standard practice 
and that only in exceptional cases ought a 
period of waiting longer than the absolute 
minimtim required for deionization, be per¬ 
mitted between de-energization and re¬ 
dosure. 

5. The work carried out on high-voltage 
systems seems to indicate that very much 
similar results can be obtained on inter¬ 
mediate and low-voltage lines by utilizing 
the same principle. The exploration of that 
field is a problem for the future. The 
authors themsdves hope to be able to con¬ 
tribute something to that. 
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Discussion 

S. B. Crary (General Electric Company, 
Schenectady, N. Y.): The benefits which 
have been obtained from quick switching 
and relaying have been fully demonstrated 
in practice and by system studies and sta¬ 
bility analyses. More recently immediate 
redosure of standard circuit breakers has 
been applied with pronounced success to 
feeder circuits and to a limited extent to tie 
lines. Now Messrs. Spom and Muller 
present operating data showing the im- 
provemmts which they have obtained by 
combining quick switching with rapid re¬ 
dosure by means of special, fast, breaker 
mechanisms and relaying. Those of us 
who are engaged in making system studies 
are impressed with the benefits which may 
be derived from quick switcMng and quick 
redosing and the possibilities it opens up for 
improving the reliability of service. Un¬ 
doubtedly, in almost every major system, 
there are circuit-breaker locations and sys¬ 
tem conditions for which quick switching 
and rapid redosure would be or are of mate¬ 
rial benefit in improving service. Some 
circuit-breaker locations and system condi¬ 
tions make quick dearing and redosing 
more desirable and favorable than others. 
These locations and conditions are gener¬ 
ally recognized and can be determined quite 
accuratdy by a system analysis. 

A system analysis based on operating 
records of the types of faults to be expected 
along with information similar to that pres¬ 
ent in th^ paper, can be used to predict the 
expected improvement in system perform¬ 
ance. There are now generally available 
a-c network analyzers and devdoped pro¬ 
cedures for making such studies. In recent 
years a better understanding has been ob¬ 
tained of the transient performance of ma- 
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chines and systems undergoing system dis¬ 
turbances and out of step conditions, both 
from an analytical and an operating point 
of view. No small part of this new knowl¬ 
edge has been contributed by the automatic 
oscillographs* As an aid in determining the 
electromechanical oscillations to which ro¬ 
tating equipment is subjected during out of 
step and pulling into step conditions, the 
differential analyzer has also been put into 
use. All of these methods of analysis have 
contributed to a better understanding of 
system and machine performance and have 
made it possible to predict more accurately 
their behavior. This knowledge can be used 
to advantage in the rational application of 
quick reclosure to power systems. 

With simultaneous circuit-breaker trip¬ 
ping by means of carrier-current rela 3 ring 
and an over-all time of 18 cycles from ener¬ 
gization of the trip coil to breaker reclosure 
an accomplished fact, it becomes evident 
that such equipment may be more generally 
used to prevent loss of synchronism be¬ 
tween two systems for even more severe 
conditions tha n that reported in the paper 
by Messrs. Spom and Muller. It should be 
recognized, however, that there do exist 
limitations as to how much power may be 
carried through a disturbance with a suc¬ 
cessful reclc^ure for a given set of conditions. 
The more important factors are the syn¬ 
chronizing strength of the electrical tie, the 
effective system inertias, the fault location, 
number of phases involved, fault duration, 
and reclosure time. However, the effect of 
these factors may be evaluated and the 
power limitations predetermined with fair 
accuracy by analysis. 

A factor of considerable importance favor¬ 
ing the reclosing principle which is becom¬ 
ing more fully recognized is the ability of 
systems to pull together even after being 
dosed-in out-of-phase or definitely out of 
step. The conditions and factors which 
allow for this res3mchronization are deter¬ 
mined to an appreciable extent by the auto¬ 
matic control devices, voltage regulators, 
and governors, which are attempting to hold 
the voltage and speed of the individual parts 
of the system. There have been several 
cases where this ability of systems to regain 
syn^onism has been fully demonstrated. 

important factor in such res 3 mchroniza- 
tion is that the relaying should not be sensi¬ 
tive or operate during the out of step or 
pulling into step process. Such a considera- 
ticm may tend to influence the relaying 
philosophy of a system which intends at 
some future time to take full adv^tage of 
quick reclosure. This constitutes an im¬ 
portant reason why it is advisable to give 
immediate careful consideration to the re¬ 
closure problem. The factors which allow 
systems or parts of systems to resynchronize 
are also amenable to analysis. Since system 
p^ormance can be studied evaluating the 
effect of the factors influencing system 
operation following reclosure, it is believed 
that in the future more consideration and 
study will be given to this problem in a simi¬ 
lar manner as was done in the past, in study¬ 
ing the effect of quick clearing of faults as a 
factor in system and machine stability. 

It has been suggested in the case of two 
paraUel wants which are equipped with 
quick switching and redosing that a con¬ 
trol scheme be used which will allow for 
quick clearing and redosing of the faulted 
circuit, if only one is involved, when the 


load to be carried through the disturbance 
is above the stability limit of one circuit. 
However, in the case in which the load to be 
transmitted is below the stability limit with 
one healthy circuit left in service, redosure 
on the faulted circuit is ddayed in order to 
reduce the possibility of redosing on an un- 
deared fault at an inopportime time of the 
system oscillation. Accordingly, in 
case it is conceivable that the probability 
of proper system operation is actually in¬ 
creased by dda 3 dng the redosure. How¬ 
ever, if operating near or above the stability 
limit of one circuit it may be advisable to 
redose as quickly as possible. The justifica¬ 
tion of using this t 3 q)e of control is deter¬ 
mined among other factors, by information 
of the nature which Messrs. Spom and 
Muller are accumulating, such as the per¬ 
centage of faults which dear during the 
breaker redosure time, the number of phases 
and circuits involved in the fault, etc. 
Their results are of considerable value and 
should encourage the consideration- and 
study of a more general use of rapid redo¬ 
sure. 


E. E. George (Tennessee Electric Power 
Company, Chattanooga): In the first 
part of their paper Messrs. Spom and Muller 
use one argument which might bear con¬ 
siderable emphasis. They state that the 
electrical industry ought not to wait for a 
complete and predse evaluation of all fac¬ 
tors involved before utilizing high-speed 
redosing. Most of the transmission com¬ 
panies^ in the Southeast would agree that 
ultrahigh-speed redosing is desirable on all 
high-voltage lines; neverthdess they have 
not waited for high-speed-dosing breakers. 
So-c^ed immediate redosing was put in 
use m the Southeast about five years ago 
and has since been considered standard 
practice on all transmission and distribution 
lines since that time. It has now been ap¬ 
plied to practically all existing lines. 

HigJhspe^ reclosing is of muck more value 
today than it was a few years ago. Lines are 
being built better and there is increased 
probability of coming back in service “OK” 
after an interruption. Many years ago when 
a large percentage of line failures resulted 
in bum-downs and permanent trouble it was 
“OK” to do switching on the basis “where 
there’s no hope there’s no hurry.” With 
breakers of the dosing speed standard until 
recently, the redosing time has varied from 
75 cydes at 164 kv to 16 cydes at 2,300 
volts with the majority of operations be¬ 
tween 45 and 26 cydes. 

It is now standard practice of The Ten¬ 
nessee Electric Power Company to redose 
immediatdy on loth ends of tie lines if pilot 
wire or pow^ carrier protection is available. 
This is applied regardless of lower-voltage 
loops, transmission loops through the rest 
of the system or through intercoimecting 
companies, etc., although it might not be 
adequate if a generating plant were tied to 
the system with only one line. 

This redosing is being used at both ends 
44-kv, and 11-kv ties, most of 
wluch are short and protected with pilot- 
wire rdays. ^erever the rdaying is too 
slow to permit instantaneous redosing on 
both ^ds it is used on one end with syn¬ 
chronism check or dead bus redosing on the 
other, thus restoring the line in a few sec¬ 
onds. 


Many of us have talked about faster 
dosing of oil circuit breakers for several 
years but outside of Mr. Spom and his as¬ 
sociates we have done very little about it. 
In answering a questionnaire on the subject 
of redosing about five years ago our com¬ 
pany stated that we would redose breakers 
in ten cydes if the equipment were avail¬ 
able. We still stand by this opinion and 
feel that redosing even faster than Mr. 
Sporn is using would work out satisfactorily 
in most cases. Operating experiences have 
shown that little weight should be given the 
fear of multiple lightning strokes or reigni¬ 
tion of an arc across transmission insulator 
strings. Multiple lightning strokes are 
togdy confined to certain rare types of 
lightning storms, but do not seem to occur 
frequently, at least when we are talking 
about multiple strokes a few cycles apart 
rather than a few microseconds apart. In 
this area our worst lightning occurs in wind- 
shift storms during the passage of a cold 
front, and the lightning is generally accom¬ 
panied by high winds. This tends to pre¬ 
vent reignition of an arc. 

Experience in the southeastern area would 
indicate that all new transmission lines 
should be designed to utilize the develop¬ 
ment discussed by Messrs. Spom and Mul- 
1^. However, on existing transmission 
lines great advantage can be obtained with 
existing rdays and breakers by applying 
immediate redosing. 


A. J* A. Peterson (Westinghouse Electric 
and Manufacturing Company, East Pitts¬ 
burgh, Pa.): The authors are to be com¬ 
mended for the confidence with whidi they 
have proceeded to equip their important 
138-kv transmission lines with high-speed 
redosing equipment as described in this 
paper, and the results described in their 
paper well justify their work in this direc¬ 
tion. 

As pointed out in the paper, the practical 
limit on high-speed redosure is determined 
by the time of complete outage required for 
deionization of the original fault path, 
which time, of course, increases with the 
service voltage. This confirms the findings 
of Griscom and Torok (“Keeping the Line 
in Service by Rapid Redosing,’» Electric 
Journal, May 1933). 

Even though the limit on reclosing speed 
for the circuit brea k er is to a large measure 
determined by this deionization time, faster 



Figure 1. Early high-speed motor mechanism 
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arc interruption will obviously permit faster 
over-all reclosing time, and therefore, better 
maintain system stability. 

With the fault current interrupted, the 
next step in restoring service and maintain¬ 
ing stability is to reclose the breaker quickly. 
The mechanics of a quick reclosing cycle are: 
first, fast opening of the breaker; second, 
stopping the opening stroke; and third, 
closing the breaker. Trip-free action must 
be provided so that the opening action will 
not be unnecessarily delayed by the me¬ 
chanical or magnetic drag of the closing 
means. We have been working on such a 
mechanism for several years. Figure 1 of 
this discussion shows a high-speed circuit- 
breaker operating mechanism. It consists 
essentially of two sets of springs, one for 
closing and the other for tripping. These 
springs are charged by motor. Drive from 
the springs to the breaker mechanism is 
through a "capstan” clutch which gives very 
quick engagement at any part of the stroke, 
thus permitting fast closing at any desired 
point on the opening stroke, as well as trip- 
free operation at any point on the closing 
stroke. In reclosing, the closing means is 
controlled to initiate closing of the breaker 
before the full open position is reached. 
The mechanism thus quickly stops and re¬ 
verses the breaker, and carries it back to its 
closed position. 

A further development of the mechanism 
is shown in figure 2. This mechanism is a 
direct motor drive, using the same type of 
"capstan” or band friction clutch. The 
high-torque high-speed motor drives a heli¬ 
cal band friction clutch through suitable 
worm gearing. This clutch freely rotates 
around a drum attached by suitable shaft, 
crank, and levers to the breaker operating 
rod. In order to close the breaker, the mo¬ 
tor is energized and quickly comes up to 
speed. At the same time, the friction band 
is snubbed into action around the breaker 
drum by a low-energy magnetic face plate. 
This couples the breaker directly to the 
motor drive. Trip-free action is obtained 
by simple de-energizing the snubber, thus 
releasing the breaker drum from the motor 
friction band, and permitting the breaker to 



Figure 2. High-speed motor mechanism with 
"capstan” clutch, front view 
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Figure 3. High-speed motor mechanism with 
"capstan” clutch, for 138-kv oil circuit 
breaker; side view 


open freely through its normal accelerating 
springs. The same design of mechanism 
for 138-kv breakers is shown in figure 3. 
Because of its inherent ability to get into 
action quickly, this mechanism is well 
adapted to provide high-speed reclosing on 
a fast-opening breaker. 


D. C. Prince (General Electric Company, 
Philadelphia, Pa.): Engineers are con¬ 
stantly under pressure to find ways of 
providing better service at reduced cost. 
Any improvement in line availability and 
freedom from interruption is a step in this 
direction. 

Overhead ground wires, improved ground¬ 
ing, additional insulation, Petersen coils, 
expulsion gaps, duplicate lines, and ultra- 
high-speed tripping and reclosing are all 
means of improving continuity of service. 
Each of these steps affects continuity of 
service in a different manner; each has its 
cost, each must be judged in the last analy¬ 
sis by field experience. 

Ultrahigh-speed reclosing is a means to¬ 
ward service improvement which presented 
originally a good many problems. First, 
ultrahigh-speed-redosing means had to be 
devised; then laboratory and field tests had 
to be made to determine how fast reclosure 
would be useful. And then, finally, it was 
necessary to find how much of the possible 
theoretical gain might be realized in prac¬ 
tice. The authors of this paper are to be 
congratulated and thanked for furnishing an 
answer to this last and crucial question. 

The improvement in service appears to 
compare favorably with that obtained by 
other means. High-speed redosure is ap¬ 
plicable to any type of temporary fault 
whether phase to ground or plnise to phase, 
and whether from lightning, deet, or birds. 
It does not eliminate tripouts, but judging 


from the paper, does reduce loss of load 
which is the important dement. Since 
breakers are required in any case, the cost 
of securing this improved service by high¬ 
speed redosure is very moderate considering 
the improvement obtained. 

It will be very interesting to see to what 
extent high-speed redosing can be used as a 
substitute for other more expensive means 
of assuring service continuity. 


Percy H. Thomas (Federal Power Commis 
don, Atlanta, Ga.): Mr. Spom and his 
a^ociates have added another to the long 
series of fundamental and classic papers, 
on the problem of the adequate control of 
the flow of electric energy in heavy power 
circuits, and in the usual style—brief, to the 
point, and adequate. 

A look ahead as to the ultimate critical 
factors in tViis most important aspect of the 
control of the flow of electric energy may be 
of interest. 

What can be done to increase the length 
of the time of interruption that may be per¬ 
mitted without loss of synchronism in the 
system? With the complexity and in¬ 
finite variety of conditions met in utility 
power circuits, no general particular method 
of extending this time seems probable. On 
the other hand, if and when the use of re- 
dosing breakers is extended and the hold¬ 
ing of synchronism becomes critical, no 
doubt a study of individual situations will 
show effective means to secure a material 
improvement. With the present available 
methods of recording transient phenomena 
in power circuits and the means for maiJie- 
matical analysis, such a study offers little 
difficulty. 

What can be done to shorten the time re¬ 
quired for the extinguishment of the arc 
when the operation is to interrupt a flash- 
over? 

As stated in the paper, the prompt inter¬ 
ruption of the current after the initial break¬ 
down is of the greatest importance. The 
amount of matter heated and the accuinu- 
lated energy generated in the arc might in¬ 
crease as the cube, or higher, with a propor¬ 
tionally rising current. Since the opening 
oU breaker introduces an important resist¬ 
ance in the line long before the current is 
interrupted, the saving in the accumulation 
of heat in the flashover arc will be very 
greatly reduced by quicker operation. 
That portion of the duration of the arc in 
which the current is a maximum would be 
materially shortened. But the saving is 
double: first, the saving of time in the open¬ 
ing operation; second, the lessening of the 
interval of waiting, wilJi the current inter¬ 
rupted, for the arc to die out. 

That this rapidity of action is important 
atiH very potent, is shown first by the wril- 
known experiments of Nicholson on quick¬ 
acting arc switches and fuses, and, second, 
by the effectiveness of the low-voltage high¬ 
speed d-c breaker. 

Such a phenomenon as the multiple light¬ 
ning flash should presumably require^ a 
different treatment to avoid handicapping 
all the opening operations by a l^gthy 
waiting period to meet the occasional 
special case. 

Can an 3 rthmg be gained in opening the 
circuit by basing the action of the opening 
rdiay on the rate of rise of the flashover cur¬ 
rent? This "rate of rise” will be greatest 
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at the start and will of course be at a tnaxi-^ overs has 1 

mum only when the total impedance of the should be 1 

arc circmt is small; that is, when the arc made to mi 

current is potentially very large. If the tions shou 

secondary of a line current transformer is ground wi 

connected to a relay of high resistance, pre- strings, cle 

venting a saturating flow of current in the crease in tl 

transformer, the relay would be subjected tion in the 

to a voltage proportional to the rate of rise pressure fo 

of the arc current. This should represent the opportt 

some gain in relay action. not unreasc 

What advantages may be hoped for from may ultim 
changes in the mechanical construction of course engi 
the breaker? No doubt with the excellent loath to bui 
performance so far secured, evolution for now provid 
the immediate future and for the immediate chang^ sh( 
expansion of utility use should continue with light of resu 
pbstantially the same model. However, of the writ( 
in seeking the ultimate best layout, other system mai 
radically different forms should be consid- consider car 
ered, as in the end somebody will get a bet- may be pok 
ter type if the possibility exists. It is well protected w 
recognized that at times less advantageous a higher fac 
types of apparatus have been long used in view of ope] 
practice in the electric art where better ones perinsulated 
were potentially available. If 

In these breakers, the interests of size and protection, { 
cost and upkeep put a very great premium is always tl 
on light moving parts. Designs with pos- serve the loj 
sibly five to ten per cent of the mass of connected fc 
those here used would have a great ad van- of reserve, • 
tage in these matters of cost and size, as any form of 
well ^ speed. A radial blade carried by a mechanical 
rotating shaft, as already used in some de- and a systei 
signs, offers a tempting field for the designer. supertypes c 
The very speed of action attainable might tion a montl 
eliminate the necessity of some of the pres- would presu 
ent arc-suppressing features. It may weU and would b( 
be that a sufficiently rapid extension of the While con 
rupturing arc in the breaker through oil, sort may be 
under an initial moderate pressure, might value, the cr 
have a miraculously increased effectiveness. must go to i 
Is the growing aggregate capacity of gen- the courage, 
gating stations and the necessity of increas- for mcddng t 
mg rupturing capacity likely to develop into 
a limitation in the use of reclosing breakers? 

It would be a natural inference from the re- V. M. Marqu 
ports of tests and construction difficulties Service Corn 
m these "Spom*' papers that the economic One reclosure 
lupturmg capacity limit was very likely by the authoj 
bemg rapidly approached in this type of check on the 
construction. x 

o'l- « large systems 

There are at l^t two avenues of escape to when transfej 

be consid^ed: first, the beneficial effects of November 1€ 

more rapidly moving parts in breakers; New Carlisle 
second, the adoption in the layout of large this line and 
dectric power systems to cut the concen- on the systen 
^on of too great sh^-circuit power on authors* pape: 
any one bus or connection point. This can A fault nn 
be accomplished, as is well known, often- 
tmes by paralleling large generators only 
through the distribution systems. Where 
there are several large generating stations 
on a network, the loose coupling of units can 
be accomplished, at least in a new system, 
with very little added cost. In such a case a 
present demands for 
flexibility in a major power station would be 
a minor handicap in operation, though re- 
quMg some sacrifice of habits of thought 
and a dffierent point of view on the part of 
the station operator. 

The writer has long advocated this ap¬ 
proach to the solution of the threat made by Figure 4. Power 

gen^ating capacity. interchange on South 
in Closing this discussion, the writer de- r-A 

sires to point out what seems to^^ the 5''^ 

mtural conclusion from the availabiHty of r im ^ l ** 
the redosmg breaker, that is, that, assuiLg 
that a satisfactory method of handing flash- Reclosure at 
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overs has been found, new line construction 
should be based on this fact and no effort be 
made to make lines flashover-proof. Reduc¬ 
tions should be made in the heights of 
ground wires, in the length of insulator 
strings, clearances, etc. When the vast in¬ 
crease in the expense of overhead construc¬ 
tion in the last few years, and the present 
pressure for lowered cost are remembered, 
the opportunity should be welcomed. It is 
not unreasonable to hope that ground wires 
may ultimately be largely omitted. Of 
course engineers and operators will be very 
loath to build lines with less insulation tlian 
now provided, and it will be agreed that 
chang^ should come step by step in the 
light of resulting experience, but, in the view 
of the writer it is the duty of our leading 
system managers, in appropriate cases, to 
consider carefully and initiate this policy. It 
may be pointed out that a low-insulated line 
protected with reclosing breakers may have 
a higher factor of safety, from the point of 
view of operation of the system, than a su- 
perinsulated line without such protection. 

If we may add to the reclosing breaker 
protection, a system layout such that there 
is always the capacity in the network to 
serve the load with any particular link dis¬ 
connected for a while, the result is a system 
of reserve, which provides against almost 
any form of interruption, whether lightning, 
mechanical failure, or operative error, 
and a system which does not require any 
supertypes of construction. One interrup¬ 
tion a month on any unit in such a system 
would presumably not disturb operation 
and would be good practice. 

While comments and suggestions of this 
sort may be sound and of a great potential 
value, the credit, for any benefits resulting 
must go to those who have the foresight, 
the courage, the stamina, and the facilities 
for making the initial application. 


V. M. Marquis (American Gas and Electric 
Service Corporation, New York, N, Y.): 
One reclosure which has not been discussed 
by the authors and which gave an excellent 
check on the ability to reclose between two 
large systems without losing S3m,chroiiism 
when transferring heavy load occurred on 
November 16, 1938, on the South Bend- 
New CarUsle 132-kv line. The location of 
this line and its relation to the other parts 
on the system is shown in figure 6 of the 
authors* paper. 

A fault on the Plymouth tap caused a 


trip-out of the South Bend-Plymouth- 
Michigan City line when about 80,000 kw 
was being ddivered east from Michigan 
City, 50,000 kw of which was delivered to 
South Bend and 30,000 kw into the Ply¬ 
mouth substation. The tripping out of this 
line threw the entke 80,000 Idlowatts on the 
Michigan City-New Carlisle-South Bend 
circuit and, immediately following, the 
South Bend-New Carlisle line tripped and 
reclosed successfully while carrying the 
load of 80,000 kw. Figure 4 of this discus¬ 
sion shows a graphic record of power flow 
over the line at New Carlisle substation; 
the load change due to the opening of the 
Michigan City-Plymouth-South Bend cir¬ 
cuit and the reclosure on the South Bend 
New Carlisle circuit is shown at A. In 
figure 5 is shown a graphic record of the 
132-kv bus voltage at South Bend substa¬ 
tion. This meter is equipped with a high¬ 
speed trip attachment, but the surge was 
not sufficient to operate it; however, the 
record indicates that the fault on the Michi¬ 
gan City-Plymouth-South Bend line caused 
a voltage dip of some six volts and the 
reclosure a dip of only about two volts. 

In this particular instance, the operators 
at Michigan City did not know that the 
South Bend-New Carlisle line had tripped 
out until some time later when the operators 
at South Bend and Michigan City were in¬ 
terchanging data on relay targets. This is 
no reflection on the alertness of the opera¬ 
tors but rather, as I see it, a compliment to 
the ultrahigh-speed reclosing equipment. 

Previous calculations had incidated that 
there would be no difficulty in reclosing this 
circuit when carrying a load of 80,000 kw 
over it and this operation bore this out. 
This operation, it is believed, was an excel¬ 
lent demonstration of the possibilities of 
ultrahigh-speed reclosing on important high- 
voltage ties. 

With reference to the high-speed reclos¬ 
ing on the Twin Branch-Port Wayne cir¬ 
cuits, it is of interest to note that a load is 
tapped off one of these circuits midway be¬ 
tween Twin Branch and Fort Wayne. Dur¬ 
ing the reclosures that have occurred on this 
line, the loads fed by this tap have not been 
disturbed. 

The authors in conclusion 3, in discussing 
improvement to service due to high-speed 
reclosing, point out that it is apparently 
possible to reclose even when operating 
near the stability limit of the line. It is 
perhaps pertinent to point out that the time 
available for reclosing of a tie line between 
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Figure 5. The 132-kv bus voltage at South 
Bend substation 

Voltage dip not sufficient to operate high¬ 
speed trip on voltmeter 


two systems without losing synchronism is 
dependent upon several factors, one of which 
is the relative inertias of the two systems. 
Whereas as much as 30 cycles might be 
available when reclosing between two large 
systems, calculations indicate that some¬ 
thing under ten cycles would be available 
when reclosing, for example, between a hy¬ 
dro plant and a large steam system, if re¬ 
closure is to be made without losing syn¬ 
chronism. However, there has been some 
experience in reclosing and holding the sys¬ 
tems together even when they arc out of 
phase. Further experience may indicate 
that there will be no particular difficulty in 
such cases even with the present speeds 
available for reclosing. 


K. B. McEachron (General Electric Com¬ 
pany, Pittsfield, Mass.): It is interesting 
to compare the data on multiple strokes 
with the performance figures obtained for 
successful automatic reclosure operation 
reported by Messrs. Sporn and Muller. 
Figure 6 of this discussion is taken from a 
paper entitled “Multiple Lightning 
Strokcs—ir’ (K. B. McEachron, AIEE 
Transactions, volume 57, 1938, page 610) 
and shows the operations of expulsion pro¬ 
tector tubes as measured oscillographically 
in those cases where two or more successive 
operations were involved. The record 
shows tube operations on the 132-kv Roa- 
noke-Glenlyn and Roanoke-Danville lines 
of the American Gas and Electric Company. 
Table I of the paper referred to shows a total 
of 184 discharges, which operated protec¬ 


tive tubes during the four-year period of 
study beginning with 1934. 

Of these 184 discharges, 52 were multiple, 
and from figure 6 of this discussion 10 are 
seen to involve a longer time than 20 cycles, 
or a little over five per cent of the total 
strokes which were of sufficient magnitude 
to cause tube operation, which no doubt 
also means that sufficient potential was en¬ 
countered in most cases to have caused an 
insulator flashover. 

If the total time is reduced from 20 cycles 
to 15 cycles, as an illustration, the number 
of times in which a single redosure would 
not be satisfactory is increased to six per 
cent. This indicates that the shape of the 
curve is such as to show that the deioniza¬ 
tion time becomes controlling rather than 
the midtiple discharges, from the point of 
view of decreasing redosing time. 

However, I do not believe that the above 
gives a clear picture of the true situation, 
because the data which we have available 
with Boys camera photographs, taken both 
in Pittsfield and in New York in the Em¬ 
pire State investigation (“Lightning to the 
Empire State Building, “ K. B. McEachron, 
Journal of the Franklin Institute, February 
1939) since 1934, indicate that an appreci¬ 
able percentage of the successive discharges 
of a multiple stroke will be continuing. 
That is to say, the current will persist for a 
considerable period of time after the initiat¬ 
ing discharge has decreased to a relatively 
small value. It has been shown, for in¬ 
stance, that currents as great as 250 am¬ 
peres may persist for as long as 0.4 second. 

In the case of data shown in figure 6 of 
this discussion, the transformer neutrals 
were grounded, with the result that the di¬ 
rect current of the continuing discharge 
finds a ready path to ground when inter¬ 
rupted by the expulsion action of the pro¬ 
tector tube at the point of inception. With 
the operation of the circuit breakers, the 
line is left isolated from ground, if high-volt¬ 
age switching is used, with the result that 
the continuing current will hold on as a d-c 
arc over the faulted insulator string. The 
occurrence of this type of discharge tends 
to decrease the number of successful opera¬ 
tions to be expected using one reclosure be¬ 
low that which might otherwise have been 
expected. 

Perhaps some indication of the most 
pessimistic view might be obtained from a 
consideration of the results of strokes to the 
Empire State Building, in which, out of a to¬ 
tal of 67 photographed, 27 had a duration of 
more than 0.33 second, or 20 cycles. On 
this basis, 40 per cent of the breaker opera- 



Flgure 6 


tions wotdd not have been successful. 
However, these results are undoubtedly in¬ 
fluenced by the fact that many of the strokes 
began at the building rather than at the 
cloud, which is the usual case for transmis¬ 
sion lines. 

I am inclined to the view that the second 
oscillogram of the authors* figure 7 is a case 
of this sort, in which a continuing discharge 
caused the line to be in a faulted condition 
at the moment the breaker closed. 

It seems to me that, for the present, until 
more accurate data are available, with a 
dead time as long as 14 cycles and a total 
time of 20 cycles, if a fault exists at the time 
of reclosing, it will be as a rule the result of a 
continuing discharge. If it occurs a cycle 
or more after reclosing, then it would appear 
to be either a multiple discharge or another 
stroke. 

In lieu of any more accurate information, 
I would suggest a figure of 20 per cent as 
representing about the number of unsuc¬ 
cessful operations to be expected on the line 
with which Messrs. Spom and Muller have 
experimented, as a result of multiple or con¬ 
tinuing strokes. 

Although the protector tube has its limi¬ 
tations, it does perform successfully on 
multiple strokes with long times included 
between the first and last discharge, and it 
ought to be free from the effects of continu¬ 
ing strokes on grounded-neutral systems. 

It will be of interest to engineers to learn 
of the further experience which Messrs. 
Sporn and Muller will secure with automatic 
redosing, and I hope that they will continue 
to secure oscillographic data which will help 
materially in determining the cause of un¬ 
successful reclosure. 


S. B. Griscom (nonmember, Westinghouse 
Electric and Manufacturing Company, 
East Pittsburgh, Pa.): The authors have 
presented most interesting data on a power 
system operating procedure which is prob¬ 
ably destined to find an extensive future use. 
While calculations can be made to deter¬ 
mine whether two parte of a system will be 
held together after a high-speed redosure, 
they do not take the place of the assurance 
obtained by actual operation and the proof 
that some obscure factor has not been omit¬ 
ted from consideration. 

In reading this paper, I looked over the 
illustrations before proceeding to the t^t, 
and after examining the Fort Wayne oscillo¬ 
grams of the case 8, June 24, 1937, fault, I 
conduded that this was an example of a re¬ 
strike due to insufficient deionization time. 
This was based merely on the fact that in 
both the initial fault and the subsequent 
redosure, the fault was from phase 3 to 
ground, as evidenced by the lowest voltage 
being on phase 3. 

Upon reading the text, it was found that 
the authors had concluded that the evidence 
pointed a repetitive lightning stroke. This 
condusion was inferred from the simultane¬ 
ous oscillogram at Deer Creek where a dis¬ 
turbance on the line-voltage trace was noted 
three cydes before the actual redosure. 
The restrike was interpreted as being due 
to the residual ionization from the lightning 
stroke persisting during the three interven¬ 
ing cydes before the circuit breaker re- 
closed. 

It may not be possible to establish defi- 
nitdy whether in this particular instance the 
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restrike was caused by residual 60 cycle 
ionization or by residual ionization from a 
repetitive lightning stroke during the de¬ 
energized period. However, the principle 
is important because if the former, it will 
have a bearing on the allowance to be made 
for de-ionization time, while if the latter, 
since repetitive strokes are a random phe¬ 
nomena, nothing can be done about it, 

Mr. Torok and I collaborated on an ar¬ 
ticle ^‘Keeping the Line in Service by Rapid 
Reclosure” in the May 1933 Electric Journal, 
and a large number of high-speed movies of 
60-cycle arcs were taken in the preparation 
of data. I have just re-examined some of 
th^e to get an idea as to the length of time 
evidence of the 60-cycle arc remained. It 
was not uncommon to find that incandes¬ 
cent gases remained as long as 30 cycles 
after the current had been interrupted. 
However, as the oscillographic results 
showed, it was rare for the arc to restrike 
after 12 cycles, although it was a random 
occurrence. The evidence is that the flash- 
over path gained dielectric strength be¬ 
cause the ionized gas had drifted from the 
proximity of the electrodes by convection 
currents or action of wind, rather tTiati be¬ 
cause the gases had become sufficiently de¬ 
ionized again to withstand the applied volt¬ 
age. 

Such evidence that I have been able to 
locate indicates a different action in the case 
of arc paths due to lightning. Messrs. 
Brookes, Southgate, and Whitehead in 
AIEE paper 33—44 made tests indicating 
that power follow from li ghtn iti^r 
fected by the magnitude of the 60-cycle volt¬ 
age at the instant of the surge current. In 
tests on "De-ion” protectors, it is found that 
surges taking place near voltage zero are 
much less likely to result in power follow. 
This is a somewhat different circumstance, 
of course, since the discharge is confined. 
However, both examples seem to indicate 
that the arc space from lightning strokes 
recovers dielectric strength much more 
rapidly than that from 60-cycle arcs being 
measured possibly in hundreds of micro¬ 
seconds rather than in thousands. 

Although the Deer Creek oscillogram for 
case 8 was not very distinct, there appears 
to be another surge on the "line de-ener- 
gized” traee, about four cycles later than 
the cessation of the redosure ground cur- 

r^t. There also seems to be slight evidence 

of a counterpart on the Fort Wayne record, 
but tl^ is only about two cycles later 
cessation of the ground current. The dura¬ 
tion of the ground currents was not the 
same at both stations so this may account 
for the difference. These disturbances are 
similar to Aose attributed to the repetitive 
stroke, which if that theory is correct, may 
mdicate still a third stroke. 


Spom and Charles A. Muller: 
Mr. Crary*s discussion gives some idea 
of the general groundwork which must be 
performed to predict results to be expected 


from ultrahigh-speed reclosure, a very 
necessary step in justifying it economi¬ 
cally. It is interesting to note that in the 
case of parallel lines equipped with ultra¬ 
rapid redosure it may be desirable to delay 
reclosure for a fault on one line if the total 
load is bdow the stability limit of a single 
line. This condition was considered in the 
case of the Twin Branch-Fort Wayne lines, 
but because of the additional complications 
in control which are involved it was de¬ 
cided to wait until operating experience 
should more clearly mdicate its desirability. 

Mr. Thomas has made some stimulating 
comments as to the possible future lines of 
investigation in improving the design and 
effectiveness of ultrahigh-speed-reclosing 
breaker applications. It is hoped that 
breakers will soon be available which will 
considerably reduce the amount of time 
required to extinguish the arc, and that this 
will, in turn, allow a reduction in the 
length of time the line must be de-energized, 
as Mr. Thomas suggests. This possibility 
was referred to in Messrs. Spom and Prince’s 
AIEE first paper on "Ultrahigh-Speed Re¬ 
closing of High-Voltage Transmission 
Lines,” in which tests were cited that indi¬ 
cated that by reducing the arcing time from 
eight cycles to two cycles the time required 
for the line to be de-energized was reduced 
by about 26 per cent. In regard to Mr. 
Thomas’ suggestion of employing a "rate- 
of-current-rise” relay as a possible means of 
deceasing somewhat the relay time re¬ 
quired the authors believe that the present 
rday time of one cycle could not be mate¬ 
rially reduced, and, since this is only a «maiT 
pc^on of the total arcing time, any small 
gains in this time would be of minor impor¬ 
tance in the over-all reclosing cycle. 

Mr. Marquis has described an additional 
reclosure to those listed in the paper, which 
probably represents the most severe operate 
ing condition so far encountered. The fact 
that this reclosure was successful and it had 
been indicated from previous calculations 
that it would be, gives added confidence in 
the accuracy of the prehminary analysis as 
well as concrete evidence of the value of the 
equipment. 

Mr. George brings out the point that the 
Tennessee Electric Power Company has been 
employing immediate reclosing as standard 
practice on all transmission distribution 
Imes for the past five years, and that his 
company^ now redoses immediately both 
ends of tie lines equipped with carrier cur¬ 
rent or pilot wire relay systems. This is 
«cellent operating practice but it needs to 
be emphasized that immediate redosure at 
best is from two or three times longer in 
time than ultrarapid redosure on high- 
voltage transmission lines, and that with 
tte longer time of interruption, synchro¬ 
nism would probably invariably be lost be¬ 
tween systems not having an extremdy 
large amount of inertia if the line is carrying 
^y appreciable load. However, it can still 
be of value if the systems have the ability to 
pull in step even though dosed out of phase, 


' as pointed out in Messrs. Crary’s and Mar¬ 
quis’ discussions. 

From Mr. Griscom’s comments on figure 
8 of the paper, it appears that he has con- 
duded as a result of laboratory tests that 
the cases where the 60-cyde power arc will 
restrike after 12 cydes would probably be 
extremdy rare. It is especially interesting 
that he apparently bdieves the arc will not 
restrike after 12 cydes because of the prob¬ 
ability that the ionized gases will have been 
swept out of the path along which the arc 
would probably be established rather than 
due to the absence of deionization. As Mr. 
Gfiscom points out, it is important to 
know whether the reestablishment of the 
arc is caused by a continuation of the 60- 
cyde ionization or by a multiple lightning 
stroke, or, as Mr. McEachron also suggests, 
by the possibility of a continuous lightning 
steoke. Incidentally, Mr. McEachron’s 
discussion brings up a most important point 
in connection with the entire problem of 
lightning protective apparatus and the ef¬ 
fect on it of the continuous lightning stroke. 
It is obvious that a great deal of our think¬ 
ing as regards the requirements of lightning 
protective equipment will have to be con¬ 
siderably modified if such equipment is ac¬ 
tually being subjected to continuous flow 
of current from lightning strokes of from 
0.3 to 0.4 second. 

It will be interesting to observe the ac¬ 
tual operating data as it is gathered over 
the years and determine how the percentage 
of unsuccessful operations actually ob¬ 
tained compares with the 20 per cent which 
Mr. McEachron suggests as being probable. 
As has already been indicated heretofore, 
that has been about the percentage of un¬ 
successful performance, but there seems to 
be reason for belief that the percentage 
might be reduced with the speeding up of 
the breaker process. Operating perform¬ 
ance, however, over the next few years 
ought to throw further light on this. 

The authors were very glad to learn 
through Mr. Peterson of the work his com¬ 
pany is doing toward developing another 
type of ultrahigh-speed reclosing breaker. 
While he has not mentioned the operating 
time for this mechanism, it is to be presumed 
that it will be as fast or faster than those 
described in the paper. It will be of consid¬ 
erable interest to learn more about this de- 
vdopment and whether the design will per¬ 
mit modernization of existing breakers or 
will only be applicable to new ones. Actual 
operating results will also be awaited with 
mterest. 

Mr. Prince has reviewed the factors 
that have to be kept in mind in a system de¬ 
signer’s attempts to continue to provide 
better service while reducing the cost of 
rendering it. The ultrarapid reclosing 
breaker seems to be one of the most valuable 
tools developed in many years that can be 
utilized m accomplishing this. But, of 
course, more experience will be required be- 
toe one will be able to evaluate accurately 
all Its advantages and disadvantages. 
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Out-of-Step Blocking and Selective 
Tripping With Impedance Relays 


H. R. VAUGHAN 

ASSOCIATE AIEE 

W HEN two interconnected power 
systems pull out of step the rdative 
values of voltages and currents are such 
as to indicate a three-phase fault some¬ 
where in the interconnection, which if 
in the zone of high-speed impedance 
or reactance relays will cause them to 
trip their associated oil circuit breakers. 
Although this phenomenon has been 
recognized for some time, and various 
blocking schemes suggested,®’^ it has 
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been generally accepted that when high¬ 
speed relays are involved, carrier cur¬ 
rent or pilot wires giving simultaneous 
control of the relays at both ends of a 
protected section are required to dis¬ 
criminate between a fault and an out-of- 
step condition.®’^ This paper describes 
a scheme developed for an important 
tie circuit of the Gulf States Utilities 
Company, whereby out-of-step blocking 
and selective tripping are obtained with 
existing impedance rdays and without 
the use of carrier current or pilot wires. 

The Problem 

The intervening load between the 
Neches and Baton Rouge generating 
stations of the Gulf States Utilities Com¬ 
pany is supplied duplicate power by 
means of a 66-kv sectionalized tie cir¬ 
cuit between the two stations as shown 
geographically in figure 1, and schemati¬ 
cally in figure 2. Normally, power is 
fed into both ends of the line and tapped 
off to loads at each sectionalizing point. 
The division of load between the two 


generating stations varies with the 
season, depending on the total system 
load, steam requirements, etc. In case 
of a fault on this Hne, the faulted section 
is segregated and the two systems con¬ 
tinue to supply uninterrupted power to 
the intervening load by operating in¬ 
dependently until the fault is cleared 
and the interconnection re-established. 

The high-speed impedance line relays 
and directioiml ground relays located at 
each sectionalizing point clear faults on 
the tie line with very little disturbance 
to the loads. However, opening the 
interconnection may cause an excessive 
load shift on the two plants, depending 
on which section is segregated. It is 
therefore important that the intercon¬ 
nection be opened only when absolutely 
necessary, and then, if possible, at a 
selected point. 

Transmission-line faults, other than 
those which can be prevented by reason¬ 
able measures, will occur occasionally 
and must be tolerated. However, in 
addition to faults, instability occasionally 
dev^ops due to disturbance elsewhere 
on the system, and the Neches and 
Baton Rouge plants pull out of step, 
causing the relays to open one or more 
sectioiwlizing breakers. Opening the in¬ 
terconnection at one point because of an 


Rgure 1. Interconnecting 66-i(v transmission 
circuit between Neches and Baton Rouge 
steam generating stations 
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out-of-step condition does not cause a 
loss of power to any load but is undesir¬ 
able because of the usual change in load 
division between the two systems. Open¬ 
ing more than one breaker in other than 
one section would cause a loss of all 
load between the two breakers. The 
problem was therefore to prevent more 
than one breaker from opening during an 
out-of-step condition and to make it 
possible to select the breaker to be opened 
under the particular operating condition. 
Furthermore, it was desired to accom¬ 
plish the out-of-step blocking and selec¬ 
tive tripping with a minimum change to 
the existing relay equipment and without 
the addition of carrier current or pilot 
wires. 

Relay Characteristics 

The type HZ high-speed impedance 
relays which were installed in 1931 at all 
sectionalizing points of the 66 -kv tie cir¬ 
cuits between the Neches and Baton 


straining pull of the voltage coils so that 
the net force on the impedance elements is 
proportional to the ratio of voltage to cur¬ 
rent as shown in figure 35. The curves 
indicate the rdative balance points of the 
impedance elements, that is, the ratio of 
voltage to current at which the pull of the 
current coil just overcomes the voltage 
restraint. At any ratio less than the 
balancing ratio the contacts will close 
and at any ratio greater, the contacts will 
be held open. Any one of the three im¬ 
pedance elements will dose its contacts 
in one cyde or less for a voltage-current 
ratio within its balance point. The first 
impedance-element contacts are con¬ 
nected in series with the directional con¬ 
tacts to close the trip circuit instantly. 
However, the second and third dement 
contacts, in addition to being coxmected 
in series with the directional contacts, 
are each connected to a separate set of 
timer contacts which can be adjusted 
independently to give any desired time 


dday up to 180 cycles. The timer motor 
is started by the operation of the third 
impedance element. 

The ratio of the voltage to the current 
at the relay location during a line fault is 
equal to the impedance to the fault so 
that the impedance elements can be set to 
balance at any desired impedance within 
their range. As shown in figure 35, 
the first element Z\ is set to balance at 80 
per cent of the first section impedance, 
the second element Z 2 , at 50 per cent of 
the second section impedance and the 
third dement, Za, at 25 per cent, of the 
third section impedance. The first de¬ 
ment of all relays trips in one cycle or 
less. The time settings of the relays at 
the different locations vary from 20 to 
35 cycles for the second elements and 
from 100 to 120 cycles for the third ele¬ 
ments. 

It is evident from figures 35 and D that 
any voltage-current ratio within the bal¬ 
ance ratio of Z\ will close the contacts of 
Zi, Z2, and Z3. Any ratio greater than 
the balance point of Zi, and less than tliat 
of Z 2 will close Z 2 and Z 3 contacts. Any 


Figure 3. Operating characteristics of HZ 
impedance reiays installed at all sectionalizing 
points 

A — Vector relationship of voltages and 
currents applied to relay elements at 100 
per cent power factor 

3—Relative characteristics of impedance ele¬ 
ments 

C—Angle zone between line current and 
line-to-neutrai voltage that directional con¬ 
tacts close 

0—Time-distance setting of relays 


Rouge generating stations have been de¬ 
scribed in previous publications and are 
quite generally understood.^ However, 
since they are so dosely assodated with 
the out-of-step blocking scheme, their 
characteristics will be briefly reviewed. 

^ Each rday consists essentially of three 
high-speed impedance elements, a timer, 
and a directional dement. Three rdays, 
one per phase, are used for each oil cir¬ 
cuit breaker. In this particular installa¬ 
tion, each impedance element and the 
directional dement are connected to 
receive ddta current as shown vectorially 
in figure 3.4. The impedance dements 
receive ddta voltage in phase with the 
cmrents at unity power factor and the 
directional dement recdves voltage that 
lags the current 60 degrees at unity power 
factor. 

The pull of the current coils tending to 
dose the contacts is opposed by the re- 
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ratio greater than the balance point of Zg 
and less than that of Zz will close Z% only. 

The directional element has a true, 
wattmeter characteristic, that is, there 
will be a closing torque on the contacts 
when the current applied to the element 
either leads or lags the applied voltage by 
less than 90 degrees. >Since the direc¬ 
tional element is connected to receive 
delta voltage which lags the applied delta 
current by 60 degrees at unity power fac¬ 
tor, the phase rdation of the phase cur¬ 
rent with respect to phase voltage for a 
closing torque is 30 degrees lead to 150 
degrees lag as shown in figure 3C. 

From the above, it can be seen that the 
manner in which the impedance relays 
operate during an out-of-step condition 
depends on the ratio of voltage to cur¬ 
rent, the relative phase angles of the 
voltage and current, and the length of 
time that the contacts of the impedance 
elements remain closed. 

Analytical Investigation 

In order to determine the effect of an 
out-of-step condition on the relays at the 
various sectionalizing points, an analysis 
was made of system voltages and currents 
during a complete slip cycle between sys¬ 
tems. This information is also supple¬ 
mented with oscillograms obtained with 
an automatic oscillograph located at the 
Neches generating station, 

The part of the system considered con¬ 
sists of the Neches generating station at 
Beaumont, the 66-kv sectionalized tie cir¬ 
cuit, and the generating station at Baton 
Rouge which is normally tied in with the 
Arkansas-Louisiana-Mississippi system 
at Sorrento. The impedances in ohms at 
66 kv are shown in figure 2. A typical 
operating condition is two generators, 
number 1 and number 2, at Neches and 
two generators at Baton Rouge. Because 
of the relatively high line impedance the 
results would not differ greatly for other 
generating conditions. 

The internal voltages (voltage back of 
transient reactance) of the generators at 
Neches and Baton Rouge, all of which are 



(A) 


NECHES ORANGE LAKE CHARLES JENNINGS LAFAYETTE BATON ROUGE 



of the turbine type provided with high¬ 
speed voltage regulators, will remain 
' substantially constant during a fault or 
out-of-step swing. Also, since power is 
normally fed into the line at both ends, the 
internal voltages at both stations will be 


Fisure 4. Vector 
relationship oi volt¬ 
ages and current dur- 
[n$ out-of-step con¬ 
ditions 

Circulatins cur¬ 
rent le for displace¬ 
ment angle 6 

B — ^Voltase at point 
P for circulating 
current fc 



Figure 5. Circle diagrams of current and 
voltages at relay locations 

A—Unit impedances to sectionalizing stations 

g—Circulating current 1^, and linc-to-neutral 
voltages at sectionalizing stations for complete 
slip cycle between Neches and Baton Rouge. 
Vectors are shown for 120-degrec displace¬ 
ment angle 


about equal. The load current or line- 
charging current during the fault or out- 
of-step period will be relatively small. 
When the out-of-step condition is caused 
by an external fault located near one of 
the generating stations, the 66-kv bus 
voltage will drop so that, if the fault is of 
long duration, it will have considerable 
effect on the circulating current and line 
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voltages during the out-of-step condition. 
However, since the fault would normally 
be cleared by the time the actual pull-out 
occurred, and since the effect would be 
different for each fault location, it was 
neglected in the analysis. The effect for 
any special condition can be estimated 
fairly closely from the curves shown. 

The following assumptions were there¬ 
fore made: 

\ biternal voltages of the generators 
at both stations remain constant and equal 
in magnitude. 

2. The load current and line-charging 
current are negligible. 

3. The effect of a fault during the out-of- 
step condition is neglected. 

4. The unit impedances from the internal 
voltage, at Neches to the equivalent 
mtemal voltage Esr» at Baton Rouge are 
as shown in figure 5A, 


As the two systems swing apart, the 
difference voltage, Ej^ - E^r, between 
the internal voltages at Neches and Baton 
Rouge will cause a circulating current 
Ejv — Err/Z to flow, where Z is the 
total impedance between and Err 
including the generator transient reac¬ 
tances. The voltage and current will be 
balanced between phases so that only one 
phase need be considered. 

The relation existing between the inter- 


Fisure 6. Ratio of voltage to cuirent and 
operating zones of impedance relays atsec- 
tionalizing stations 


A —Orange 
B —Lake Charles 
C—^Jennings 
D—Lafayette 


nal voltages, the difference voltage, 
£if — Errj and the circulating current, 
• let is shown vectorially in figure 44 ♦ The 
circulating current /„, which is shown 
vectorially equal to - Err/Z, may 
also be expressed mathematically as, 

, B(l — cos d — j sin 0) 

--- (,) 

where Er and Err have the same magni¬ 
tude Et and $ is the angle that Err lags 
Eff, The angle of 73 degrees 45 minutes 
that le lags the difference voltage is the 
natural impedance angle of the system. 

The current will be common through¬ 
out the tie circuit and is the current at 
each relay location for any given displace¬ 
ment angle, $. However, the voltage 
will vary with location and at any one 
point, P, the line-to-neutral voltage is 
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Rgure 7. Typical oscillograms of voltage and 
current at Neches 66«l<v bus during system 
disturbance 

A —Out-of-step condition caused by dis¬ 
turbance on Baton Rouge end of system ex¬ 
ternal to Interconnections. Breakers 756, 778, 
320 opened 

B —^Severe system oscillations caused by dis¬ 
turbance on Baton Rouge end of system ex¬ 
ternal to interconnection. No breakers 
opened 

equal to jE’jyr — Zp where Zp is the im¬ 
pedance from Eji to P. This relation is 
shown vectorially in figure 4B. It may 
also be expressed mathematically as, 

Kf = B j^l - ^(1 - cos e-j sin 9)J (2) 

The voltage and current at any point 
on the line for any displacement angle 
can be obtained either graphically as 
shown in figure 4, or analytically by 
means of equations 1 and 2. The loci of 
/e and the line-to-neutral voltage vectors 
for a complete slip cycle are shown plotted 
in figure 5P. The vectors, shown for 
120-degree displacement angle, represent 
luiit values, where unit voltage is normal 
internal phase-to-neutral voltage, unit 
impedance is the total impedance between 
and Epjt, and unit current is the cur¬ 
rent that would flow if Ey — Epp were 
equal to unit voltage. 

It will be noted that the locus of the 
current vector, is a circle with its center 
displaced one unit from the origin, that 


is, at r — JX, where r and X are the unit 
values of resistance and reactance corre¬ 
sponding to Z. 

The loci of the voltage vectors will also 
be circles with their centers located at 
1 — Zp(r — JX) units from the origin. 
The phase angle and magnitude of the 
current or voltage at a sectionalizing point 
is equal to a vector drawn from the origin 
to a point on the respective circle corre¬ 
sponding to the displacement angle. The 
circulating current, /<., will increase to a 
maximum at 180 degrees displacement 
and back to zero as the two systems slip 
one pair of poles, that is, 360 electrical 
degrees, whereas the voltage decreases to 
a minimum at 180 degrees and back to a 
maximum at zero displacement. 


It is evident from figure 5 that the volt¬ 
ages at the generating station 66-kv busses, 
Vi and Fi, will not drop enough during 
out-of-step conditions to cause the relays 
at those locations to operate. The volt¬ 
ages win, however, drop appreciably at 
Orange, Lake Charles, Jennings, and 
Lafayette, particularly at Jennings which 
is almost exactly at the electrical center 
of the interconnection. The ratio of the 


Switch 

Posl. 

tton 

Switch 

A 

Switch 

B 

Operation 

1... 

.. Open... 

..Oosed... 

. .Nonblocking 

2... 

.. Open... 

. .Open... 

.. .Out-of-step blocking 

3... 

.. Open... 

. .Closed.. 

.. .Preferred out-of-step 
tripping 


Figure 8. Schematic 
diagram of relay 
control circuit. Dot¬ 
ted connections 
show test connec¬ 
tions of oscillograph 
galvanometers 
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voltage to ctarrent and the phase relation 
between them for these four points are 
therefore plotted against displacement 
angle, in figures 6-4, B, C, and D. The 
actual settings of the impedance ele¬ 
ments expressed as a ratio of voltage to 
current, and representing the balance 


tions, occuring over several months’ opera¬ 
tion previous to the installation of the 
blocking rela 3 rs, have been obtained by 
means of an automatic oscillograph lo¬ 
cated at Neches. The oscillograph, which 
was connected to record the 66-kv bus 
line-to-line voltage and the 66-kv tie- 


can be interpreted from figure 5 and figure 
6, to indicate the voltage and phase 
angles at the sectionalizing points. 

Two typical examples are shown in 
figure 7. Oscillogram A shows the results 
of a pull-out due to a disturbance on the 
Baton Rouge end of the system, external 



points of the elements with the current 
lagging the voltage 60 degrees are also 
shown on the same curves. The shift in 
balance point with large changes in an gl. 
between the voltages and current is not 
shown, but if desired can be taken into 
account from available calibration curves 
on the HZ relay. From the curves of 
figure 6, it can thus be determined which 
breakers are subject to trip-out during an 
out-of-step condition. 

OscJllograph Records' 

A number of oscillographic records of 
out-of-step conditions and system osdlla- 
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Figure^ 9. Oscillograms showing sequential 
operation of relays during simulated out-of- 
step conditions 

/t—Out-of-step blocking for slow pull-out 
fi—Out-of-step blocking for fast pull-out 
^ ^Selective tripping during pull-out 

line currents, was initiated by an imped¬ 
ance-type relay. Although the oscillo¬ 
grams do not show the actual voltages 
at the intermediate sectionalizing points 
where the rela 3 rs are most affected, they 
do show the circulating current 4 and 
the voltage at Neches. These values 
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to the interconnection which resulted in 
breakers 320, 778, and 756 opening. 
As shown by the oscillogram, at the time 
the oscillograph was initiated, the line 
voltap Vb-jl was slightly lagging/^, 
that is, was lagging 7^ by about 120 
degrees, which from figure 5, indicates a 
displacement angle of 260 degrees. It 
wiU be noted from figure 6C, that at 260 
degrees displacement, the Zt element of 
breaker 756 is nearly at its balance point. 
At the time breaker 756 opened, the cur¬ 
rent was laggingF^ by about 90 degrees 
which indicates a displacement angle of 
210 degrees, sufficient to cause tripping of 
the Za element, or possibly Zi element. 
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This also shows that Esr was advancing 
in phase position with respect to Ejf, 
which might he expected with a disturb¬ 
ance near Baton Rouge, The Z 2 ele¬ 
ment of breaker 778, and the Zs element of 
breaker 320, both balance at about 220 
degrees, and would therefore have closed 
their contacts shortly before 756 tripped. 
The total time shown on the oscillogram 
to the opening of breaker 756 is 39 cycles, 
which, allowing 15 cycles for breakeropera- 
tion, would leave 24 cycles or just about 
tlie timing of Z 2 for breaker 756. Also, 
the Zi contacts for breaker 756 would have 
operated about that time, so that either 
the Z 2 contacts or the Zi contacts might 
have actually tripped the breaker. The 
timers for breaker 778 would have reached 
their second-zone contacts before breaker 
756 opened and would therefore cause 
tripping on breaker 778. Breaker 320, 
which opened 15 cycles after breaker 756, 
was evidently tripped by its Zs contacts, 
just before 756 opened. Inspection of the 
relay that tripped breaker 320 showed 
that the Zz timer contacts had undoubt¬ 
edly closed prematurely due to break 
contact on the Zz element being out of 
adjustment, which on the early design of 
HZ relay would energize the timer motor. 

Oscillogi*am B shows oscillations be¬ 
tween Neches and Baton Rouge, also due 
to a disturbance on the Baton Rouge end 
of the system. The disturbance in this 
case was not severe enough to cause the 
two systems to pull out of step. This 
oscillogram is of interest because it shows 
the natural period of oscillation. 

Blocking-Relay Scheme 

It is evident from the foregoing that the 
voltage and currents applied to the im¬ 
pedance rela 3 rs during some part of a slip 
cycle may have the same relative values 


located near the electrical center, Rdays 
located farther from the electrical center 
will close only their Zs and Z* contacts in 
succession. Also, since the out-of-step 
condition produces balanced voltage 
drops, the impedance elements of all 
three phases will operate in the order, 
Z# — Z 2 — Zi and then reset in the re¬ 
verse order, that is, Zi — Z 2 — Zs, to 
complete the slip cyde. 

When a line fault occurs, the ratio of 
voltage to current at the relay reaches its 
final value almost instantly and remains 
substantially constant during the operat¬ 
ing time of the relay. The basis of the 
blocking scheme is therefore the sequential 
dosing of the impedance elements of aH 
three phases during a slip cyde. The 
operation of the Zz elements of all three 
phases without the immediate operation 
of a Zi element causes the tripping circuit 
of the Zi and Z 2 elements to be blocked 
out long enough for the displacement 
angle to pass through the operating zones 
of Zi and Z 2 . 

The blocking equipment, as shown 
schematically in figure 8, consists essen¬ 
tially of the three existing HZ impedance 
relays, two special type SM auxiliary re¬ 
lays, two type SG auxiliary relays, a ca- 
padtor, a resistor, and a control switch. 
The a-c coimections to the HZ relays have 
been omitted from the diagram since they 
have no bearing on the blocking scheme 
which functions within the 125-volt d-c 
control circuit. 

One of the relajrs consists of three 
instantaneous voltage elements, Cz,, each 

Figure 10. Oscillograms showing operation 
of relays during simulated Jisult conditions 

A (left)—^Three-phase fault in zone of Zz and 
beyond zone of Zi 

B (right)—^Three-phase fauit in zone of Zi 


and Xi are standard voltage relays used 
with the capadtor and resistor to provide 
time delay. The control switch is a three- 
position switch which can be set to ob¬ 
tain nonbloddng, out-of-step blocking, or 
preferred out-of-step tripping. 

When out-of-step bloddng is desired, 
the switch is set on position 2, so that con¬ 
tacts A and B are both open. As the 
systems pull out of step and the voltage- 
current ratio comes within the zone of the 
impedance relays, the three Za contacts 
will dose, thus energizing the three Cz 
contactors which will open thdr break 
contacts connected in parallel in the trip 
circuit and dose their make contacts 
which are all connected in series. The 
dosing of the three Cz make contacts 
will energize the SG rday, Xi, from posi¬ 
tive through the Cz contacts, the Cz break 
contacts and the Xz break contacts to 
negative. The capadtor will be partially 
charged through the X coil, but not 
enough to pick up X. The dosing of the 
Xi contacts will energize the other SG 
relay, Jf, which will open its break contact 
in the trip circuit. It will also dose its 
make contact to energize contactor Xf 
When the break contact of Xz opens, the 
coil of SG relay, Zi, will be disconnected 
from negative. However, the diarging 
current to the capadtor will delay its 
opening several cydes. When Xi make 
contact opens, the X coil will he discon¬ 
nected from negative but its drop-out 
will also be ddayed several cydes due to 
the capacitor charging in the reverse 
direction. The capadtor-resistor arrange¬ 
ment shown in the diagram will pro¬ 
vide approximatdy 5 cydes delay in the 
opening of the X break contact after Zz 
contacts dose and will keep it op^ ap¬ 
proximately 60 cydes, giving an over-all 
blocking time of approximatdy 65 cydes. 

When the displacement angle reaches 



as for line faults located within the 
operating zones of the relays. It is also 
evident, however, that the ratio of volt¬ 
age to current gradually decreases so 
that it comes wilhin the zone of Zi fet, 
then Z 2 , and finally Zi if the rday is 
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with make and break contacts, and an inr 
stantaneous current clement, Zt with 
make contacts. The other SM relay 
consists of four instantaneous voltage de¬ 
ments, Cj and Xzi each with make and 
break contacts. The two SG relays, Z 
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the zone of the Zj elements they will 
operate and energize the Cz contactors 
which will open their break contacts and 
dose their make contacts. However, 
with switch B open, the Cz make con¬ 
tacts will have no effect and by that tune 
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the Xi make contact will be closed so that 
the opening of the C 2 break contacts will 
have no effect. Also, during the time the 
X break contact is open, the trip circuit 
will be open to Zi and the timing circuits 
of Z 2 andZs. 

When a single line-tg-line fault occurs 
in any one of the impedance zones, neither 
all three Cs elements nor all three C 2 
eluents will pick up and the HZ relays 
will function in their normal manner. In 
case of a three-phase fault in the first or 
second impedance zone, the Z 3 elements 
win operate and pick up all three Ci 
elements. However, the C 2 break con¬ 
tacts will open before relay X picks up 
and prevent any blocking action. If a 
thp' plias^ jault occurs in the zone of 
28 , the blocking period will be over before 
the timing period of Tz elapses and normal 
tripping will be obtained. U a fault oc¬ 
curs in a blocked section during the out- 
of-step period, tripping will be delayed 
until the end of the blocking period. 

When preferred out-of-step tripping is 
desired, the control switch is set on posi¬ 
tion 3, which opens switch contacts A and 



elements without any respect to the di¬ 
rectional element or timing of Z 2 , so that 
the system disturbance is minimized. 
Fault tripping is obtained in the normal 
way. 

When the switch is in the nonblocking 
position 1 , the blocking contacts are 
shimted out by contacts A, and contacts 
B are open, so that the blocking rela 3 rs 
have no effect on the operation of the HZ 
relays. 

The dotted connections in figure 8 
show the scheme that was used to test 
the timing and sequential operation of the 
combined relay equipment with an oscillo¬ 
graph. The number 1 galvanometer of 
the oscillograph recorded the closing of 


In making the tests, actual out-of-step 
conditions were simulated as closely as 
possible. The current coils of the HZ 
relays were energized with a constant 60- 
cycle current of 8.5 amperes. By means 
of a variable-voltage test set, the voltage 
coils were energized with a 60-cycle 
voltage that could be varied at a rate cor¬ 
responding to the change in voltage- 
current ratio during an out-of-step condi¬ 
tion. This voltage which was recorded 
by the number 4 galvanometer was also 
used as a timing indication on the oscillo¬ 
grams. 

T)q)ical results of the tests are shown 
in figure 9 and figure 10, which show re¬ 
spectively the action of the relays during 


Fisurell. View of 
relay panels 

A (left)—Two sets 
of auxiliary blocking 
relays with covers 
removed from one 
set 

B (right)—^Station 

switchboard with 
two sets of HZ 
impedance relays on 
middle panel and 
blocking relays on 
auxiliarypaneltothe 
left 



doses switdi contacts The operation 
of relays will be the same except that when 
the Ci mdse contacts dose the trip circuit 
win be completed through control switch 
contact B, and the breaker will be tripped 
without waiting for the directional con¬ 
tacts and either T, or Zi contacts to dose. 
This is important as the interconnection 
IS opened up at the desired point as soon 
as the out-of-step zone reaches the Zj 
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tte Zt contacts and the sequential opera¬ 
tion of the JTi and Z relays. The number 
2 galvanometer recorded the dosing of the 
Zt contacts by measuring the current 
flowing through the resistor, i?,, in series 
with the resistor i?,. It also recorded 
when ^ trip circuit dosed by the higher 
deflection caused by the current through 
Rs only. The number 3 galvanometer 
recorded the operation of the Zi contacts. 
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out-of-step conditions and during three- 
phase faults within the operating zones of 
the impedance elements. 

The oscillogram in figure 9-4, which 
was taken with the control switch on 
position 2 , for blocking, shows the sequen¬ 
tial operation of the relays for a relatively 
slow sHp cycle. It will be noted that a 
delay of five cycles is obtained between 
the closing of the Zz contacts and the 
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opening of the X break contact in the 
trip circuit. This is to allow time for the 
Zi or Zs contacts to close in case of a threes 
phase fault within the section and thus 
not delay normal tripping. Theblockmg 
period from tlie opening of the X break 
contacts until it closes again is recorded 
as slightly less than 61 cycles. It will 
be noted that the number 3 galvanometer 
recorded the closing of the T 2 timer con¬ 
tacts which occurred before the Zi con¬ 
tacts closed. 

The oscillogram in figure 9B was taken 
under the same conditions as figure 9^4, 
except that the 60-cycle voltage was de¬ 
creased faster to represent a rapid pull¬ 
out. In this case the Zi contacts closed 
before the T 2 contacts. 

The oscillogram in figure 9C was taken 
with the control switch in position 3, for 
preferred out-of-step tripping. As shown 
by the number 2 galvanometer tracing, 
the trip circuit closed immediatdy after 
the Z 2 contacts picked up and before the 
r 2 or Zi contacts closed. 

The oscillograms in figure 10 were taken 
with the control switch in position 2, for 
blocking. In ^4, a voltage was applied to 
the impedance elements corresponding to 
a three-phase fault in the second zone. 
In B, the voltage applied was equivalent 
to a three-phase fault in the zone of Zi. 
Both oscillograms show that the blocking 
relays did not pick up, thus permitting the 
impedance elements to trip in their normal 
mannen 

The complete installation consists of 
eight sets of blocking equipment, that is, 
two each at Orange, Lake Charles, Jen¬ 
nings, and Lafayette. The only change 
necessary to the HZ relays was to modern¬ 
ize them by providing two additional 
studs and a switch-controlled timer as 
shown in figure 8. A view of two sets of 
the auxiliary blocking relays mounted on 
an auxiliary pand section is shown in 
figure lli4. The covers have been removed 
from the set on the left to show more 
clearly the different dements of the relays. 
The selector switches are located between 
the two sets of relays, as shown. The 
capacitors and resistors are mounted on 
the back of the panel. Figure IIB shows 
a view of a complete installation at one 
station consisting of two sets of HZ 
rdays on the two upper sections of the 
middle pand, and the two sets of auxiliary 
rdays on the middle section of the left- 
hand pand. 

Conclusion 

The method used for calculating line 
voltages and currents provides a means 
of determining the performance of dis¬ 
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tance rdays during out-of-step conditions. 
The automatic oscillograph is also in¬ 
valuable in studying voltage and current 
characteristics during the slip cyde. 

Out-of-step blocking of high-speed 
impedance and reactance relays has been 
available where carrier current or pilot 
wires are used as a medium of control. 
The scheme described in this paper can be 
readily applied to existing installations of 
impedance relays or used with new in¬ 
stallations where carrier current or pilot 
wires are not available. In addition to 
blocking, the scheme provides a means of 
rapid tripping during out-of-step condi¬ 
tions at any desired location which can be 
selected by means of a sdector switch. 
At the time of writing this paper the 
equipment was just being installed and 
had not been put in operation. However, 
the rigid field tests that were made mth 
simulated out-of-step conditions indicate 
that the scheme will function as intended. 
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Discussion 

E. H. Bancker (General Electric Company, 
Schenectady, N. Y.): For some five or six 
years prior to 1934 there were many studies 
of stability in which the effect of relays 
upon system stability was an important 
factor. In reference 3 Mr. Hunter and the 
writer undertook to study the reverse of 
this situation and to find out what effect 
instability had upon relays. This was fur¬ 
ther explored by Mr. Mason in his paper 
"Relay Operation During System Oscilla¬ 
tions,” which appeared in volume 66, July 
1937, Electrical Engineering, page 823. 
Reference 2 outlines a study of a specific 
system from both points of view. ^ 

During the course of the investigation of 
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possible means for preventing incorrect 
relay operation during instability, a scheme 
was devised which is mentioned briefly on 
page 194 of reference 2. This scheme is 
covered in more detail in United States 
Patent No. 2,030,666. This arrangement 
is intended particularly for application to 
reactance-type distance relays and consists 
in changing the characteristics of the start¬ 
ing unit after the started unit has operated. 
It prevents relay operation during a system 
swing when conditions are similar to those 
eYisttng during a fault, and yet permits 
relay operation under actual fault condi¬ 
tions. 

T^ paper presents an interesting appli¬ 
cation to distance relays alone of the prin¬ 
ciples now in use as a result of these earlier 
studies for blocking tripping of. carrier 
pilot relaying during system oscillations. 

In June 1936 there was published a 
French patent No. 799,279 which disclosed 
an arrangement for preventing unwanted 
operation of impedance relays by utilizing 
the progressive drop in indicated impedance 
during a slip cycle in contrast with the im¬ 
mediate drop that occurs when a fault starts. 

This paper is an interesdng sequel to 
these others in giving the details of another 
actual installation and its characteristics 
during loss of synchronism and in giving in 
detaU the application of the principles now 
in use, and those outlined in the French 
patent. Of special interest is the oscillo¬ 
graphic record of actual cases of loss of 
synchronism and bad system oscillations. 
Such records, in conjunction with the mathe¬ 
matical analysis, make possible still more 
refinement in designing and selectmg pro¬ 
tective apparatus in such a way as to in¬ 
crease service continuity. 

In view of the very complete research 
which has already been made and described 
regarding rday operation during system 
oscillations not accompanied by a fault on 
the system, it is regrettable that the authors 
have neglected to analyze the possible effects 
of the presence of such a fault during ^e 
oscillations. It is fairly obvious that with 
such a fault, all three phases will not be 
similarly affected. It is very likely that the 
Zb impedance element of one phase will 
operate in a much different fashion from 
the Zb elements in the other two phases. 
How this will affect the functioning of the 
scheme described by the authors, wherein 
the simultaneous operation of all Zi ele¬ 
ments has been assumed, should be analyzed 
carefully to prove its dependability tmder 
all practical operating conditions. It is to 
be hoped that a sequel to this paper will 
appear with the oscillographic evidence to 
indicate the success attained. 


H. R, Vaughan: Mr. Bancker’s discussion 
emphasizes the statements made in the 
opening paragraph of the paper regarding 
the previous recognition of out-of-step 
phenomena and the generally accepted con¬ 
clusion that carrier current was required to 
prevent out-of-step tripping where high¬ 
speed relays were involved. 

Even before 1934, the effects of inability 
on (iistance-t 3 q)e relays were quite well 
recognized. In 1932,1 had an oppcMrtunity 
to assist in investigating on the network 
analyzer, the instability influences on dis- 
tance-tjrpe relays in operation on a specific 
S 3 rstem. The results of the investigation 
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showed conclusively that certain conditions 
of instability would cause the relays to 
operate and accounted for questionable 
relay operations that had been experienced. 
This condition was overcome by speeding 
up other relays to prevent instability. 
The paper that Mr. Bancker and Mr. 
Hunter presented in 1934 as well as the 
later papers referred to are valuable con¬ 
tributions toward a better understanding 
of the effects of out-of-step conditions on 
distance-type relays. 
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Mr, Bancker refers to a scheme intended 
particularly for reactance relays that was 
mentioned briefly on page 194 of reference 2 
and covered in more detail in United States 
Patent No. 2,030,665. It is stated on page 
194 of reference 2 that the scheme appeared 
doubtful and that carrier-current control 
was adopted instead, thus bearing out the 
statement in our paper that carrier current 
was considered necessary to provide out-of¬ 
step blocking. 

Regarding the effects of the presence of a 
fault during system oscillations, it is recog¬ 
nized that the majority of pull-outs are 
caused by faults. However, as stated in 
the paper, the fault would normally be 
clemed by the time actual pull-out to the 
point of relay tripping occurred, so that the 
operation of the blocking relays would not 
be appreciably affected. This is borne out 
by the automatic oscillograms, two of which 
are shown in the paper. The voltages and 
currents shown by these oscillograms which 
were taken during pull-outs caused by sys¬ 
tem faults external to the interconnection, 
check closely the values calculated by neg¬ 
lecting the effects of the fatdt. 

The effects of long-duration faults ex¬ 
ternal to the mterconnection could be readily 
determined by means of the a-c network 
analyzer, or more laboriously by calcula¬ 
tions. In general, the electrical center of 
the interconnection would be shifted to¬ 
ward the fault. If the fault were phase to 
phase, the fault current fed through the 
interconnection might cause the Zz element 
of the relay associated with the faulted 
phases to pick up. However, the genera¬ 
tors nwest the fault would normally ad¬ 
vance in phase angle so that the circulating 
current due to the out-of-step condition 
would counteract the current supplied 
through the interconnection to the fault. 
Thfe would tend to equalize the impedances 
indicated to the three relays so that all 
three Zt elements should pick up before 
any one relay could cause tripping. 

The blocking scheme is based on all three 
Zz elem^ts bemg in the operated position 
at one time, but it is not necessary for 
to pick up simultaneously. The pick up 

one or two Zt elements before all three 
Zz ^ments picked up would not prevent 
Wocki^. It is only necessary that all 
wee Z* elements be in the operated posi¬ 
tions before one of the Zi contacts and its 
associated directional contact close simul¬ 
taneously. or before one of the Zt contacts 
and its aviated timer and directional 
contwts dose at the same time. It is be- 
lieved, thttefore, that the blocking relays 

faction, properly even though an ex- 

^ Operating expesrience 

^ted It may be necessary to alter some of 
and Zt settings or to change the 
timing periods of the blocking relays. 
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Synopsis: Condenser bushings use paper 
to provide high dielectric and physical 
strength. The value of paper as an insula¬ 
tion is recognized by its accepted use as the 
insulating medium in cables, transformers, 
and other apparatus. It is also recognized 
that unlimited life is attained when proper 
protection is provided against external in¬ 
fluences. Such protection is obtained by 
improved methods of winding the capaci¬ 
tors, treatment with oil impregnation, and 
surface varnish. Further protection is 
provided for outdoor bushings by sealing 
the condenser in a weather casing of por¬ 
celain with improved flexible caps and 
gaskets. Insulating oil or a plastic heavier 
tha n water is available for encasing the 
capacitor. 


M any thousands of transformers and 
circuit breakers installed during 
the past 30 years have been equipped 
with condenser-tjrpe bushings. This type 
of construction has been used here and 
abroad because first, the distribution of 
tile voltage stresses through the bushing 
is sudi as to lower the concentration of 
such stresses and thereby increase the 
resistance of the bushing to dielectric 
breakdown, and second, it has great 
niechanical strength and resiliency. The 
condenser bushing is composed of paper 
and an organic bond. Here, as in trans¬ 
formers, capacitors, cables, and other 
high-voltage apparatus, paper provides 
the high mechanical stren^ and high 
electrical, especially impulse strength. 
In windmg the bushing the paper is 
divided into a number of condensers by 
the insertion of foil layers at intervals 
sdected to provide the proper distribu¬ 
tion of the voltage stresses. These well- 
known principles have been in use since 
the first condenser bushings were manu- 
facturedi 

It is recognized that the life of paper 
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as an insulating medium is without limit 
as long as it is retained in its original 
state. The greatest enemy to the life 
and dielectric strength of such insula¬ 
tion is moisture. The manufacturer 
and the user have both aimed for such 
improvements as would definitely retain 
the original characteristics of the paper. 
Recent improvements in the construc¬ 
tion of condenser bushings have markedly 
increased their resistance to the effects of 
moisture. 

In a condenser bushing, tiie condenser— 
or core, as it is sometimes called—is the 
insulation member. The first step in 
improving the moisture-resistant char¬ 
acteristics of the bushing is to make the 
condenser tight and homogeneous. This 
was found to be a matter of processing, 
requiring a definite proportionment of 
bonding material to the weight of the 
paper, as well as a more rigid control of 
the relative speed, pressure, tempera¬ 
ture, and tension during the winding 
process. That such tight bushings can 
be made is indicated by the fact that in 
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TIME IN TRANSFORMER^'oIL - oJsYS 

Fisure 1. Effect of oil impregnation in 
preventing oil travel in condenser bushings 

Condensers Immersed In transformer oil at 80 
pounds per square Inch and 80 degrees 
centigrade 
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commercial production, bushings must 
withstand a pressure test of 60 pounds per 
square inch without leaking. 

A polymerizing organic oil is now used 
to impregnate the condenser to consider¬ 
able depth in order to increase its re¬ 
sistance to moisture. The condenser is 
then cured by an appropriate time and 
temperature process, which converts the 
oil from a liquid into a permanent solid 
by a dual process involving both oxida¬ 
tion and polymerization. This treat¬ 
ment also increases the effectiveness of 
the varnish by providing for it an im¬ 
proved base. 

The oil used for impregnating the con¬ 
denser was selected after an esdiaustive 
investigation of many materials. The 
choice was made on the basis of its power 
of penetration, ease of curing, electrical 
characteristics, and effectiveness as a 
seal against both oil and water. Com¬ 
parative data were obtained by testing 
sample 34.5-kv bushings with various 
impregnating materials, times of curing, 
and other processing details. These 
data would be interesting from the view¬ 
point of chemistry or physics,/mt for the 
present purpose it should be sufficient to 
say that the oil now in use ;yas foimd to 
be superior in the essential features. 

The effectiveness of the impregnating 
oil treatment on sealing the pores of the 
condenser is shown by figure 1. The 
data for tliese curves were obtained by 
immersing duplicate bushings in trans¬ 
former oil at 80 degrees centigrade, with 
an applied pressure of 80 pounds per 
square inch, for 19 days. The weights 
of the bushings were measured at inter¬ 
vals in order to determine the progressive 



HOURS IMMERSION IN WATER 


Figure 2. Effect of oil impregnation on rate 
of moisture absorption/ 34.5-kv condensers 
stepped on one end, immersed In water 
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absorption of the hot oil. The oil-ab¬ 
sorption capacity of the imtreated bush¬ 
ing was determined by test and calcu¬ 
lation to be slightly greater than 400 
grams, so the absorption of approxi¬ 
mately 6 grams by the treated bushing 
after 19 da 3 rs must be regarded as negli¬ 
gible. This test is very exaggerated and 
is no measure of the absorption of the 
bushing under ordinary operating condi¬ 
tions, but serves under accelerated condi¬ 
tions to demonstrate the relative im¬ 
provement obtained by the new oil- 
impregnating treatment. 

Similar tests were performed to deter¬ 
mine the effect of the oil impregnation on 
the absorption of free moisture. Sample 
bushings were immersed in water, and 
weighed at intervals to observe the pro¬ 
gressive absorption. Of the various tests 



Rgure 3. Effect of improved varnish blend 
and effect of oil impregnation as measured by 
moisture absorption; 34.5-kv bushings stepped 
on one end, immersed In water 
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VOLTAGE CUSS - KILOVOLTS 

Figure 4. Approximate change In length 
between condenser core and porcelain casing 
of bushings of various voltages for 100 degrees 
centigrade change in temperature 


performed, data showing the rdative 
performance of the impregnated, un¬ 
varnished condenser and that of the raw 
condenser, untreated, were sdected for 
figure 2, In the untreated condenser the 
moisttpre is absorbed rather rapidly at 
first, and then at a decreasing rate. The 
treated condenser shows a marked reduc¬ 
tion in the initial rate of absorption and 
further slowing up of the absorption proc- 
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PER CENT DEFORMATION 


FI gure 5. Deformation test on cork-Neoprene 
gasket material showing compression and 
return toward original dimension 


ess after a few days. This curve indi¬ 
cates that after 19 days total immer¬ 
sion in water the absorption by the con¬ 
denser was only about one-eighth of its 
theoretical capacity of approximately 400 
grams. 

Another interesting acc^erated test 
was performed by testing bushings under 
oil at pressures of 800 pounds per square 
inch. After two hours of such treat¬ 
ment the bushing with only the varnish 
treatment absorbed ten g^ams of oil, 
whereas the oil absorbed by the impreg¬ 
nated bushing was too small to measure. 

Obviously, such severe tests serve only 
to determine and illtistrate the efficiency 
of the impregnating oil treatment in 
resisting moisture penetration of the 
condenser, and reflect actual operating 
conditions only in a greatly exaggerated 
way. 

After the impregnating oil had been 
selected, research yras directed toward 
obtaining a superior varnish treatment 
for the surface, ^e following are some 
of the more important characteristics 
which were sought; 

(a). High resistance to electrical leakage 
over the surface. 

(&). Resist the tendency to ''tree” or 
"track” under high potential stress. 

(^). Seal the bushing against the^ p^etra- 
tion of moisture, oil, ordinary acid^fumes, 
etc. 

(d). Resist abrasion such as is met with in 
normal handling. 

(s). Provide a hard, smooth surface to 
avoid holding of dust, carbon and other 
forei^ substances and to facilitate cleaning. 

(f). It must not crack or craze from age or 
temperature changes. 

Many varnishes ^ow good oil-r^st- 
ance characteristics, so work was con- 
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centrated on finding one having the de* 
sired moisture resistance along with the 
other required qualities. Sample bush¬ 
ings were treated with various varnishes 
and varnish combinations and then ex¬ 
posed to tests similar to those used in 
selecting the type of impregnating oil. 
Selection was based on resistance to 
moisture absorption by the condenser as 
measured by weighing, and the ability 
to withstand various tests and acceler¬ 
ated weathering tests imder varying 
temperature and humidity conditions 
and ultraviolet exposure. Of course, the 
varnish must be suitable for ordinary 
processing. As no commonly known 
varnish was found to provide all the de¬ 
sirable features, a blend was compounded 
of materials having individual superiori¬ 
ties, so that the new varnish shows su¬ 
periority in all requirements. The re¬ 
sults of the tests on water absorption are 
shown in figure 3. Curve B shows by 
comparison with curve the improve¬ 
ment obtained by adding the oil im¬ 
pregnating-treatment to the old varnish 
treatment. Curve C shows the further 
superiority of the new varnish treat¬ 
ment over the old. The moisture absorp¬ 
tion is reduced to about 40 per cent of 
that in older bushings, by the impregnat¬ 
ing oil treatment, and further reduced to 



Figure 6. A 23^lcv Rgure 7, A 69«l(v 
condenser bushing— condenser bushings 

indoor service outdoor service 


less than 20 per cent by using the new 
varnish blend. An interesting feature of 
these tests is that even after 63 days total 
immersion in water, the power factor of 
the bushing with the improved im¬ 
pregnating and varnish treatment was 
only 3.36 per cent—still an operative 
bushing. 

Treeing, tracking, and crow-footing 
are terms which have been applied to the 
phenomenon of creepage occurring on 
insulating surfaces when the latter are 
subjected to abnormal electrical stresses. 
It appears to be initiated by a leakage 
current along the surface with local con¬ 
centrations of heat, resulting in gradual 
thermal breakdown or carbonization of 
the surface and possibly resulting in the 
formation of a conducting path. The 
American Society for Testing Materials 
test has been found most reliable for 
determining the arc-resistant character¬ 
istics. The resistance to tracking is 
determined by measuring the time,in 
seconds to form a conducting carbon 
path on a diy surface when a small, 
low-energy arc plays continuously across 
the surface between two point electrodes 
one-half inch apart, resting on the surface. 
The varnish selected has an arc resist¬ 
ance equal to the best of the materials ap¬ 
plicable as a varnish. 

The three processes just described 
namely, tightness, oil impregnation, and 
varnish treatment, applied to indoor 
bushings, provide the moisture-resistance 
characteristics necessary for the most 
humid atmospheres. For outdoor bush¬ 
ings, it is desirable to add a porcelain 
weather casing to the exposed end of the 
bushing, clamping it down on. the bush¬ 
ing flange by a suitable expansion cap and 
gaskets. 

It would be a relatively simple matter 
to encase the condenser in a porcelain if it 
were not for the changes in temperature 
met with in service. The coefiicient of 
expansion of the condenser is greater than 
that of the porcelain. With a rigid cap 
coupling between the condenser conduc¬ 
tor and the porcelain this difference would 
be enough to release the pressure on the 
gaskets at extremely high temperatures. 

Figure 4 indicates the differential 
expansion for bushings of various service 
voltages. This difference in expansion 
is taken care of by providing a flexible 
coupling between the condenser conductor 
and the porcelain. In the simplest form 
this resiliency is provided in the cap by 
shaping it so as to supply the necessary 
spring action over the range of tem¬ 
perature. In other assemblies the spring 
element is provided by a separate spring 
or group of springs enclosed within the 



Figured. Al38-kv Figure 9. Same as 
condenser after oil figure 8 except 

impregnating treat- cleaning and apply- 

ing the varnish 

cap. With any type of cap it is necessary 
to design for sufficient lengtli of spring 
action so that at the lowest temperatures 
the pressure on the assembly is not ex¬ 
cessive, while at the highest temperature, 
when the differential expansion is the 
greatest, there remains sufficient pressure 
to maintain the rigidity of the assembly 
and the efficiency of the seal. 

Considerable advance has been made 
in the materials and designs of gaskets. 
The mixture of ground cork and Neo¬ 
prene has been found to provide satisfac¬ 
tory characteristics of oil and moisture 
resistance, flexibility, and long life. 
It has also been found that the best life 
of the gasket is obtained by compressing 
the gasket to about two-thirds of its 
original thickness, limiting tliis compres¬ 
sion by a so-called ‘‘gasket stop.‘* The 
latter may take the form of an auxiliary 
gasket of harder material, or may be pro¬ 
vided by a ridge on the gasketed surface. 

The best performance is obtained by 
limiting the maximum pressure on the 
gaskets to about 300 pounds per square 
inch. ^ This has been determined by 
appl 3 dng various loads and measuring the 
ability of the gasket to return to the origi¬ 
nal dimension. 
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Fisure 11 (above). 
Outdoor condenser 
bushing assembly 
being removed from 
dry-ice bath during 
temperature - change 
test 


Figure 10. Same as 
figure 8, completely 
assembled with 
weather casing and 
cap 


and under a constant pressure. This 
eliminates any movement of the gasket 
under temperature change and so con¬ 
tributes to its long life and high efficiency 
as a seal. 

Insulating oil and plastic materials are 
used for filling the space between the 
condenser and the porcelain weather cas¬ 
ing. A new plastic material heavier than 
water and highly moisture resistant has 
been developed for this purpose. In ad¬ 
dition to the high specific gravity, other 
requirements must be met by the mate¬ 
rial in order to make it suitable for use in 
bushings. Among the more important 
are: 

1. Specific gravity greater than water 
throughout the temperature range 

2. High dielectric strength 


Figure 5 shows the deformation char¬ 
acteristics of gaskets made from ground 
cork and Neoprene. The unlimited com¬ 
pression of sample gaskets was measured 
under various loadings up to 600 pounds 
per square inch. The return curve B 
was obtained by releasing the pressures, 
taking readings down to 300 pounds per 
square inch. Five minutes after pressure 
was completely released the gasket had re¬ 
turned to within ten per cent of its origi¬ 
nal thickness and one hour after pressure 
was released the gasket had returned to 
within five per cent. It is well known, of 
course, that with lower pressures, the re¬ 
turn toward the original dimensions be¬ 
comes greater. The pressure of 300 
pounds corresponds to about one-third 
compression, which determines the rela¬ 
tive size of gasket stop. The area of the 
gasket is, therefore, designed to obtain a 
maximum pressure under lowest tem¬ 
perature and full compression of the 
spring of approximately 300 pounds per 
square inch. The data shown in figure 5 
illustrate the ability of the gasket to 
withstand abuse. However, the use of a 
gasket stop and spring pressure main¬ 
tained from the cap insures that the 
gasket is kept at a constant dimension 


3. LfOW moisture absorption 

4. Not be too fluid at operating tempera¬ 
tures 

5. Be plastic at low temperatures 

6. Good adhesion to both the condenser and 
the porcelain 

7. Sufficient fluidity to permit easy filling 
of the bushing 

In addition, the material must be stable 
and neutral in its effect on condenser 
finishes, gasket materials, and metal 
parts. 

The new plastic material, which has 
these characteristics, has been tested in 
the laboratory, and in outdoor service in 
bushings and with moisture present. 
In the laboratory tests, 34.6-kv bushings 
have been operated for over a year with 
water on top of the filling material, with 
70 degrees centigrade flange tempera¬ 
ture to soften the compound and at 30 kv. 
No change was detected in the power 
factor of the bushing, showing no mois¬ 
ture absorption. In addition, the mate¬ 
rial itsdf does not absorb any measur¬ 
able quantify of moisture. 

This material is quite plastic at tem¬ 
peratures as low as —40 degrees Fahren¬ 
heit, and will not pull away from the con¬ 


denser or the porcelain until the tempera¬ 
ture has gone down to below —60 degrees 
Fahrenheit. The material remains suf¬ 
ficiently viscous at 70 degrees centigrade 
to prevent convection currents, but still 
can be poured at a temperature of 100 to 
125 degrees centigrade. 

In addition to the laboratory tests, a 
large number of bushings using this new 
filling material have been exposed to the 
weather for almost a year, operating at a 
voltage corresponding to the line-to-Hne 
voltage instead of line-to-ground voltage. 
In someof these the capshave been opened 
up to permit free entrance of moisture 
to the top of the bushing and some had 
water introduced on top of the compound 
at the beginning of the test. Others 
were sealed up in the conventional .man¬ 
ner. This continued operation under 
higher-than-normal voltage confirms all 
the laboratory tests, insuring that mois¬ 
ture entering accidentally will be re¬ 
tained in a harmless location at the top 




Figure IS. Types of ceps showing spring ac* 
tion to maintain rigidity of the assembly and 
effectiveness of gasket seal 
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of the bushing and will not get in contact 
with the condenser itself. 

A conventional 115-kv oil-encased 
bushing with a weather casing contain¬ 
ing ten quarts of oil and two quarts of 
water was operated continuously with 
132 kv, twice normal voltage to ground, 
applied between the bushing terminal 
and the grounded flange. The bushing 
stood this test with no measurable change 
in power factor, so the test was concluded 
after 60 days. 

The primary purpose of these develop¬ 
ments was to produce a condenser core 
which would resist the penetration of 
moisture. This has been obtained by 
means of materials, processes, and surface 
finish. The second step in the develop¬ 
ment, applicable to outdoor bushings, 
was to design an assembly which would be 
effectually sealed against the entrance of 
moisture to the condenser. This is a 
matter of proper porcelain, gasket, and 
cap design. With these conditions ful¬ 
filled, it matters little whether the space 
surrounding the condenser is filled with 
oil or compounds as this is not required 
for insulation. As a matter of interest, 
we have been told of a situation in which a 
whole set of outdoor bushings is operat¬ 
ing with nothing but air filling the space 
between the condenser and the por¬ 
celain, using a heater at the flange to 
keep the air dry. 


Discussion 

Wethenll (General Electric Company, 
Pittsfield, Mass.); Mr. Peterson makes the 
statement thatmoisture is thegreatest enemy 
to the life of paper insulation. The facts 
mvolved might be more accurately repre¬ 
sented by stating that moisture has an ad¬ 
verse effect only in cases where the insula- 
tmn is not adequately protected by suit- 
^le long-Hved gaskets. It is never desir¬ 
able to operate a bushing with defective or 
inadequate gaskets, or with a defective oor- 
cdain. 

While occasional cases of fractured por¬ 
celain can probably never be riimiunti^ 
the new gasket materials which have be¬ 
come available in the last ten years offer an 
effective means of providing effective and 
perranent protection from moisture. It 
has been possible to eliminate troubles on 



the older bushings in service by regasketing. 
Experience over the last ten years, in¬ 
volving hundreds of thousands of gaskets, 
strongly indicates that ‘ gasketing is no 
longer a major problem on bushings of 
modem design. 

The experience of the writer agrees with 
that of Mr. Peterson in that proper control 
over the materials and conditions during 
the winding of bushing cores will give a 
solid and impervious structure. It *s the 
practice of the General Electric Company to 
require that solid bushing cores must with¬ 
stand a gas-pressure test of 80 pounds per 
sqt^ inch applied for ten minutes. Ex¬ 
perience has shown that a test of this sever¬ 
ity assures high quality and long life in serv¬ 
ice. 

'^ere is one additional phase of the differ¬ 
ential thermal expansion problem not men¬ 
tioned by Mr. Peterson. In bushings tiring 
solid cores, it is the practice of the General 
Electric Company to use insulation with 
c(^cient of thermal expansion matched 
with that of the copper conductor, in order 
to eliminate internal strains in the core, 
^ch procedure means that a core which is 
initially tight will remain tight in service. 

Mr. Peterson has found that the use of 300 
pounds per square inch maximum gasket 
pressure and about 33 per cent gasket com¬ 
pression give best results. These conclu¬ 
sions are influenced doubtless by the com¬ 
position and configuration of the gaskets 
involved. For example, tests on a some¬ 
what harder mixture of cork and Neoprene 
show that the pressure required for 17 
per cent compression varies from 1,100 to 
1,900 pounds per square inch, depending 
upon the dimensions of the gasket. 

The trend toward the use of fluid filling 
compounds in higher voltages is apparently 
continuing. Fluid compounds do not form 
shrink voids or show cumulative deteriora¬ 


tion as a result of occasional local overstress. 
They also avoid the danger formerly re¬ 
sulting from, the use of solid filling com¬ 
pounds whi<ii permitted defective gaskets 
to remain in service unrecognized. 

On the larger oil-filled bushings the 
General Electric Company, for nearly three 
years, has been using an open ventilated 
construction but with the oil protected 
from the atmosphere by a thermal trap 
similar in its effect to the conservator used 
on many power transformers. This con¬ 
struction is shown in figure 1 of this discus¬ 
sion. 

The inverted XJ tube, which connects the 
bushing with the expansion chamber, serves 
to prevent circulation of oil by convection 
currents; and the interchange of oil between 
the bushing and the expansion chamber is 
limited to the small amount necessitated by 
volumetric thermal expansion of the oil. 
Extensive accelerated tests have shown that 
bushings utilizing this construction retain 
their original dielectric condition per¬ 
manently. 


A. J. A. Petersen: Mr. Wetheriirs discus¬ 
sion emphasizes, in an interesting manner, 
the approach of another manufacturer to the 
problem of protecting the bushing so as to 
give it longer life. Testing pressures, 
operating stresses on gaskets, and so forth 
are matters of individual and detail design. 
It is interesting to note, however, that the 
sufficiency of pressure testing to determine 
sound cores is influenced by the time diuing 
which such pressures are applied. Long ex¬ 
perience in manufacturing and testing con¬ 
denser bushings has led to the adoption of 
combinations of pressure and time to in¬ 
sure the most satisfactory results. 

As pointed out in the paper, the numerous 
improvements in condenser bushings have 
imde the same condenser core suitable for 
either fluid or plastic encasing material. 
Both oil and plastic as used in condenser 
bushings eliminate shrink voids referred to 
by Mr. Wetherill, and the condenser prin¬ 
ciple inherently avoids the local overstresses 
which might be present in other designs. 

Gaskets serve not only to keep moisture 
out of the bushing but also to keep the 
filling material in the bushing. This is of 
major importance in bushings where the oil 
contributes or forms the main part of the 
insulation, and is obviously of less impor¬ 
tance in the capacitor bushing. 

There is likewise considerable difference 
in the relative importance of the filling mate¬ 
rial of various types of bushings. The 
condenser unit of a Westinghouse bushing 
is the real insulating medium and the oil or 
plastic serves only to protect the condenser, 
and does not contribute materially to the di¬ 
electric strength of the bushing. 
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Dielectric Strensth of Porcelain 
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F undamentally, thevoitage-time 

characteristic of insulation suggests 
the extending of studies for fuUerboard and 
transformer oil^*^ to other insulation ma¬ 
terials. Porcelain is considered in this 
investigation since it is used extensively 
for line and substation insulation, in ap¬ 
paratus design as bushings,® and for other 
insulation. 

The determination of the impulse 
characteristics of porcelain for limited and 
for repeated voltage applications is an¬ 
other object of the paper. Tests were 
made with full and topped waves and 
with steep impulses to siinulate traveling 
waves and direct strokes. Line apparatus 
in particular frequently is subjected to 
these two types of impulses. 

Test Method 


M. L. MANNING 

ASSOQATE AIEE 

and one-half-inch thick between the line 
electrode and ground plate, figure 1. 

Tests were made to determine: 

(u). The impulse strength for limited ap¬ 
plications 

(6). The impulse strength for repeated ap- 
pHcations 

(c). Sixty-cycle strength 

Impulse strength for limited applica¬ 
tions means single applications of voltage 
each setting raised in fiv^-per-cent steps 
to breakdown. Table I and figure 2 give 
the results of these tests for positive and 
negative full, chopped, and steep-front 
waves for a total of 28 shells. 

Impulse strength for repeated applica¬ 
tions means as many as 100 applications 
of vpltage each setting raised in approxi¬ 
mately ten-per-cent steps to breakdown. 
Table II and figure 3 give the results for 


one minute intervened. The voltage was 
raised in five-per-cent increments to 
breakdown. This procedure was repeated 
for five shells. On one shell the voltage 
was rapidly applied to breakdown. The 
results are summarized in table III. 

The breakdown of a single test specimen 
varies as much as ten-per-cent and more 
from the average, as shown in tables I, 
II, and III. For limited applications the 
variation on the average is five to ten per 
cent. The test data for repeated applica- 


APPUED VOLTAGE - 


TANK 

(20 IN. HIGH) 
.(50 IN. long) 
(30 IN.WIDE) 


-1/4-IN* COPPER ROD 
WITH MICARTATUSE^ 
CVe IN. ouTsire 
DIAMETER) 

^OIL LEVEL 


LINE ELECTRODE- 
SOLDERED TO THE 
COPPER ROD 


PORCELAIN SHBLl 
(a IN. OUTSIDE 
DIAMETER) 



METAL-FOIL PACKING 
TO FILL INSULATOR 
PINHOLE 




THICK 


,.lOUNO PLATE 
I2IN.X151N.} 


Figure 1. Arrangemenit of porcelain shells 
for test 


For the impulse tests the equipment 
and general procedure conform to the 
usual practice. Voltage and time were 
recorded by the cathode-ray oscillograph 
connected across the test object through a 
resistance divider or a capacitance divider 
calibrated against the resistance divider. 
A rod gap chopped the impulse to the de¬ 
sired wave for the steep-front and chopped- 
wave tests applied to the specimens. 

The voltage supply for the 60-cycle 
tests was a 150-kv 76-kva testing trans¬ 
former excited through an induction 
regulator for voltage control. The volt¬ 
age measured at the voltmeter coil of the 
testing transformer was calibrated against 
a standard sphere gap connected across 
the test load. 

Porcelain Shells—^Test Results 

Forty-seven porcelain shdls of the sus¬ 
pension-insulator type were tested in 
transformer oil at 24 degrees centigrade. 
The shells were nine inches in diameter 
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committee on power transmission and distribution, 
and presented at the AIEE North Eastern District 
meeting, Springfidid, Mass., May 3-6, 1939. 
Manus^pt submitted August 8, 1988; made 
available for preprinting March 28,1989. 

P. L, Bbllaschi is section engineer, transforms 
engineering department, and M. X». Mamnino is 
engines, insulation development section. Westing- 
house Electric and Manufacturing Company, 
3haron, Pa. 

The authors acknowledge the helpful assistance 
rendered by G. Y. Hager, G. L, Candls, and W. D. 
Aibright in the test work. 

1. For all numbsed refsences, see list at end of 
paper. 


lositive, full, and steep-front waves, 
nd for negative full, chopped, and steep- 
ront waves for’a total of 13 shells. 

For the 60-cycle tests a voltage of about 
iO per cent of the expected failure was 
Lpplied for one minute. A rest period of 


tions are more consistent, the average 
variation not exceeding five per cent. 
Some of the 60-cycle breakdown values 
depart substantially from the average. 
Porcelain has a characteristic similar 


Table I. Impulse Strengfh of Porcelain Shells for Limited Applleetlons 


Number KUo- 


Xllo- 

TOltS 


Time 

to 

Break¬ 

down 


Tolts Break- (Mioco- 


Average 

Time 

Hilo- Kilo- to 

volte volts Break- 

Per Average down 

Micro- Break- (Micro- 


Porcelain 

Number 


Teat* 


QI TOIW —--- 

Impulses Held down seconds) second down seconds) 


8 

12 . 

6 

6 

7 

8 
9 

10 

11 

18 

14 

15 

16 

17 

18 

24 

26 

26 

27 

28 


f 

6... 

..160... 

..168... 

..3.0.... 

. \ 



Positive full wave J 

1... 

..187... 

..4.0.... 


....164... 

.2.0 

lVtfc48 microseconds | 

6... 

..168... 

..168... 

..3.8.... 

. J 




4... 

..164... 

..168... 

.,2.2.... 

. 




4... 

..160... 

..168... 

..2.3.... 




Positive wave chopped 

8... 

j 

..148.. 

..159... 

..2.6.... 
,,3.8_ 


_166... 

..2.64 

at 2-^ microseconds 

6... 

..in.. 

..179... 

..2.6.... 





1... 


..186... 

..2.7.... 





4... 

..Ml.. 

..168.. 

..3.0... 





2... 

..198.. 

..218.. 

..1.4 .. 

.. 162) 




8... 

..266,. 

..266.. 

..0.62.. 

.. 427 



Positive wave-steep 
fronts 

1,. 


..279.. 

..0.69.. 

.. 478 


. .6.74 

• 1.. 


...277.. 

,.0.67.. 

.. 487 



1,. 


...279., 

..0.29., 

.967 

; • 1 . 



1... 


...839.. 

...0.8 

.... 967J 

' -1 



fll.. 

...199.. 

...206.. 

...2.8 .. 




Negative full wave ! 

6... 

.,.186.. 

...194.. 

...2.3 ., 


•;.,.219... 

..2.P 

lVs3c48 microseconds ^ 

11.. 

...282.. 

...241.. 

...8.0 .. 




lio.. 

..,226.. 

. ..286.. 

...3.0 .. 




] Negative wave chopped ] 

’ 7.. 

...201.. 

...209.. 

..;2.0 .. 


1 ....209... 

..2.8 

8.. 

...210.. 

...209.. 

...2.6 ., 


1 at 2 microseconds 

. 8.. 

...205.. 

.:.. 



) 



1.. 


...339.. 

...0.2 .. 

..1,690 




1.. 


...380.. 

...0.19.. 

.. 1,786 



Negative wave—steep 

1.. 


...282.. 

.:.o.6 .. 

...563 


...0.87 

fronts 

1.. 


...298.. 

...0.63.. 

... 663 


■ 


1 .. 


,,.307.. 






♦ In these tests the full wave was 1 Vjx 48 microseconds which for these tests is equivalent in effeqt to eUher 
the lV«40-nilcro8econd (AIEE) or the.lxSO-microsecond (lEC) waves. 
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TIME TO BREAKDOWN-MICROSECONDS 
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time: to breakdown-^ microseconds 


Rsure 2. Impulse strensth of porcelain for 
limited applications 


to other solid insidation materials in that 
for full waves or waves chopped on the 
tail breakdown occurs near the crest of the 
wave, from two to four microseconds 
(tables I and II). 

For the majority of impulse tests the 
puncture of the porcelain (figure 6) was 
from the edge of the line electrode where 
the greater stress appears. In relatively 
fewer cases failure occurred near the 
center. The failure is in the nature of a 
fused path the size of an ordinary pin or 
greater through winch the current dis¬ 
charged. When testing on the front of 
the wave, due to the higher setting of the 
impulse generator, holes were blown in 
the porcelain by the explosive action of the 
heavier current. Breakdown on 60 cycles 
was at the comer of the electrode. 

From figures 2 and 3, a polarity effect 
is apparent for the specimen and electrode 
arrangement employed. For impulses, 
two microseconds and longer the negative 
voltage is about 20 per cent greater than 
the positive. At the very short time, for 


single applications, the polarity effect 
practically disappears. 

The voltage-time characteristic for 
limited applications (figure 2) is a constant 
voltage for waves two microseconds and 
longer. For shorter durations, an upturn 
of the curve takes place with an increase 
in the voltage of nearly 100 per cent at 
0.3 to 0.2 microsecond. These very short 
impulses are chopped on a front which 
rises at approximately 1,000 kv per micro¬ 
second (tables I and II). 

For repeated applications (figure 3) 
the voltage-time characteristic is a con¬ 
stant voltage with the indication of an 
upturn on approaching durations less 
than one microsecond. The voltage 
strength for repeated impulses is about 
90 per cent of that for limited applications 
for two microseconds and greater. These 
tests show that at 0.2 microsecond the 
single application breakdown is 70 per 
cent greater than for repeated applications. 

The impulse ratio (impulse voltage 
divided by 60-cycle one-minute hold) of 
the flat part of the voltage-time charac¬ 
teristic for limited applications (figure 2) 
is respectively 1.47 and 1.75 for positive 
and negative waves. The average for 


Figure 3. Impulse strength of porcelain for 
repeated applications 


the two polarities is 1.61. For repeated 
applications (figure 3) the impulse ratio 
is 1.28 for the positive and 1.65 for the 
negative waves. The average is 1.47. 

Porcelain Tubes—^Test Results 

Tests were made on one-inch-thick 
porcelain. The specimens consisted of 
porcelain tubes, one-inch inside diameter 
through which a metal tube fitted snugly, 
Midway on the outside of the tube, a tin- 
foil band and flange similar to a bushing 
arrangement comprised the ground. Volt¬ 
age was applied to the metal tube. The 
tests were made in transformer oil at 
26 degrees centigrade. Tests at higher 
temperature did not show appreciable 
change in breakdown. The strength of 
several samples to a lV^c40-niicrosecond 
positive wave for limited applications 
averaged 237 kv and the one-minute 60- 
cycle hold, 146 kv (crest). Thus the 
impulse ratio is 1.62. This value com¬ 
pares closely with the corresponding 


Table II. Impulse Skength of Porcelain Shells for Repeated Applications 


Porce¬ 

lain 

Number Test* 

87.. . .Positive full wave 1 Vtfc48 microseconds... 

41.. . .Positive wave—steep fronts... 


Negative full wave 1 V*x48 microseconds 


Negative wave chopped at 2-3 micro¬ 
seconds 


Negative wave—steep fronts 


Time 

WtmbM W»mber Number Number Kilo. BrJ^k- 


.126.. 

132... 

.178... 

.. 60.. 
..100.. 

..100.. 

..140... 

..189... 

..196... 

..100.164.. 

.100.176... 

.. 64. 

..62... 

..64... 

..263... 
..255... 

. .166 

. 766.... 

.175... 

.. 60.. 




61 


176... 

..100.. 

..195... 

.. 12. 


113 


,175... 

..100... 

..196... 

.. 2. 


..103.., 


176... 

..100... 

..195... 

. . 68. 


..169..! 


176... 

.. 51... 




62...' 


171... 

,.100... 

..195... 

.. 88. 


..189.*.*. 



-166.100.193.. 

....166.100.193.. 

-176.100.202., 

....176.100.200.. 


re^d'(IBQ^^f"“ which for these 


testa is equivaJent in effect to either the li/«40-microsecond ( 


5.2.8 

5.3.6 
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Figure 4. Typical oscillosramt of test applied 

A —Full wave 
B —^Wave chopped on tail 
C—^Steep-front wave 

average impulse ratio for the tests on 
poredain shells. From these and similar 
tests the relation between voltage strength 
and porcelain thickness is a straight line 
on log-log co-ordinates with a slope of 0.5. 

Steep-Front Tests on 

Suspension-Insulator Strings 

Strings of 3, 5, and 14 standard sus¬ 
pension insulators were flashed over with 
negative waves on a 3,000 to 4,000 kv 
per microsecond front. Thirty impulses 
in succession were applied to each string. 
The 14-unit string was last to be tested. 
Four insulators in this string already had 
been subjected to 30 impulses, so that 
these four units received a total of 60 im¬ 



pulses. The test data are summarized in 
table IV. 

The five-insulator assembly was in 
addition subjected to combined steep- 
front and high-current flashovers (figure 
6). This test simulates a lightning stroke 
discharge.'* Table V summarizes the test 
data. 

No sign of damage to the insulators 
was apparent from either the steep front 
or combined tests. These results are 
particularly significant as these tests 
approach or simulate in severity the 
stresses to which insulators may be sub¬ 
jected on lines as the result of direct 
strokes. On the basis of uniform distri¬ 
bution of the voltage, the insulators of the 
three-imit assembly were stressed the 
highest (table IV), Each insulator with- 


Figure 5. Typical breakdown of porcelain 
shells 

Repeated applications: 

A —Negative full wave 
B —Negative wave chopped on tall 
C—Negative steep-front wave 
D —Positive Full wave 
E—Positive steep front 

Limited applications: 

F —Positive steep front 
G—Negative steep front 
H —Negative wave chopped on tail 
/—Positive wave chopped on tail 


stood repeated impulses of 330 kv with 
approximately 0.26-microsecond duration. 
The porcelain thickness of the insulators^ 
between cap and pin, is approximately 
w/m of an inch; the cap and pin are as¬ 
sembled to the shell with cement. 

Suspension Insulators Tested to 
Breakdown in Oil 

Impulse tests to breakdown were ap¬ 
plied to the insulators previously tested 
on steep fronts. Each insulator was im¬ 
mersed in transformer oil similar to the 
arrangement of figure 1, voltage being 
applied “to the pin. The voltage was 
raised by steps to breakdown. Table 
VI summarizes the data. 

Tests were made on 60 cycles. The 
results are given in table VII. In these 
as in the other tests reported in the paper 
good transformer oil (30 to 36 kv, standard 
cup test) was used, except for the three 
60-cycle tests (table VII) where due to 
contamination “the strength of the oil was 
17 kv. Even then no apparent difference 
is noted in the puncture strength of the 
insulators. 

The impulse tests incficate that the 
negative full-wave strength is somewhat 
higher than the positive full-wave but the 
data are insufficient to establish definitely 
the amount. The average breakdown for 
the positive and negative full waves is 
265 kv. The average 60-cycle one-minute 
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Table IV. Steep-Front Impulse Tests on Suspension Insulator Strings^ Negative Poiarity 


Insulator Units* Number of 
in String Impulses 


_ Voltage Applied _ 

KiloTolts per 
Kilovolts Mim'osecond 


3.30.1,000.4,000 

6.30.1,300.3,000 to 4,000. 

14.3 0.2,100.3,600** 

* Standard insulators, lO^inch diameter, spacing. 

** Rise of front. Flashover in 1.5 to 1.6 microseconds. 


.No apparent damage 
. No apparent damage 
. No apparent damage 


Table V. Combined High-Voltage and Current Impulse Tests on Five-Unit Insulator String"* 


_ Voltage Applied 

Number of Kilovolts 

Tests E^ilovolts Microsecond 


_ Current _ 

Total Duration 
Amperes (Microseconds) 


Comment 


4.1,300.3,000 to 4,000.40,000..70.No apparent damage 

♦ These tests made on same five-insulator string in table IV. Polarity of voltage and current negative. 


hold Strength is 163 kv (crest). Therefore 
the impulse ratio is 1.62, a figure close in 
agreement with the r^ults for the porce¬ 
lain shells and tubes. 

From these tests the voltage-time char¬ 
acteristic (table VI) rises at 0.2 micro¬ 
second approximately 60 per cent above 
the 2- to 40-inicrosecond value. This 



amount in th^ptum is not so great as the 
teste, of the pte^cdain shdls (figure 2) show 
due possibly to the diffex^^nce in the elec¬ 
trode arrangements and m the specimens, 
and hi particular to the rdatively larger 
number of impulses that were applied 


to the suspension insulators previous to 
(table IV) and during the breakdown 
teste (table VI). 

Comparison of Porcelain Data 

As a basis of comparison the data for 
the one-half-inch sheUs have been plotted 
in figure 7 as impulse-ratio/time curves. 
The corresponding impulse ratios for the 
one-inch tubes and the suspension insula¬ 
tors from 2 to 40 microseconds are essen¬ 
tially the same as in curve A (limited ap¬ 
plications). 

The 30 flashovers in air of the suspen¬ 
sion insulator assemblies indicate that a 
stress was sustained by the insulator units 
whidi corresponds to an impulse ratio of 
2.0 at 0.25 microsecond. This value com¬ 
pares to 1.7 of curve B where, however, 
the number of . teste applied to the one- 
half-inch shells in oil is greater. Following 
the flashover tests, the limited teste on the 
suspension insulators in oil (table VI) 
give an impulse ratio of 2.0 at 0.28 micro¬ 
second and of 2.4 at 0,17 microsecond. 
Although the test data on the suspension 
insulators are not on the same basis as 
the curves of figure 7 and therefore cannot 
be directly compared, the data well sub¬ 
stantiate the impulse-ratio characteristic 
of porcelain as given by these curves. 

In a recent investigation for the com¬ 
parison of impulse teste sponsored by the 
International Electrotechnical Commis¬ 
sion, teste® are reported by Allibone on 
thin (0.15-mdi) porcelain cups wi^ an 
electrode arrangement simulating a rather 
uniform field. The teste were made in oil 
at room temperature. Repeated impulses 
were applied. Essentially the same volt¬ 
age was obtamed for positive and negative 
waves. From this investigatian the im¬ 
pulse ratio for 1-, 5-, and SO-microsecond 


waves are respectively 1.55, 1.48, and 
1.46. These values are in close agreement 
with the corresponding data in curve B of 
figure 7. 

Sixty-cyde tests in oil of suspension in¬ 
sulators have been a subject of consider¬ 
able investigation, for the condition of the 
oil affects the puncture voltage. Insula¬ 
tors tested in oil of abnormally low resis¬ 
tivity show some 30-per-cent increase in 
puncture voltage over the teste made in 
normal transformer oil, due apparently 
to the grading effect that low-resistivity 
oil has on the concentrated field at the 
metal parte. Rebora® has investigated 
the effect of the oil on the puncture volt¬ 
age of standard suspension insulators. 
His data for the tests in normal trans¬ 
former oil are in substantially good agree¬ 
ment with ours (table VII) both in regard 
to the relative values and in the nature of 
the breakdown. In these teste (table 
VII) where normal transformer oil was 
used no substantial grading at the cap 
edge or at the pin could have been present 


Table VI. Impulse Strength of Suspension 
Insulators Tested in Transformer Oil 


Imndator 

Unit Test 

Num- Ello- 
ber of volts 

Im- Break- Micro- 
pulses down seconds 

i 1 

fl6...260...1Vix40 

B >- Positive full wave 

^7 ...230 

c J 

(17...206 

D.. .Negative full wave 

.,20...200...1Va40 

E ) Negative wave- 

r16...320...0.28 

F ) steep fronts 

1 3...396...0.17 


Comments: Oil temperature 24 degrees centi¬ 
grade. Dielectric strength of oil 30 kv in standard 
cup. 0.1'inch gap, one-inch disks. Time to break¬ 
down of A, B, C, and D, three to eight micro¬ 
seconds. Failure of A, B, Z>, and E from cap edge 
to pm. Failure of C and F in^de cap to pin. 

since streamer formation could be ob¬ 
served as the test voltage was increased to 
the puncture value. The concentrated 
stress is indicated also from the frequent 
occurrence of failure through the porcelain 
shell from the edge of the cap to the pin. 
The fladiover data of the insulators (in 
air) point out the possibiKty that for air 
the corona and streamers from the cap 
and pin are of such a nature as to have a 
grading effect. By virtue of this grading 
effect a higher stress would be sustained by 
the insulator (tables IV and VI). 

While the dielectric strength of porce- 
lainfe affected by and varies with the test 
specimen, the electrode arrangement, 
the method of test, and other factors, 
the data presented in this paper and 
elsewhere establish that the curves of 
figure 7 are representative of the voltage¬ 
time characteristic of porcelain. 


654 Transactions 


BeOaschi, Manning—Bieleartc Strength of Porcelain Electrical Enginbbrino 

















Apparatus in Service 

The voltage-time characteristic of por¬ 
celain is apparent also from the perform¬ 
ance of apparatus in service. As an illus¬ 
tration, suspension line insulators will be 
considered since this apparatus is fre¬ 
quently stressed in service from traveling 
waves and direct strokes. Moreover, line 
insulators are well standardized and their 
flashover characteristics fully established.’ 

The porcelain thickness between cap 
and pin for standard insulators is about 
0.80 inch. For the 1.5x40 microsecond 
wave flashover the average stress per 
insulator is from 100 to 90 kv for insulator 
strings of 5 to 16 dements. The average 
stress per insulator for a two-microsecond 
impulse is approximatdy 130 kv. These 
stresses are for equal voltage distribution 
over the insulator string and require 
multiplying by a factor greater than unity 
for departure, from uniform distribution. 
It is conceivable also that in the process of 
flashover stresses exceeding these average 
values would appear across the individual 
insulators for the very short time in which 
the flashover occurs. All considered, the 
good performance of modem line insulators 
to travding waves is naturally expected. 

Experience shows that even direct 
strokes sddcwtn, if ever, puncture the por- 
cdain in modem suspension insulators. 
Consider the probable stress of the porce¬ 
lain from the various records of direct 
strokes to the line. An oscillogram of a 
direct stroke to a 220-kv line® (16-insula¬ 
tor assembly) indicates a rate of rise of 
1,600 to 2,000 kv per microsecond, the 
voltage reaching a crest of 3,000 kv. 
Other records and analyses®*^®’^^ indicate 
that rates of rise up to 6,000 kv per micro¬ 
second possibly are attained. 

Considering 3,000 kv per microsecond 
as or near the upper limit for the steep¬ 


ness of the front of lightning strokes, from 
table IV and other published data^'^*'^®, 
the average stress and its duration per 
dement for a 16-insulator string would be 
approximatdy 200 kv and 1.2 micro¬ 
second. For a 6-insulator string the 
average stress and duration are 280 kv 
and 0.5 microsecond and for a 3-insulator 
string, 330 kv and 0.25 microsecond. 
The ability of insulators to withstand 
these stresses is demonstrated from the 
tests reported in this paper (tables IV and 
V) and in a previous investigation.^ 

The good performance of line insulators 
even when subject to direct strokes is 
quite understandable from fimdamental 
considerations of the didectric sfrength 
of porcelain. Furthermore, this analysis 
indicates that the steepness of the front of 
direct strokes possibly is not so great as 
assumed in the past. 

Conclusions 

1. The voltage-time characteristic of por¬ 
celain for limited applications is a constant 
voltage down to two microseconds and 
rises with shorter impulses nearly doubling 
at 0.2 microsecond. 


2. For many repeated applications,, the 
voltage-time characteristic is practically 
constant with relativdy smaller upturn at 
the shorter impulses. 

3. The impulse ratio on the fiat part of 
the characteristic is 1.60 for limited applica¬ 
tions and approximatdy 1.46 for repeated 
applications. 

4. These inherent characteristics of por¬ 
celain are apparent also from the good 
performance of line and other apparatus 
subjected in service to traveling waves and 
direct strokes. 

6. The characteristics of porcdain com¬ 
pared with its good performance in service 
indicate that the steepness of strokes on 
lines possibly does not or sddom exceeds 
3,000 to 6,000 kv per microsecond. 
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Table VII. Sixty-Cycle Sirensth of Sutpemion Insulators Tested in Transformer Oil 


Insulator 

Unit** 


Test 


Maxi¬ 

mum 

One- 

Minute Breakdown Voltage 

Hold —- 

Voltage Time 


(KUovolts lOlovolts 
Crest) Crest 


Hold 

(Seconds) 


Remarks* 


G 

H 

I 

J 

K 

L 

M 

N 

0 


60-cycle voltage ap¬ 
plied one minute., 
One minute rest 
period between 
steps 


132. 

161. 


.146.661 Oil temperature 26 degrees centigrade. Oil 

.166.35) strength 36 kv 


..tnloil temperature 20 degrees centigrade. 

strengthwkv 


175. 

168. 

161. 

168. 

Average 
*- 163 


.182.50\ . ^ 

175 .; 161 Oil temperature 20 degrees centigrade. Oil 

168.46 1 strength 81 kv 

176 .56^ 


oa 


* Pidlectric strength of oil determined in standard cup. 0.1-inch gap between one-inch disks. 
♦•Fdlura«fG,H.l,/.i,W, »ndOfromcaped*etoi>iii: of JC and from inside cap to pin. 
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Line Problems in the Development of the 
12-Chdnnel Open-Wire Carrier System 


also arisen in controlling the cross talk 
around the repeaters and in reducing the 
effect of impedance departures between the 
line circuits and the equipment. 

Frequency Allocations 


L. M. ILGENFRITZ R. N. 

MEMBER AIEE ASSO 


Synopsis: The development of the tsnpe 
J 12-channel carrier telephone system for 
open-wire lines required an increase of 
nearly 5 to 1 in the transmi^ion frequency 
range of the lines. In the provision of 
suitable line facilities a number of new 
problems were encotmtered with respect to 
attenuation, noise and cross talk. Methods 
for meeting these problems and the results 
obtained are described. 


A new earner telephone system for 
open-wire telephone lines has been 
described recently,^ This system in¬ 
creases the number of two-way telephone 
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Transacmoks), January 1937. 


Discussion 

Victor Siegfried (Worcester Polsrtechnic 
Institute, Worcester, Mass.); This paper 
is of intttest in it fills in a gap in the 
information on dielectric strengths of ma¬ 
terials where no great amount of data ex¬ 
ists, The behavior of porcelain is shown 
to be similar to that of other solid dielectrics 
in the volt-time characteristics, and in the 
differ^ce in characteristics on repeated ap¬ 
plication as compared with a limited number 
of voltage applications. 

In obtaining their data, the authors 
have used porcelain shells without hard- 
w^e. I am wondering what difference 
might be e3q)ected when a cap is on the units, 
giving a more even distribution of stress 
on the inside comer next to the pin. It 
might be ejected at first guess that the 
characteristics would be similar to those 
found, but at different values for the actual 
breakdown voltage, thus giving a higher 
actual voltage which the unit could with¬ 
stand. If there is a tangible difference, it 
will affect the extension of these data to 


HUNTER A. L. WHITMAN 

□ATE AIEE MEMBER AIEE 

circuits which can be obtained on a single 
pair of wires from the previous TnflriTnutn 
of 4 to a total of 16. This has been 
achieved by extending the frequency 
range from a maximum of about 30 
kilocycles to more than 140 kilocycles. 
The exploitation of this new range of fre¬ 
quencies on open wire has involved the 
solution of a number of interesting prob¬ 
lems, among which are these: 

1. Not only does the attenuation of an 
opm-wire line under ordinary weather con¬ 
ditions rise substantially with frequency 
but extremely large increases in attenua- 
^on occur at the higher frequencies when 
ice forms on the wires.In spite of these 
effecte a high degree of stability of trans¬ 
mission 1]^ been secured on all channels by 
the provbion of automatic control of re¬ 
peater gain and equalization. 

2. New cross-talk problems created by the 
extension of the frequency range have been 
solved by the developmmt of transposition 
designs with numbers of transpositions not 
greatly in excess of those employed for the 
lower-frequency systems. Problems have 


other cases where the actual porcelain 
insulator with line hardware is used. 

In general, this paper shows the ability of 
the modem insulator to stand up under the 
severest stresses imposed by line conditions; 
in fact, the authors very significantly con¬ 
clude that the proved ability of the insula¬ 
tors to take strokes in sttvice indicates a 
maximum steepness of wave of 3,000 to 
5,000 kv per microsecond. This shows us 
that ^e laboratories cannot go wrong in 
seeding up the wave fronts to such a value 
when attempting to dupHcate the worst 
type of impulse that natural lightning is 
likely to produce. 


P. L. Bellaschi and M. L. Manning: The 
tests on complete porcelain units to which 
Mr. Siegfried refers are given in tables 
IV to VII inclusive. One of the objects of 
the paper was to establish the volt-time 
chamctenstic of porcelain. Acc(M:dmgly, 
plain shells, completely assembled in insula¬ 
tor units, tubes, etc., were tested. In 
these tests, different electrode arrangements 
were used for the various specimens. Hie 
a^wage results of such tests are given in 
figure 7, which is the representative volt¬ 
time curve of porcelain. 

We are iu full agreement with Mr. Sieg¬ 
fried in that the tests verify the good per¬ 
formance of porcelain expected and found 
in service. 


The-type J system operates on circuits 
on which type C carrier systems were 
already operating in the frequency range 
up to about 30 kilocycles. To provide 
enough frequency separation between the 
two systems the lower frequency limit 
of the J system was set at 36 kilocycles; 
the necessary frequency space for 12 
cdiannels in each direction set the upper 
limit at about 140 kilocycles. This 
range is split into two parts, one used for 
transmission in one direction and the 
other for the opposite direction. Figure 
1 illustrates the relation of the fre¬ 
quency bands occupied by the type J 
and t 3 pe C systems and the voice-fre¬ 
quency channel. Different “staggered^^ 
locations of the frequency bands are to be 
employed in order to simplify cross-talk 
problems. 

Filters are used for separation of the 
type / from the t 3 rpe C and lower-fre¬ 
quency facilities on tlie same pair of 
wires. This separation is done by 
means of a combination of high- and low- 
pass filters which split apart the fre¬ 
quency ranges above and below the band 
between 30 and 36 kilocycles. To sim¬ 
plify the design of these filters, the low- 
frequency group of the type J system is 
transmitted in the same chrection as the 
high-frequency group of the type C sys¬ 
tem. This arrangement of transmitting 
certain frequencies in a particular direc¬ 
tion is generally used throughout the 
telephone plant in order to avoid serious 
cross-talk difficulties. Accordingly with 
few exceptions west to east transmission 
or south to north transmission takes place 
in the same frequency bands throughout 
the country and similarly, east to west or 
north to south transmission employs the 
same frequency bands. These are indi¬ 
cated in figure 1. 

Line Attenuation 

An open-wire pair affords the lowest- 
loss transmission medium of any con¬ 
ductor employed in the telephone plant 
It is, however, peculiarly subject to the 
effect of weather, which may cause large 
and often rapid changes in the attenua¬ 
tion. In consequence, some form of gain 
regulation is required. 

Even for earner systems operating up 
to 30 kilocycles, manual regulation is in¬ 
adequate for the longer systems and auto¬ 
matic devices have been provided for 
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Figure 1. Frequency allocation 

Note: E-W also implies transmission N-S 
and W-E implies S-N 

most systems over 600 miles in length. 
The attenuation changes caused by 
changes in resistance of the wire with 
temperature or by changes in the shunt 
losses when insulators become wet are 
much larger at the higher frequendes 
of the J system, and therefore, an auto¬ 
matic regulating scheme is required. 
Tests were made on open-wire circuits 
to determine more predsely the char¬ 
acteristics needed for such a regulator. 
During sleet storms, when wires are 
covered with ice, the increases in attenua¬ 
tion are far beyond any caused by rain. 
Figure 2 shows increases which may be 



Figure S. Attenuation variation with weather 

Eight-Inch spacing/ 165-mll copper wire 


caused by ice as compared with the nor¬ 
mal dry- and wet-weather values. 

The deposits on the wire may be ac¬ 
tual ice, or in some cases wet snow or 
frost adhering to the wire. Figtare 3 
shows an example of such deposits. 
Theory shows that the increase in attenua¬ 
tion is caused by energy losses in the ice 
itself and that leakage across the insu¬ 
lators is usually a negligible factor. 

An extensive survey of the effects of 
ice has been carried on at various points 
throughout the country during the past 
four years and a large amount of infor¬ 
mation has been accumulated. These 
tests have showm that the shape of the 
attenuation-frequency characteristic dif¬ 
fers considerably for different ice forma¬ 
tions and even if the ice deposit remains 
the same for a time, the attenuation- 
frequency characteristic may vary with 
temperature as in figure 2. The two 
upper curves of the figure were measured 
at different times during the same storm. 
There was no apparent change in deposit 
between the two measurements. This 
change in shape of the characteristic, of 
course, makes the regulation problem 
more difficult. In spite of the extreme 
severity of ice effects in certain regions 
it is expected that satisfactory reliability 
will be obtained on type J systems by 
placing the repeaters sufficiently dose 
together. 

Regulation Problem 

In the first type J systems the regula¬ 
tor actuated by a single pilot frequency 
in each direction compensates for the 
attenuation changes caused by tempera¬ 
ture and wet weather. 

The required varieties of attenuation 


slopes with ice on the wires could not be 
provided by a simple regulator. Hence 
provision is to be made in later designs for 
a regulator with variable slope controlled 
by two pilot frequendes which is expected 
to be satisfactory in areas subjected to 
sleet conditions. The regulating range 
win also be increased so that a completely 
automatic control of gain up to about 75 
dedbels will be available. 

It was found that during periods when 
ice coated the wires the circuit noise meas¬ 
ured at the end of a repeater section 
usually decreased as the attenuation in¬ 
creased. This is important because 
otherwise the extra increase in the re¬ 
peater gain to take care of the higher 
attenuation at such times would make 
the noise excessive. The study of ice 
conditions throughout the country which 
has been carried on and is stUl continuing 
will be useful in laying out repeater sta¬ 
tions along some of ,the routes which 
eventually will be candidates for the ap¬ 
plication of type J systems. 

Open-Wire Cross Talk 

The cross-talk problem on open-wire 
lines is one of the most important. Cross 
talk is controlled by transpositions which 
are introduced into the various pairs in 
accordance with a predetermined design. 
The creation of the necessary designs 
requires consideration both of the com¬ 
plex theory of transpositions and meas¬ 
urements on lines constructed by prac¬ 
tical methods. 

However, the design of transposition 
systems is considerably simplified by the 
use of different frequencies for the two 
directions of transmission. The only 
cross talk between systems which is 
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Figure 3. Ice on 
wires and insulators 
near Amarillo, Tex. 


directly important is that known as far- 
end cross talk, which is that between a 
talker at one end of one circuit and a 
listener at the opposite or far end of an¬ 
other. Near-end cross talk, which is 
that between a talker and a listener at 
the same or near ends of two circuits, 
becomes a source of interference between 
circuits only when portions of it appear 
as far-end cross talk because of reflections 
at points of impedance irregularity in the 
circuits. 

Because of the high cost of a trans¬ 
position design to keep both near-end and 
far-end cross talk down to small values, 
only small reflections are permitted where 
open-wire and cable meet, or where cir¬ 
cuits are ter min ated in equipment. A 
number of the difficulties which had to 
be overcome to attain small reflections 
are discussed later in the paper. With 
this control the transposition designer 
can concentrate most of his attention on 
far-end cross talk, the near-end cross¬ 
talk requirements are relaxed, and a 
cheaper transposition arrangement can be 
used. 

What can happen when reflection oc¬ 
curs may be seen by comparison of the 
near-end and far-end cross-talk curves in 
figure 4. The similarity in the shapes 
of the two curves, and particularly the 
fact that the peaks occur at the same 
frequencies, show that what appears to be 
far-end cross talk is in this case mostly 
reflected near-end cross talk. It is for 
pair combinations such as this one, 
where the near-end cross talk is much 
larger than the far-end, that the closest 
control of reflection effects is required. 
With the values of reflection realized in 
the J system, reflected cross talk will 
ordinarily be unimportant. 

To obtam satisfactory cross-talk con¬ 
ditions at the higher frequencies some 
changes in line construction are necessary. 
To use type J carrier systems on existing 
open-wire routes, methods were devised 
for mo(^ying the line construction in as 
economical a m a nn er as possible. For 
new lines, such as the new part of the 


fourth transcontinental line*! advantage 
was taken of the greater degree of free¬ 
dom in structural design which was pos¬ 
sible. 

Figure 5 shows three types of open- 



Figure 4. Near-end and far-end cross talk^ 
J-3 transposition system 

Pairs 3/4-9/10 


wire pole head configuration suitable for J 
system operation. The left-hand dia¬ 
gram shows a method of reconstructing 
part of one of the older types of open- 
wire lines built with 12-inch spacing be¬ 


—n 

• • • • •— 


J J 

• ♦ •• 

• • • • • 

• ♦ • • • 








tween wires of the pairs and with the 
“alternate arm** transposition system 
which was developed for the use of type C 
systems on the side circuits of tlie hori¬ 
zontal phantom groups on alternate arms. 
This method is a flexible one in that one 
or more phantom groups may be con¬ 
verted at a time, as on the second cross- 
arm shown. For such an application 
not only was removal of the phantoms 
and retransposition necessary, but tlie 
spacing of the two wires of each pair was 
reduced to six inches. This general 
method of construction was used for the 
Dallas-Houston and Dallas-San Antonio 
lines,® except that the six-inch pairs were 
constructed with new wire on a new 
crossarm rather than by respacing 12- 
inch pairs'! 

Another common type of open-wire 
pole-head configuration, the middle dia¬ 
gram of figure 5, is that made up of eight- 
inch-spaced nonphantomed pairs trans¬ 
posed in accordance with the JT-S trans¬ 
position system on an eight-span base. 
Through design studies supplemented 
with field expmriients it was found that 
such a line could be converted for J sys¬ 
tems much more cheaply than an alter¬ 
nate-arm line. If J systems are le- 
stricted to the pairs on tlie outer ends of 
the crossarms, with two inner pairs, about 
one or two transposition changes in each 
pair per mile are enough. This scheme 
was followed in feconstructing tlie line be¬ 
tween Charlotte, N. C., and West Palm 
Beach, Fla. 

For new lines yet to be built, a greater 
degree of latitude in structural design is 
naturally possible. The right-hand dia¬ 
gram of figure 6 shows an open-wire pole- 
head configuration designed to allow / 
S 3 rstems to be operated on all of the pairs. 
The unique feature of this config^uration is 
that, whfie 8-inch spacing is preserved 
between the wires of the various pairs. 

Figure 5. Three types of open-wire pole 
head configuration 
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the adjacent nonpole pairs on a crossarm 
are separated by 26 inches and the cross- 
arms by 36 inches. The reduction in 
coupling made possible by this increased 
spacing keeps the cross talk for any 
combination of pairs down to a suitable 
value with transposition arrangements 
not necessarily more complicated than 
those employed for the other configura¬ 
tions. This type of construction was 
used for the new parts of the fourth 
transcontinental line. 

Figure 6 shows a comparison of the 
number of transpositions used in a typical 
section of open-wire line for various 
types of circuits from voice-frequency 
plmntomed circuits to nonphantomed 
circuits intended for J system operation. 
From the original arrangement where 
there was one transposition point in every 
ten spans, about one-fourth mile, the 
number of transpositions for J carrier 
operation has been increased so that for 
the J-3 design, which was used for the 
new wires on the fourth transcontinental 
line, there are four transpositions in each 
eight-span interval and every pole is a 
potential transposition point- 

It may be seen from figure 8, however, 
that the number of transpositions re¬ 
quired in pairs for J carrier operation is 
not necessarily larger than the number 
employed in systems intended for C car¬ 
rier operation with a top frequency of 
30 kilocycles. The superiority of the J 
S 3 rstem transposition arrangements as 
compared with those designed for C sys¬ 
tem operation results from the choice 
of specific arrangements which best limit 
the systematic effects for frequencies in 
the J system range. 

Typical far-end cross talk measured 
between eight-inch-spaced pairs 11-12 
and 19-20 on a new /-3 line and on a 
reconstructed K-%-2 line is shown by 
figure 7. The superiority of the new line 
with its fewer wires, greater wire separa¬ 
tions, better transposition system, and 
smaller irregularities is evident. 

Absorption Effects 

The attenuation of an open-wire pair 
may be quite unsatisfactory if there are 
what are known as absorption effects, 
caused by induction into surrounding 
circuits such that energy is absorbed 
in particular frequency bands and the 
attenuation of the pair increased. These 
effects, which depend on the transposition 
arrangements in the circuits, may cause 
objectionable transmission distortion at 
critical frequencies unless the transposi¬ 
tions are planned to avoid them. The 
same arrangements necessary to control 


cross talk between J systems will auto¬ 
matically eliminate absorption effects 
with one exception. If only part of the 
pairs on a line are desi^ated and trans¬ 
posed for J systems and the iremaining 
pairs are not so transposed, absorption in 
a / pair can be caused by a nearby non- 
J pair. Consequently, consideration of 
the cross-talk relations at J frequencies 
between all of the pairs on the line can¬ 
not be avoided even though some of 
them will not be used for J systems. 

Figure 8 illustrates the effect of ab¬ 
sorption on three different pairs. Curves 
A and B show the absorption measured 
over the type J frequency range on a 
line of the alternate-arm type. Curve A 
was obtained on a side circuit trans¬ 
posed for operation at frequencies only 
up to about 10 kilocycles. The absorp¬ 
tion at frequencies above this becomes 
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Figure 6. Illustrative transposition arrange¬ 
ments 


very large. Curve B shows the absorp¬ 
tion present on one of the C carrier side 
circuits on the same line transposed for 
operation up to 30 kilocydes. Curve C 
shows how absorption disappears on a 
nonphantomed pair specially transposed 
for type J operation. If this pair were 
measured at much higher frequendes, 
similar absorption **bumps’^ would be 
found, perhaps at frequendes of 200-300 
Wocydes or higher. 

' «Since absorption effects depend on the 
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Figure 7. Far-end cross talk between eight- 
inch-spaced pairs 11/12 and 19/20 


systematic addition of cross-talk currents 
along a line, a continuous succession of 
identical transposition sections tends 
toward greater absorption while a random 
succession of different kinds of transpo¬ 
sition sections of different lengths will 
reduce it. The Dallas-Longview J sys¬ 
tem is operating on an alternate-arm side 
circuit, transposed for C carrier operation 
and without any modifications to adapt 
it for the higher frequencies. Because of 
the fortunately irregular succession of 
different transposition sections found 
here, it was possible to select, after 
tests, a pair with no serious absorption. 

Coustruction Irregularities 

With the new transposition designs, 
the systematic cross talk resulting from 
the transpoation arrangements has been 
reduced in nearly every case so far that 
the remaining cross talk is controlled 
principally by construction irregularities. 
An important source of irregularity is 
the difference in sags of the various 
wires in each span of the line, particularly 
sag differences between the two wires of 
each pair. Another potentially impor¬ 
tant source of irregularity is the varia¬ 
tion in the spacings between successive 
transposition poles. It is rdatively easy 
to make this factor unimportant as com¬ 
pared with sag differences. 

The large amount by which the cross 
talk can be reduced by careful methods 
of construction coupled with the highly 
developed systematic transposition pat¬ 
terns is illustrated by the fact that be- 
. tween certain pairs the cross talk in a 
75-mile repeater section is reduced to a 
value which would be produced by a ca¬ 
pacitance unbalance between them of 
than two .micromicrofarads, which 
is about the same in magnitude as the 
capacitance between wires of a foot of the 
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REPEATER 



S-INDICATES A SUPPRESSION DEVICE 


Rgure 9. (above). 
Interaction cross talk 
at a J repeater station 


Figure 8. Attenuation of open-wire pairs of 
different types 

Curves A and fi—Side 19/20 and 1/2, 
respectively, on alternate-arm line, 104-mll, 
12«inch, 56.7 miles, 90 degrees Fahrenheit, 
at Mascoutah, III. 

Curve A Is transposed for voice frequencies 

Curve B is transposed for carrier operation up 
to 30 kilocycles 

Curve C Is pair 39/40 on K.8.2 line, 104.mll, 
8-inch, 50 degrees Fahrenheit and CS insula¬ 
tion between Denmark, S. C, and Rincon, 
Ga., transposed for carrier operation up to 
140 kilocycles 


open-wire pair. This large cross-talk 
reduction is in spite of the fact that at 
140 kilocycles the phase change’along an 
open-wire circuit is about 7 degrees in a 
single span, the shortest distance be¬ 
tween any two transpositions, and about 
28 degrees for the more common four- 
span interval. 

Interaction Cross Talk 
at Repeater Points 

Another type of problem was intro¬ 
duced by what is known as interaction 
cross talk. This is the cross talk which 
occurs from one side to the other of a 7 
repeater station. Figure 9 illustrates 
two paths which it may take. Path A 
shows Ihe cross talk from a system to it¬ 
self which may cause transmission dis¬ 
tortion or repeater singing while path B 
is the path of cross talk between different 
orcuits.^ The essential feature of this 
interaction cross talk is that, as figure 9 
shows, the cross-talk path at a repeater 
station passes through the J repeater 
and hence the cross talk is amplified by 
the repeater gain. 

The new problems of controlling this 
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cross talk were the result of larger mag¬ 
nitude of cross talk at the higher fre¬ 
quencies, the larger repeater gains, and 
the fact that with more repeaters there 
were more points on a system where it 
could occur. Magnitudes of interaction 
cross talk which had previously been 
thought of as inconsequential assumed a 
new importance. For instance, with the 
gain of about 75 decibels proposed for the 
repeater for use in sleet areas, an initial 
value of unamplified interaction cross 
talk as low as 0.25 cross-talk unit would 
be nmgnified to 1,400 units, which might 
consid^bly exceed the far-end cross 
talk existing at the same time in one re¬ 
peater section. 

Several new methods for reducing this 
interaction cross talk were devised. In 
the first place, in order to prevent direct 
coupling between the wires of the open- 
wire line on the two sides of the station, 
it was found necessary to cut a gap in the 
line. With the wires entirely removed 
for a distance usually of about 80 feet, 
the line is brought into the station from 
the two terminal poles by means of the 
lead-in cables. 

It was also seen to be necessary to 
block the paths provided by the wires 
of the telephone Hne itself. For this 
purpose, cross-talk suppression filters 
were designed and built to be installed 
in all of the non-7 circuits on the line. 
These give losses of the order of 70 ded- 
bels at 140 kilocydes not only in the 
metallic trmsmission circuits but also in 
other circuits, made up of various combi¬ 
nations of the Hne wires, which may con¬ 
duct cross-talk currents through the sta¬ 
tions. 

^ In addition to the cross-talk suppres¬ 
sion filters and in order to provide an 
^ra margin of safety against interac¬ 
tion cross-talk currents which might 


find their way through the repeater sta- 
tion by stray paths, longitudinal choke 
coils have been connected at the pole 
heads between the open wires and tlie 
lead-in cables. These coils do not dis¬ 
turb ordinaiy transmission but add high 
impedance in the longitudinal drcuits. 

These measures for controlling inter¬ 
action cross talk have been found to be 
adequate so far as the telephone line is 
concerned. At an occasional J repeater 
station, however, located on a right-of- 
way occupied by several pole Hues, there 
is found another pole Hne paralleHng the 
telephone Hne with a separation some¬ 
times as little as two to five feet between 
the nearest wires of the two lines. Such 
wires provide other interaction cross¬ 
talk paths past the repeater station and 
impair the effectiveness of suppression 
measures installed in the line on which 
the J system is operated. The by-passing 
effects of such a foreign Hne can be con¬ 
trolled by cross-talk suppression devices 
similar to those used in the telephone Hue 
wires. 

Figure 10 shows a comparison of the 
interaction cross talk measured at a / 
repeater station before any suppression 
measures were instaHed, the other wires 
of the Hne being continuous at the station 
location, with the corresponding interac¬ 
tion cross talk when the line was run 
through the suppression devices in the 
station. The values shown would be 
amplified by the gain of the J repeater on 
the disturbed circuit before they reached 
the Hstener. The effect of the by-passing 
foreign Hne is illustrated by the differ¬ 
ence between the middle and bottom 
curves, the bottom curve showing the 
measured cross talk when the by-passing 
Hne was cut to simulate the effect of sup¬ 
pression measures in it. 

Staggered Systems 

It would not be possible with the open- 
^roe Hne configurations now in use to de¬ 
sign transposition arrangements that 
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Table I 


Repeater 

Spacing 

in 

Wire Miles*** 

Transposition Spacing Noise 128-MU 

System (Inches) (Decibels)* Wire 


Alternate arm... 

...12... 

...-HO... 

...67 

K.8-2. 

... 8... 

...+ 6... 

... 82 

/-I. 

... 6... 

...- 2... 

...103 


* Above reference noise, 10 watt at 1,000 cydes. 

would permit the operation of identical 
J systems on all pairs. For this reason 
four types of / systems with different 
chamiel carrier-frequency allocations will 
be provided in the future. The fre¬ 
quency assignments for these systems 
are shown in figure 1. 

The ‘‘staggering” advantage, or effec¬ 
tive cross-talk reduction between 55 ^ 3 - 
tems, is effected because (1) the inversion 
or displacement of channels in the differ¬ 
ent systems with respect to each other 
makes the cross talk unintelligible, and 
(2) the reduction of the overlap between 
channels results in less energy being trans¬ 
ferred between them by cross talk. The 
net benefits of “staggering” obtained by 

Figure 10. Unamplified interaction cross talk 
between two J circuits at an auxiliary repeater 
station 


the allocations shown in figure 1 range 
from about 6 to 16 decibels. 

The most effective pair assignments 
for the four types of J systems can best 
be obtained from actual cross-talk data 
on the particular sections of line involved. 
The “staggering” advantages obtained 
are sufficient so that the highest remaining 
cross talk will usually occur between the 
like J s 3 rstems operating on nonadjacent 
pairs. 

Noise 

Observed external sources of noise in 
J S 3 rstems are atmospheric static, dust 
storms, radio stations, power-line car¬ 
rier, and power-supply systems. 

Of these possible sources the more 
important will usually be atmospheric 
static which will be greatest during the 
summer months. In regions where dust 
storms occur, their effects are expected to 
exceed that of atmospheric static but will 
be more likely to occur during the winter 
and early spring. 

Table I shows values of noise at 140 
kilocycles, caused by atmospheric static, 
found at the open-wire line terminals of 
one repeater section; the values are those 
which it is expected will be exceeded dur¬ 
ing one per cent of the summer season 
extending from May to September. If 
the repeater spacings shown were used, 


the total static noise in the top channel 
at the end of a circuit with 20 repeaters 
would be 20 decibels above reference 
noise at the —9-decibd level. However, 
other factors such as ice may require 
the use of shorter spacings. 

Line Impedance 

As mentioned previously in the dis¬ 
cussion of cross talk, it is important that 
the line impedances be matched closely 
and large irregularities be avoided. Be¬ 
cause of the different wire sizes and pair 
spacings, a wide range of open-wire line 
impedances may be encountered. Novd 
construction arrangements and the de- 
vdopment of new lead-in circuits have 
made it possible to secure a reflection 
coefficient of about five per cent at the 
junction between the open-wire pair and 
the toll entrance and office equipment at 
the highest transmitted frequency. 

The transposition arrangement and 
wire spacing of a pair affect the smooth¬ 
ness, of its impedance because they affect 
the reactions between circuits which 

Rgure 11. Impedances of open-wire pairs of 
different types 

A — ^104-inil/ 12-inch-spaced/ side 17/18 of an 
alternate-arm line 

8—165-mil, 8-inch-spaced, pair 17/18 of 
new J-3 line 



C—128-mil, 8-inch-spaced, pair 31/32 of 
K-8-2 line with miscellaneous lengths of tree 
wire, etc. 
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cause absorption effects. The marked 
improvement which can be obtained by 
proper design is illustrated by comparison 
of curves A and B of figure 11. Curve 
.4 shows the impedance of a 12-inch- 
spaced side circuit on an alternate-arm 
line. This particular circuit was one 
intended for use at frequencies not above 
ten kilocycles. In striking contrast curve 
B shows the comparatively smooth im¬ 
pedance of an eight-inch-spaced non- 
phantomed pair on a new line transposed 
in accordance with the /-3 system. 

“Tree” wire, a special line wire with 
abrasion-resistant insulation, has been 
used on open-wire lines for many years in 
places where the lines were exposed to 
tree branches. During line tests in 
Florida, another use for tree wire was 
found where the open-wire line, along a 
causeway or bridge, is subject to fouling 
by fishing tackle. Curve C of figure 12 
shows what a half-mile or so of this tree 
wire, supplemented by several sections 
of 165-mil wire at railroad and power- 
line crossings, can do to the impedance 
of a 128-mil pair. To reduce the irregu¬ 
larities a new type of insulated line wire 
of smaller diameter and with thinner 


with open wire, cable is used. In the 
past, the circuits in such cables were 
frequently loaded to reduce their attenu¬ 
ation and to match the impedance of the 
open-wire circuits in order to avoid re¬ 
flection effects and degradation of voice- 
frequency repeater balance. To load 
paper-insulated cable pairs for frequen¬ 
cies up to 150 kilocydes would require 
exceedingly short loading spadng, of the 
order of 200 feet, which would be expen¬ 
sive and in many cases impractical with 
existing manhole locations. An alterna¬ 
tive, the use of a transformer to match 
the open-wire and cable impedances, was 
rejected as it was found impractical to 
design a transformer which would be ade¬ 
quate over the entire frequency range. 

To overcome these difficulties, a new 
low-capacitance type of cable was devel¬ 
oped which could be loaded to match the 
open-wire impedance with coil spacings 
about the same as those previously usei 
Loading coils of different sizes were de¬ 
veloped to provide for loading to the 
different impedances of the open-wire 
circuits. 

The new cable employe 16-gauge con¬ 
ductors in a spiral-fotu* arrangement, sup- 


tiple assembly is usually employed, and, 
in the latter case, with outside armor¬ 
ing and jute protection. If the sub¬ 
marine span is more than about 600 
feet, intermediate submarine loading is 
employed. 

As an alternative, it sometimes hap¬ 
pens that where a long intermediate 
cable is involved, an auxiliary type J re¬ 
peater station can be placed conveniently 
at one end of this cable. In this case, 
the filter hut described in the discussion 
of toll entrance arrangements in the next 
section may be used at the end of the cable 
opposite the repeater station and the 
cable treated as a toll entrance cable for 
the auxiliary office. A further alterna¬ 
tive is to provide filter huts at the two 
ends of a nonloaded intermediate cable. 
However, if the cable is short, the new 
disk-insulated cable with loading is to be 
preferred. 

Previous practice at the ends of open- 
wire lines has been to use paired bridle 
wire with weatherproof insulation and 
usually of smaller gauge than the line 
wire to coimect the open-wire pairs to 
cable terminals mounted on the pole. 
Other pairs of bridle wire were connected 
between the open wires and protectors. 
Because of the much more severe re¬ 
flection requirements at the higher fre¬ 
quencies of the type J system, these 
arrangements were np longer satisfac¬ 
tory. The characteristic impedance of 
bridle wire is roughly one-fifth of that 
of the open-wire circuit and it has been 
necessary to avoid the use of even several 
feet of it between the open-wire and the 
cable terminal or protectors. To accom¬ 
plish this, separate terminals for each 
disk-insulated unit are mounted on the 
crossarm near the open-wire pairs to 
which they connect. Four insulated 
wires from each terminal go by the short¬ 
est feasible route to the longitudinal 
choke coils and protectors and thence to 
the open-wire pairs. 

Toll Entrance Arrangements 

The new disk-insulated cable used for 
mtermediate cables was also suited for 
lead-in or toll entrance cables. 

When an auxiliary station is estab¬ 
lished at a point along an open-wire line 
where there has not previously been an 
office, it is usually located close to the line 
so that the lengths of lead-in cable re¬ 
quired are comparatively short. Lengths 

of this cable up to about 175 feet can be 
loaded to open-wire impedances with 
adjustable loading units in the repeater 
station. For longer lead-in cables up 
to 300 feet, supplementary loading may 
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RsurelS. Aftenua- 
ffon of toll entrance 
cable pairs 


insulation was developed. This wire has 
about the same impedance characteristic 
as the line wite. 

Intemediate Cable Treatment 

When open-wire lines have to be placed 
underground to pass through towns or 
to cross natural barriers such as rivers 
which cannot be spanned economically 
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ported by hard-rubber disk space 
about 0.6 inch in diameter. These a 
surround^ by copper and iron tapi 
for shielding and strengthening purpose 
“^e umts so formed may be assemble 
either in single units in a lead sheath £ 
for lead-in purposes, or in multiple unit 
up to a marimnm of seven for full-size 
cable, within the same lead sheath. Fc 
duct runs or submarine cables, the mu] 
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Fisure 14 (above). 
Reflection coefR* 
dent at {unction be¬ 
tween open - wire 
and toll entrance 
equipment 


Figure 13. Toll 
entrance arrange- 
menb at J terminal 
and repeater offices 


be mounted directly on the pole at the , 
cable terminals. 

When an auxiliary repeater station is 
not close to the open-wire line, or at main 
repeater stations which are frequently in 
towns and separated from the open-wire 
line by greater lengths of toll entrance 
cable, it is still possible to use the loaded 
disk-insulated cable. Because of the 
cost of this cable and its loading, however, 
it has sometimes been found more eco¬ 
nomical to build a hut near the open-wire 
terminal pole and to separate the tjrpe. J 
from the C and lower-frequency 

facilities at that point by means of filters. 
The connection from the open-wire line 
to the hut is provided by what is usually 
a short length of loaded disk-insulated 
cable. From that point, the type J fre¬ 
quencies are led into the toll ofiice over 
nonloaded paper-insulated pairs while 
the C and lower-frequency facilities are 
brought in over the existing pairs, usually 
loaded. By thus limiting the frequen¬ 
cies transmitted over the nonloaded 
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cable pairs to the J range, it becomes 
practical to design transfonners for suit¬ 
able impedance matching. 

The line filter sets located tn the hut are 
designed for a nominal impedance of 660 
ohms which is a compromise for the range 
of impedances normally found with dif¬ 
ferent wire sizes and spacings. An ac¬ 
curate match with the line is obtained 
with a building-out network which is ad¬ 
justed at the time of installation to fit 
the particular open-wire pair involved. 
On the of&ce side of this Hne filter set a 
transformer provides for stepping down 
the impedance from 560 oh^ to the 
impedance of the toll entrance cable, 
which is usually about 125 ohms. Ad¬ 
justment of this impedance over the nec- 
essaty range to match impedances of 
particular cable pairs is provided by 
means of taps on the transformer. At 
the ofl&ce another transformer similarly 
tapped is employed to match the toll- 
entrance-cable pair impedance to that of 
the office wiring. 

Figure 12 shows the losses of the com¬ 
monly used 19-, 16-, and 13-gauge paper- 
instilated toll entrance cable, a new 
10-gauge low-capacity cable, and the 
new disk-insulated cable. Because of 
the high losses of the smaller-gauge pairs, 
it is sometimes economical to place new 
10-gauge cable to save repeater costs. 

For the office wiring of the J system a 
rubber-covered shielded pair is used to 
provide the desired flexibility aT>d free¬ 
dom from capacitance variation due to 
humidity dianges. Its impedance at 140 
kilocycles is approximately 125 ohms. 
The rep^ter and terminal high-fre- 
, quency impedances are designed to 
match this impedance very closely. 

Figure 13 illustrates the arrangement 
of the toll entrance equipment involved 
in matching the line impedance to that 
of the equipment with a minimum of re¬ 
flection. The terminal is illustrated to 
the left. The high-fi:equency line passes 
to the line filter set which is here shown 
^ located in a filter hut. There it is 
j^ned by the t 3 q)e C and lower-frequency 
circuits and passes through the lead-in 
cable and protective anangements on the 
terminal pole. 

Proceeding toward the right in the 
figure, the arrang^ement at an auxiliary 
repeater station is shown. In this case 
the type J frequencies are amplified in 
the repeater, but the type C and lower 
frequencies are by-passed through filters 
which ^ppress longitudinal and metallic 
transrfssion above 30 kilocycles. At 
the right is shown a combined type J 
and type C main repeater office. 

Satisfactory cross talk between pairs in 


entrance and intermediate cables carry¬ 
ing J systems is effected through special 
selection methods and the application of 
balancing capacitors. 


Discussion 


Reflection Coefficients 

The success of the various measures 
taken to ensure good impedance matching 
is shown by the curves of figure 14, 
which are of reflection coefficients meas¬ 
ured at an auxiliary repeater station. 
Curve At the solid line, gives the co¬ 
efficient between the open-wire pair and 
the lead-in cable at the terminal pole. 
The smaller variations are due partly to 
irregularities of the open-wire Hne and, 
at the lower frequencies, partly to the 
test terminations at the distant end. 
The contribution of the cable loading and 
office equipment is indicated by the 
dash-line curve B, which was obtained 
with the open-wire line replaced by its 
nominal impedance, a 575-ohm resist¬ 
ance. The reflection between the open- 
vrire and toll entrance and repeater 
equipment is well under five per cent 
over nearly all of the transmitted range. 

Conclusion 

The successful transmission of fre¬ 
quencies up to 140 kilocycles over open- 
wire pairs as compared with earlier 
operation up to 30 kilocycles has involved 
modification of the construction of the 
open-wire lines, new transposition de¬ 
signs, new toll entrance arrangements, 
including new types of cable, the im¬ 
provement of impedance matches in 
various parts of the circuits, closer 
repeater spacings, and, where ice is en¬ 
countered, provision for mudi greater 
gain margins with more flexible regula¬ 
tion. By the first part of this year 
about 60,000 channel-miles were in 
service over typ^ J systems. 
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L. L. Bums (Southwestern Bell Telephone 
Company, Dallas, Tex.): The paper by 
Messrs. Ilgenfritz, Hunter, and Whitman 
has given a very good picture of the Hne 
problems encountered in the development 
and appHcation of the J system to the 
telephone plant. It may be of interest to 
note that it has not been found necessaxy to 
use cross-talk suppression devices in paral¬ 
leling wires on other leads in order to con¬ 
trol interaction crosstalk at any of the 
repeater points in Texas. With the advent 
of the 76-decibel repeater or whenever it 
becomes necessary to instaU a second 
system on any lead such devices may be 
required. 

At several of the J repeater stations in 
Texas, pother pole line parallels the tele¬ 
phone Hne. These lines by-pass the re¬ 
peater station and act as a shunt on the 
cross-talk suppression appUed to the tele¬ 
phone lines. If the loss through this shunt 
path is lower than the gain of the J repeater, 
singing will occur. Such was the condition 
found at the Bdgewood repeater station 
when the Dallas-Longview system was cut 
in service. In this case the gain of the east 
to west repeater was Hmited to 33 decibels 
by singing at a frequency above 160 kilo¬ 
cycles. The mstallation of a low-pass filter 
with a cutoff at 150 kilocycles in the J 
repeater eliminated the singing condition 
and permitted the full 46-decibel gain of 
the repeater to be used. 

When circuits on other lines offer a shunt 
path at repeater points the need for sup¬ 
pression measures in these lines will be 
determined in each particular itistancc by 
appropriate measurements, but it is be¬ 
lieved that there is a possibiHty that if any 
suppression is required, the longitudinal 
coils alone wiU be sufficient since the longi¬ 
tudinal coupling is the controlling factor 
rather than metaUic coupling. The loss 
offered by these coils to the metallic and 
longitudinal circuit is negHgible below 36 
kilocycles. The loss to the metallic circuit 
in the range of §6-160 kUocycles wiU not 
exceed a few tenths of a decibel. Bach 
coil wiH add two ohms to the d-c resistance 
of each wire. 

When metallic coupling is of such mag¬ 
nitude as to become important, it will be 
necessary to install cross-talk suppression 
filters in the circuits on other Hnes. These 
filters as at present designed are of two 
types, one with a cutoff at about 12 kilo¬ 
cycles and the other with a cutoff at about 
35 kilocycles. The 12-kHocycle filter will 
offer a loss of 0.5 decibel in the range up 
to 12 Idlocycles, rising to 70 decibels at 
140 kilocycles. The 36-kilocycle filter will 
onT-f “P to 

30 kil<^cles, rising to an average value of 
65 decibels at frequencies above this range. 
*^6 loss of both filters in the longitudinal 
circuit is similar in magnitude to that in 
the metalUc circuit. 

The interaction cross-talk problem is not 
confined to repeater points. Where an east 
tommal and a west terminal are instaUed in 
the same office, the coupling between the 
outputs of the two terminals may be enough 
to cause intelligible cross talk. A part of 
this coupling may be direct between the two 
cncuits and a part may be due to coupling 
through a third line. This third line might 
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be a telephone cable, a power line, or signal 
line which parallels both open-wire leads 
or cables for a short distance. This con¬ 
dition existed in the Dallas ofGice. It was 
found in this particular case that the 
attenuation offered by the relatively long 
paper-insulated toll entrance cables to fre¬ 
quencies in the J range together with the 
shielding effect of these cables was sufficient 
to prevent appreciable cross talk. Longi¬ 
tudinal choke coils may be installed in each 
circuit in one of the toll entrance cables, if 
necessary to minimize cross talk of this 
type. Such coils were installed in one of 
the Dallas toll entrance cables but subse¬ 
quently removed when it was found that 
they were not required. 


R. W. Linney (Southwestern Bell Telephone 
Company, Oklahoma City, Okla.): The 
authors have given an interesting descrip¬ 
tion of the problems encountered, the 
methods of solving them, and the results 
obtained by their application in connection 
with the installation of the 12-channel 
carrier telephone systems to open-wire 
lines. There is a large number of open-wire 
lines on which the J carrier s 3 rstems will be 
installed in the future. The toll funda¬ 
mental plans will indicate the most probable 
lines for development with the new carrier 
systems. On existing lines some of the 
modifications necessary for the application 
of the J carrier systems may be made more 
economically over a period of years before 
the time the system is required. These 
lines are constantly being altered on account 
of ordinary deteriorations and additions 
and are occasionally rerouted on account of 
obstructions. 

The following is a list of the ordinary con¬ 
struction activities encountered in main¬ 
taining an open-wire line which can be 
directed in a systematic program to effect 
a reduction in the costs of modifying a line 
for J carrier operation: 

1. Pole Replacements, The poles replaced should 
be located to fit in with the proposed transposition 
layout. This involves preparation of the transposi- 
tiott schemes in advance. 

2. Long-Span Installations, Long spans introduce 
serious problems to J carrier facilities. Considera¬ 
tion should be given tb the location of transpositions 
and to the spacing of wires to meet the require¬ 
ments of J carriers. 

3. IntermedicUe and Entrance Cable InstaUatio^‘ 
l^oposed intermediate and entrance cables with 
their complicated dedgn should be compared with 
open-wire reroutes, keeping in mind that the 
cables at best offer transmisdon inferior to open 
wire. 

4. New Wire Stringing Projects, In placing or 
repla^ng wire on a line, condderation should be 
given to locating it in such a position and spadng 
it 90 as to be suitable for carritf operation. 

6. Major Crossarm Replacement Projects* Ordi¬ 
narily crossarm replacements are scattered so that 


a wire respadng job could not be associated. How¬ 
ever, in certain cases where a phantom is not in 
use, it would be practicable to respace the vdres 
at the time a major crossarm replacement job is 
carried out. 

6. Rerouting Sections of Line, Where sections of 
lines are rdocated to clear highways and other 
obstructions, the new construction should be carried 
out to provide for the ultimate carrier requirements 
for the section involved. The new route should 
av(fid paralleling other overhead lines e^edally 
near proposed J repeater stations to reduce inter¬ 
action cross talk. Power-line carriers, power-supply 
lines, and radio stations at close proximity should 
also be avoided as these systems are a source of 
n<fise in J drcuits. 

A program mduding some of tbe items 
mentioned above has been in effect in con¬ 
nection with applying C and D carrier 
systems and material savings have been 
obtained. The more rigid design require¬ 
ments of the outside plant associated with 
the application of the higher-frequency 
carriers offers an even better field of appli¬ 
cation for such a program. 

R. M. Carpenter (Southwestern Bell Tele¬ 
phone Company, Houston, Tex.): The 
paper very comprehensively presents the 
many varied and technical problems en¬ 
countered in the application of high-fre¬ 
quency telephone channels to open-wire 
telephone lines. Several factors not here¬ 
tofore offering any appreciable hindrances 
to commercial transmission must now be 
given minute study and consideration. 
Just how well the Bell Telephone Labora¬ 
tories have done the job of overcoming these 
obstacles is illustrated by the fact t^t 
several J carrier systems are now rendering 
high-grade telephone service in several parts 
of the nation under many varied conditions. 
The authors of this paper played the major 
role in the development of tto carrier and 
its application to different types of open- 
wire structures, and deserve much credit for 
doing an excellent work. 

We in Texas are very much interested in 
the economies offered by the 12-channel 
open-wire carrier system as a means of pro¬ 
viding much of the additional toll facilities 
required to keep pace with the increasmg 
usage of long-distance telephone service. 
This carrier system is particularly adapted 
to providing many additional miles of high- 
frequency communication channels from 
the large number of existing long-haul toll 
circuits in the Texas area. Most of the 
major toll lines in Texas consist of open- 
wire structures and there are relatively 
great distances between the larger toll 
points. An extended use of such systems 
seems feasible in Texas not only because of 
the above features, but also for the reason 
that the conditions contributing to line 
problems are not as severe as in most parts 
of the nation. 


Firstly, deposits of ice on wires in Texas, 
as a whole, are not a frequent occurrence. 
The picture of the ice on wires and insu¬ 
lators near Amarillo, Tex., does not lend 
any strength to this statement, but, those 
of you who are acquainted with the storm- 
loading areas, know that only a small por¬ 
tion of Texas is In the heavy-loading area, 
where, for pole-line-design purposes, heavy 
ice may be expected at certain intervals. 
A somewhat larger section lies in the 
medium-loading area where a lighter coating 
of ice may be had at rare intervals, but by 
far the greater portion is in the light-loading 
area where no ice is considered for design 
purposes. In deference to the picture, it 
should be said that ice will form more fre¬ 
quently on the wires in the colder Panhandle 
section of Texas, but, in the rest of the state, 
in the heavy and medium areas, sleet wiU 
not be a factor more than once or twice each 
year, and, in the light-loading area is a 
rarity, llierefore, deposits of ice which 
gready attenuate the high frequencies 
cannot be considered a major problem in 
most parts of Texas. 

Secondly, the toll lines in Texas will have 
shorter lengths of entrance and inter¬ 
mediate cables in their make-up than will 
those in more densely populated sections 
of the country. In the 266-mile line be¬ 
tween Dallas and Houston, there is not 
more than 11 miles of cable, and, in the 
290-mile Dallas-San Antonio line, the cable 
mileage is proportionately low. Inasmuch 
as cable inflicts a severe penalty on the 
higher frequencies of this open-vdre carrier 
system and requires costly loading as well 
as special types of conductors in some 
instances, it is readily seen that the less 
cable there is in a toll line, the greater 
economy there is in placing J carrier sys¬ 
tems on the line. 

Thirdly, external sources of noise will not 
be as great as in some sections of the 
cotmtry. Dust storms occur frequently in 
the Panhandle and other parts of west 
Texas, and, in recent years, some of these 
have been blown eastward into central and 
east Texas, three to five times each year, 
but, in general, the portion of the state 
having most of the major toll lines is 
affected little or none by dust storms. 
The relatively low density of population 
in Texas serves to keep to a minimum such 
external sources of noise as radio stations, 
power-line carrier, and power-line supply 
systems. 

Texas has been fortunate in securing 
most of the early pioneering installations of 
J carrier systems, and, in view of the above 
favorable conditions, will, no doubt, find it 
economical and practicable to make an 
extended further use of this type of com¬ 
munication facility. 
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Synopsis: Previous papers before the 
AIEE describe the development of a 12- 
channel type J carrier system. This 
paper discusses some of the practical prob¬ 
lems encountered in extending the circuit 
capacity of existing open-wire lines by the 
use of this carrier system. 

The first systems of this type were placed 
in commercial operation late in 1938. One 
of these systems is discussed in detail from 
the standpomt of obtaining satisfactory 
operation with the most economical arrange¬ 
ment of new and existing facilities. 


A 12-CHANNEL carrier telephone 
S 3 ^tem for open-wire Hnes was 
described before the AIEE early this 
year,i and a discussion of the require¬ 
ments of line facilities for its opera¬ 
tion has been presented.® Since the 
first three systems to be placed in com¬ 
mercial operation are located in Texas, 
it seems appropriate to present to the 
South West District meeting the major 
probleins arising from the practical ap¬ 
plication of this type S 3 ^teni on existing 
open-wire plant. 

In 1935 it became apparent that exist¬ 
ing^ open-wire facilities on some of the 
major toll lines in Texas would soon be 
exhausted. In the case of the Dallas- 
Houston, Dahas-San Antonio, and Dal- 
las-Longview lines, current growth and 
requirements for the future indicated that 
comprehensive relief would have to be 
provided ultimately. This probably will 
be a toll cable. At the time, however, 
the development of the open-wire 12- 
channel J carrier system made avail¬ 
able an arrangement for obtaining a large 
number of additional circuits over the 
existing lines which would provide for 
the immediate requirements and also 
permit postponement of more costly re¬ 
lief measures for a number of years. 

The type J system operates in a fre¬ 
quency range above that of the three- 
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channel type C carrier system and can be 
superposed on the same conductors with 
the t 3 q)e C, thereby providing a total 
of 16 circuits from one pair of conductors. 
However, conductors suitable for type C 
earner operation are not necessarily satis¬ 
factory for the operation of the new sys¬ 
tem. 

The three lines tuider consideration 
were practically of the same construc¬ 
tion, being 12-inch phantomed lines 
originally built for voice-frequency cir¬ 
cuits only and later modified for the ap¬ 
plication of type C carrier systems. 
Over lines of this type, it is practicable 
to operate a single type J system with¬ 
out any material change in line wire 
because no crosstalk considerations are 
involved, although it is necessary to select 
by transmission measurement pairs which 
are free from absorption effects. Where 
more than one system is required a trans¬ 
position arrangement has been designed 



Figure 1. typical pole with extension ftxiure 
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for use with line conductors of a non- 
phantomed pair spaced 6 inches apart 
and 30 inches between conductors of 
horizontally adjacent pairs. Tliis de¬ 
sign can be used either for new wire or for 
existing wire retransposed, and can be 
applied without regard to the existing 
phantomed transposition design, thereby 
permittmg respacing and retransposing 
any portion of the existing wire, e phan¬ 
tom group at a time if desired. 

Advance Engineering 

With these operating limitations a re¬ 
view of the circuit requirements estab¬ 
lished a plan to place a J carrier system 



P —Physical circuit 
PX—Phantom circuit 
S — ^Slde circuit 
C—C carrier circuit 
O —0 carrier circuit 
J—'J carrier circuit 


on one of the phantom groups of the 
Dallas-Longview line during 1938. This 
syst^ would not only provide sufficient 
circuits to meet the additional require- 
menlE but would furnish sufficient spare 
cir^ts to release one phantom group of 
12 -mch wire for respacing and retrans- 
posmg. This plan was not applicable 
to the Dallas-Houston and Dallas-San 
Antonio lines since circuit relief was 
reqimed for the 1937 business, and the / 
earner system would not be available 
until 1938. These lines each consisted of 
five crossaims of 104-mil wire over the 
greater portion of their length. An in¬ 
spection showed that, although the poles 
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were of sufficient strength to support 
additional crossarms, it would be dif¬ 
ficult to maintain the necessary wire 
clearance with an additional crossarm 
below the existing wire and also that new 
wire so placed would be susceptible to 
interference from possible breaks in the 
wire above. 

The solution of this problem n^as the 
addition of a crossann two feet above the 
others on a simple extension fixture. 
This fixture shown in figure 1 consists of a 
four-inch steel H beam fastened to the 
pole by the through bolts which also 
support the two upper crossarms. By 
placing four pairs of six-inch-spaced con¬ 
ductors on the new crossarm and by using 
four type C carrier systems, 16 additional 
circuits were obtained to furnish the 
circuit relief for 1937 and, in addition to 
the immediate relief, four suitable J 


carrier pai^ were provided of which 
one on each line was needed in 1938. 
Figure 2 is a typical pole head and ^ows 
how the ultimate circuit, capacity of this 
open-wire plant has been expanded from 
69 to 133 circuits by the addition.of one 
crossarm and‘eight conductors. The use 
of 128-mil wire instewi erf 104-mil wire 
provides greater strength and the par¬ 
ticular location reduces the probability of 
interrupting 16 dremts by a single wire 
break or other physical interference. 

The program of placing three t^ / 
carrier systems in service in Texw during 
1938 was established. • Figure 3 is a map 
of a potion erf the state showing the 
routes of the lines and the principal cities 
along the routes. Since the length and 
‘ attenuation of each of these lines are such 
that the carrier, systems cannot operate 
without intermediate amplification, it 


was necessary that the number and loca¬ 
tions of repeater stations be determined. 

Typical System 

The layout of a particular system is 
largely controlled by available repeater 
gain, existing entrance cables, line at¬ 
tenuation under normal and adverse 
weather conditions, location and avail¬ 
ability of existing telephone buildings, 
and availability of commercial power for 
new buildings. Line attenuation is in¬ 
creased greatly by deposits of ice on the 
wire during sleet conditions. Although 
data are available regarding the fre¬ 
quency of large deposits of ice, there is 
very Httle information as to the amounts 
or frequency of occurrence of small de¬ 
posits. Under normal wet-weather con¬ 
ditions the maximum attenuation of six- 
inch-spaced 128-mil facilities at 140 kilo¬ 
cycles is 0.35 decibel per mile. 

On the Dallas-San Antonio line the 
facilities available consisted of 286 miles 
of six-inch-spaced 128-mil copper wire and 
42,000 feet of i6-gauge nonloaded paper- 
insulated cable. Using repeaters having 
a mayiTniitn amplification of 46 decibds in 



Figure 4. Arrangeraent of facilities for a 
typical J carrier system 
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longitudinal retard coil 


Figure 5. Circuit connections through Dallas 
filter hut from open wire to terminal equip- 
^ ment at central office 



each direction of transmission, the provi¬ 
sion of two intermediate repeaters would 
provide sufficient gain to take care of the 
wet weather conditions with no extra mar¬ 
gin; three repeaters would provide 45 
decibels margin and four would provide 
90 decibels margin for the over-all system. 
Considering the location of this line and 
the small probability of obtaining large 
deposits of ice in accordance with past 
experience, it was decided to select ten¬ 
tatively three intermediate repeater sta¬ 
tions which would provide sufficient 
gain to take care of attenuation up to 
about 0.5 decibel per mile as compared 
to the wet-weather value of 0.35 decibel 
per mile. 

For type C operation over this line, 
only one type C carrier repeater point is 
required, and it is at Austin. Consider¬ 
ing the availability of power equipment 
and operating personnel and the pos¬ 
sibility of future J carrier terminals being 
located at Austin, it is desirable that this 
be one of the repeater points on the J 
system. A division of the attenuation of 
the facilities north of Austin indicated 
that the other stations should be in the 
vicioity of Temple and Milford. 

At these repeater stations amplifica¬ 
tion is needed only on the type J system 


Figure 6. Circuit connections through Temple 
unattended repeater station 


and the other circuits on the line pass 
through these stations without amplifi¬ 
cation. Under these conditions energy 
may be transferred from the output of one 
type J repeater to the input of the same 
repeater or to the input of a repeater on 
another J system via cross-talk paths 
involving the wires which are not used 
for type J systems. The effect of this 
transfer of energy is accentuated by the 
fact that there is a large difference in 
transmission level between the output 
of one type J repeater and the input of the 
same or another repeater. In order to 
minimize these effects it is necessary that 
all wires on the line be given special 
treatment, including a gap in the toll line, 
longitudinal choke coils in all wires at 
terminal poles, and cross-talk suppres¬ 
sion filters in the non-/ pairs in the 
repeater station itself. In selecting loca¬ 
tions for repeater stations, consideration 
must also be given to the possible coupling 
between type J systems by interaction 
paths involving other conductors ad¬ 
jacent to the toll line. 


TERM.« CABLE- TERMINAL 
SP 4 ■ SPIRAL FOUR 
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«=>• CABLE 
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Before definite selection of repeater 
station locations may be made, it is neces¬ 
sary that each repeater section be checked 
in detail and in this check the entrance 
cable arrangement may be controlling. 
The newly developed spacer-insulated 
spiral-four cable, either loaded or non- 
loaded, or nonloaded pairs of the con¬ 
ventional paper-insulated cable may be 
used between the open wire and equip¬ 
ment. Generally the existing voice and 
C carrier circuits use loaded entrance- 
cable pairs and in most cases a change to 
nonloaded facilities would require ex¬ 
tensive rearrangements in these circuits. 
In order to use nonloaded pairs for the J 
carrier and leave the C carrier and voice 
on loaded facilities, filters are placed at 
the terminal pole to separate the J carrier 
frequencies from the C and voice frequen¬ 
cies at that point. A limitation oh the 
use of existing cable is that suitable pairs 
must be selected by cross-talk measure¬ 
ments and balanced at 140 kilocycles to 
meet the requirements of the system. 
The paper-insulated conductors have 
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the largest attenuation of any of these 
facilities, and the loaded spiral-four the 
least. The various entrance arrange¬ 
ments from the open wire to the office 
equipment are described in more detail 
elsewhere.* The choice of the facility 
used in any particular case will depend 
upon the resultant over-all economy. 

The large number of nonloaded pairs 
in the existing l.S-mfle entrance cable at 
San Antonio indicated that sufficient 
pairs could be selected which would be 
satisfactory from the cross-talk stand¬ 
point for J carrier operation. Six pairs 
were subsequently selected and bal¬ 
anced. 

At Austin a single toll entrance cable, 
one mile in length, with two complements, 
terminates the line from the two direc¬ 
tions. Although the two complements 
are separated by a layer shield, this cable 
is not suitable from a cross-talk stand¬ 
point for opmtion of the J carrier in and 
out of the office; therefore, at least one 
additional cable is required from the 
central office to the toll line. For this 
purpose a new nonloaded spiral-four 
entraticc cable was indicated for the 
tyfic J system with the type C and voice 
circuits continuing to use the existing 
cable. The separation of the type / 
circuits from the non-/ circuits on tlie 
same pairs is accomplished by filters 
which are located in a small building at 
tlie junction of the toll line and the en¬ 
trance cables. The use of a single en¬ 


as well as the line filters which separate 
the type / from the non-/ circuits. 

A repeater station at Temple could 
have been located in the existing central 
office or could be located in a separate 
building in or near the city. In either 
case a new power plant was needed since 
the existing plant could not be economi¬ 
cally modified to serve the / carrier re¬ 
peaters. The tdephone line is con¬ 
tinuous through the city, only those wires 
used for Temple circuits being terminated 
in the office through one entrance cable 
0.6 mile in length. This cable is not 
suitable for / operation in both direc¬ 
tions, which would require one additional 
cable if the repeaters were located in the 
central office. Numerous signal and 
supply lines in proximity with the tele¬ 
phone line within the city offered inter¬ 
action crosstalk complications. A sepa¬ 
rate repeater station near the toll line 
in or near the dty avoids the placing of a 
long entrance cable, reduces the over-all 
system attenuation, and diminates the 
problem of interaction crosstalk from 
paralleling Knes. Other factors includ¬ 
ing cost showed very little difference be¬ 
tween a separate station and placing the 
repeaters in the central office. An unat¬ 
tended station near the toll line was in¬ 
dicated. 

A common entrance cable at Dallas 
terminates the wire on both the Houston 
and San Antonio lines, the terminal of 
the Houston fine being 2.9 miles from the 


of the repeater stations from those tenta¬ 
tively sdected, but would provide some 
additional margin for sleet conditions. 
The expense of loading the spiral-four 
cable, if placed, could not be justified by 
the improvement in over-all attenuation. 
Using either nonloaded spiral-four or 
existing nonloaded paper-insulated con¬ 
ductors requires filters at the open-wire 
terminus. With these considerations, it 
was decided that suitable pairs would be 
used in the existing cable until exhausted. 
Subsequent cross-talk s^ection tests 
have indicated that 12 pairs, 6 for each 
line, are available. 

Since there was no suitable central- 
office building at Milford, the repeater 
station in that vicinity must of necessity 
be in a new building preferably near the 
toll line. Commercial power is avail¬ 
able only near the town, forcing a tenta¬ 
tive location to be selected at the edge of 
the dty. 

With these selections of entrance- 
cable facilities and tentative repeater- 
station locations, the distribution of 
gain and line loss by repeater sections is 
shown in table I. A satisfactory dis¬ 
tribution of line loss has been obtained 
and an analysis of these data shows that 
further improvement is impracticable. 
Therefore, the tentative repeater-station 
locations were adopted. 

Figure 4 is a diagram of the major line 
a.nA equipment parts of the Dallas-San 
Antonio lead. The / carrier path is 



Figure 7. Arrangement of gap in toil line at 
unattended repeater Hatlon 


trance cable for the non-/ wire in both 
directions on the telephone line indicated 
that it might be necessary in the future 
to use cross-talk suppression filters at 
this point. Accordingly, the filter hut 
•was made large enough to include future 
cross-talk suppression filters if required 
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central office, and of the San Antonio 
line one mile further. This cable pre¬ 
viously had been placed in three different 
sections, each section having a different 
make-up, and there was considerable 
doubt as to the number of suitable pairs 
for / operation that could be obtained. 
The use of either a loaded or nonloaded 
spiral-four cable would not improve 
attenuation sufficiently to change .the 
number or materially alter the locatioiis 
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shown by heavy solid lines, the C and 
voice on the same wire with the /by light 
solid lines, and all other circuits, classed 
as non-/, by dotted lines. Figures 6 to 
7, inclusive, show in more detail the ar¬ 
rangements at the huts and repeater sta¬ 
tions. The figures for the Dallas hut 
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and Temple repeater station are typical, 
and huts and unattended repeater sta¬ 
tions not shown differ from these only 
in minor details* It will be noted that all 
wire on the toll line is brought through 
the repeater stations while only that 
wire on which J carrier is superposed is 
routed through the huts except at Austin 
where all wire to the north is brought 
through the hut to allow the future ap¬ 
plication of cross-talk suppression filters 
if required.. For both huts and unat¬ 
tended repeater stations, short lengths 
of loaded spiral-four conductors are 
used from the six-inch-spaced wire at 
the terminal poles to the equipment in 
the buildings. A single continuously 
adjustable load unit is used for each pair 
and is located with the equipment. 
Paper-insulated pairs imder the same 
cable sheath as the spiral-four conductors 
are used for the non-J wire. 

As previously mentioned, the condi¬ 
tions at Austin were complicated by a 
single cable for existing circuits and a new 
cable for X earner in both directions. 
Figure 8 is a diagram of the ejaa fing a-nd 
hew cables to the filter hut and ter¬ 
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minal poles, and figure 9 shows the inter¬ 
connection of circuits and equipment 
used at the filter hut, terminal poles, 
and central office. 

Terminal and repeater equipment in ex¬ 
isting offices is located in space adjacent to 
other equipment terminating toll cir¬ 
cuits, and makes use of the common office 
equipment and power plant. 

The new repeater stations and the 
filter huts are arranged for unattended 
operation. The equipment in the filter 
huts is such that no adjustments or at¬ 
tention are required other than periodic 
inspections. In the unattended repeater 
stations the power-supply equipment is 
automatic in its operation. Although 
periodic maintenance attention is neces¬ 
sary, it is desirable that any abnormal 
condition be recognized as soon as prac¬ 
ticable and a system of alarms has been 
provided from each unattended station 
to an adjacent main repeater or terminal 
office. This alarm has been arranged to 
operate by direct current over one con¬ 
ductor between offices without inter¬ 
fering with existing tdephone circuits 
but at the expense, of one d-c telegraph 
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path. For fuse failure, rectifier failure, 
power off, power restored, high-low volt¬ 
age, high-low temperature, fire, burglary, 
pilot channel failure, and end of pilot 
diannel control, alarms are sent and 
identified. A questionable alarm may 
be rechecked from the attended office. 

Special Problems 

Some of the problems encountered in 
connection with the other two systems 
may be of interest. At Corsicana, a re¬ 
peater point on the Dallas-Houston sys¬ 
tem, a filter hut was used on only one 
side of the repeater station. The situa¬ 
tion which led to this arrangement is 
that an intermediate cable in the Dallas- 
Houston line extends 0.2 mile north and 
0.5 mile south from the local central 
office. As it is necessary that the J 
system operate through this entrance 
cable and since space was available in the 
local central-office building, repeater 
equipment similar to that installed in 
unattended buildings was placed in one 
room in the office. 

The section of cable north of the central 
office terminates on a comer in a business 
district with all adjacent property occu¬ 
pied by buildings, making it more eco¬ 
nomical to use loaded spiral-four cable 
to this location rather than extend the 
existing cable to an available site and 
provide the necessary filter hut and equip¬ 
ment, For the longer cable, it was more 
economical to provide the filter equip¬ 
ment in a hut in order to use existing 
facilities. Although this cable termi¬ 
nates in a fully developed residential area, 
a site for a filter hut was obtained ad¬ 
jacent to an alley in the rear of one of the 
residences facing the street on which the 
terminal pole is located. 

The use of nonloaded paper-insulated 
pairs in existing entrance cables has been 
mentioned. However, it is in general not 
practicable for cross-talk reasons to use 
all the nonloaded pairs which are avail¬ 
able in one cable, and the selection of 
pairs suitable for type / operation is 
illustrated by a discussion of the methods 
used on the Dallas cable. The Dallas 
cable is composed of three , sections of 
different make-up. The sectioii nearest 
the central office, 1.3 miles long, and the 
mtermediate section, 1.6 miles long, each 
contained 22 idle nonloaded pairs, and 
the third section, one mile long, had only 
6. The Houston line terminates at the 
end of the second section, the third sec¬ 
tion extending the cable to the San An¬ 
tonio line. 

Since the number of cable pairs to the 
San Antonio line was lixnited to a maxi- 
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lust section by cut-and-try method until 
the over-all condition was such that all 
six pairs were acceptable. By a similar 
procedure, using tlie remaining pairs in 
tire first two sections, six pairs to the 
Ilouslon line were made acceptable. No 
record is available as to tlic number of 
tests made in tlie cut-and-try process. 

A cable terminal on which balancing 
capacitors were inmmted was installed 
in tlie cculral-ofiice building and con¬ 
nected to the selected pairs. This tcr- 
miiuil contained 60 small adjustable 
wire-wound capacitors which were con- 
ucctwl between each pair and every other 
pair. 1*116 caiMicitors were adjusted to 
rctluee to a minimum the capacitance 
component of the croas-talk coupling. 

Buildings 

For the three J carrier systems, four 
new reiwater stations and eight filter huts 
were needed, Tlie same type of con¬ 
struction was used for all; concrete 
foundation with floor slul) almvc grade, 


double four-inch brick walls with rock¬ 
wool insulation between but with solid 
brick at comers and openings, pitched 
roof witli wood framing, fire-resistant 
wallboard ceiling, fire-resistant com¬ 
position shingles, and heat insulation 
above ceiling and below floor slab. 

All of the radcs for equipment in the 
unattended repeater stations are arranged 
in three rows with power, repeater, and 
line equipment in separate rows within a 
floor space of 17 feet by 16 feet which ndll 
allow the ultimate installation of six re¬ 
peaters in each building. The entrance 
cables from the terminal poles enter 
from iron conduit through the floor 
and are racked and spliced on the ride 
wall adjacent to the line bays. The 
stubs from the cable temunals at the 
top of the line bays are carri^ overhead 
to splices on tlie wall. A ceiling height 
of 13 feet is maintained above the equip¬ 
ment but reduced along the pitch of the 
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roof to 11 feet 8 inclies at the side walls. 

For all huts except that at Austin, 
three adjacent bays of racks are needed. 
With these along one side wall of the hut, 
the opposite side is available for splicing 
the entrance cable. At Austin an ulti- 
niate of nine racks, for filters in both 
directions of transmission, led to the 
use of racks along opposite sides of the 
hut with a splicing pit under the floor 
made accessible by trap doors in the floor 
between the lines of racks. In case, 
the cable terminals are installed at the 
bottom of the racks with their stubs 
dropped directly through the floor slab 
into the splicing pit. The racks in the 
hut are seven feet high and a ceiling height 
of eight feet is used. Figures 7, 10, 11, 
and 12 are pictures of a typical repeater 
station, typical filter hut, and the special 
hut at Austin. 

For correct operation of the equipment, 
temperature limits of 32 to 110 degrees 
Fahrenheit are desirable. Also, it is 
necessary that there be no precipitation 
of moisture on wiring or equipment. 
To maintain the desired conditions, each 
of the huts is equipped with a two-kilo- 
watt blower-type electric heater arranged 
to operate at low temperature or Idgh 
relative humidity, but with operation 
blocked when the temperature reaches 
95 degrees. Each new unattended re¬ 
peater station is equipped with a four- 
kilowatt heater similarly controlled and, 
on account of the heat dissipation of 
power plant and vacuum tubes, also has 
forced ventilation which is operative 
under conditions of high temperature. 
The system of forced ventilation consists 
of spun-glass intake filter, exhaust fan, 
electric-solenoid-controlled shutters at 
intake and exhaust, and thermostat, and 
is interconnected with the office alarms 
to prevent fan operation in case of fire. 

Conclusion 

Upon completion of the buildings, 
equipment installation, and line-facility 


rearrangements, adjustments in the 
equipment were made to match the lines 
used. Networks associated with the 
terminal and intermediate amplifiers 
were adjusted so that the amplification 
for any particular frequency would be 
equal to the attenuation at that frequency 
in the preceding repeater section; the 
automatic pilot channel equipment^ com¬ 
pensates for attenuation changes. In 
repeater sections containing long toll en¬ 
trance cables, it was necessary to sacrifice 
range of automatic pilot channel control 
to obtain the best equalization. How¬ 
ever, satisfactory equalization and range 
of pilot channel control were obtained in 
every case. 

As mentioned previously, the Dallas- 
Longview system operates on 12-inch 
spaced phantomed wire. In figure 13 



Figure 13. Attenuation of two 12-inch- 
spaced phantomed pairs of the Edgewood* 
Longview repeater section 


the attenuation characteristics of two 
possible pairs are shown. The absorp¬ 
tion peaks of pair B at 92 and 127 kilo¬ 
cycles are within the frequency range of 
charmds number 4 and 12 of the / sys¬ 
tem and would impair the quality of those 
channels if pair B were used. There¬ 



Figure 14. Quality of derived circuits 

A for typical channel of systems on slx-lnch- 
spaced wire, B and C for the best and poorest 
channels of system on 12-mch-spaced wire 

fore, pair A is used as the regular path 
for the system. The quality of the chan¬ 
nels obtained from these systems i.s 
shown by figure 14. Curve A is repre¬ 
sentative of that obtained from a system 
operating over six-inch-spaced wires; 
B and C are the best and poorest ob¬ 
tained from the Dallas-Longview system. 

The Dallas-San Antonio, Dallas-Long¬ 
view, and Dallas-Houston systems were 
placed in commercial service in Septem¬ 
ber, October, and November 1938, re¬ 
spectively. Experience with these sys¬ 
tems is that the circuits obtained com¬ 
pare favorably with those obtained from 
any other facilities in quality and con¬ 
tinuity of service, and that a definite 
need has been fulfilled in providing an 
economical method of increasing the 
capacity of the existing plant. 
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Discussion 

Earl W. Lipscomb (Western Union Tele¬ 
graph Company, Dallas, Tex.): In view 
of the practice of loading cables for use in 
voice and carrier circuits up to about 30 
kilocycles, it is somewhat striking to note 
that loading is not used for the /frequencies, 
although greater normal attenuation and 
greater loss from impedance mismatch 
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would be expected at these higher frequen¬ 
cies. The necessity for closely spaced 
loadtifg coils at J frequencies may make 
loading prohibitive, but it would be inter¬ 
esting to know of the measures used to 
minimize high-frequency losses in standard 
nonloadcd paper-insulated cable. 

Treatment is prescribed for wires on the 
line which arc not used in J systems to pre¬ 
vent their coupling the high output of the J 
repeaters back into the input of these re¬ 
peaters. Similar difficulty may be ex¬ 
perienced from wires on adjacent pole lines 
owned by other companies. While it may 
be possible to apply the same treatment 
to the foreign-owned wires and lines, it 
would be of interest to know something 
of the losses tlicsc measures would intro¬ 
duce into the foreign circuits. It appears 
that the problem may become more difficult 
in the event that the other companies de¬ 
sired to use similar high frequencies on their 
circuits. Field tests during the installa¬ 
tion of tlie J systems probably have indi¬ 
cated a separation between lines beyond 
which the coupling effect need not be con- 
sulered. 


T, L. Keathley (Southwestern Beil Tele¬ 
phone Company, Houston, Tex,): In the 
paper so ably pre.seuted by Messrs, Star- 
bird autl Mathis on the subject: ‘‘Some 
Applications of the Type J Carrier System” 
you were told that four circuits of 0.128 
copper wire were placed on pole-top ex- 
tensliin fixtures on the Dallas-Houston 
and Dallas-San Antonio lines. It was also 
pointed out that the two wires forming a 
circuit were only six inches apart and trans¬ 
posed on point side transposition brackets at 
an average interval of 260 feet or on every 
other pole in the line. Several unusual and 
interesting construction features were in- 
volveil in the operation of placing this wire. 

The crossarm positions on a pole line are 
termed gains, and arc numbered from the 
top downward. Incidentally, this will ex¬ 
plain the derivation of the term “zero 
gain” which has been applied to the arm on 
the pole top fixture. Since the existing top 
arm is designated as the first gain, anything 
above that must have a lower number, and 
zero has been selected. Ordinarily the 
crossarrns and wire are added to a pole line 
from the top downward; but this order is 
reversed in the case of placing wire in the 
zero gain. The new wire must be placca 
above the working circuits and it is very 
important that it be kept clear of the exist¬ 
ing wire during the placing to avoid service 
interruptions. This is done by placing 
what is known as an extension side arm fix¬ 
ture on each of the arms on which the new 
wire is to be placed. This side arm is a 
two-inch by four-inch piece of timber 
three feet in length with four notches at one 
end to engage the new wire. At the other 
end and also at an intermediate point, 
this side arm is equipped vdth S-shaped 
.strap-iron brackets, which hook under and 
over the arm that is to carry the new wire, 
the notched end extending beyond the cross- 
arm. 

After the wire is pulled out on the ground 
in 0.7-mile lengths, it is placed on the ex- 
lerusiou crossarm by laying-up sticks made 
of long cane poles with hooks on one end. 
Should the poles be high, linemen climb the 
poles and raise the wires to the sidearms 


with hand lines. The final sag and adjust¬ 
ment is then made by pulling at short inter¬ 
vals, this being necessary because the 
numerous transpositions in the circuits are 
effected on six-inch point side brackets 
and the line wire will not adjust itself 
around these brackets without some assist¬ 
ance. Each of these brackets has four pins 
for making the transpositions and is so ar¬ 
ranged that one pin of each pair is higher 
than its mate; this is done in order that the 
left-hand wire (going in direction with the 
line) can pass over and change positions with 
the wire on the right, and at the same time 
afford clearance between the two conduc¬ 
tors. 

The spans on these leads averaged about 
130 feet, and sag requirements on this 
length of span at 70 degrees Fahrenheit is 
9 V 2 inches. Seventy degrees Fahrenheit 
is being quoted as that was about the aver¬ 
age temperature prevailing at the time wire 
was placed. 

Ordinarily, where wire is being sagged 
and the regttlar one point drop brackets are 
used, lengths of approximately one mile 
can be pulled on straight runs, but, due to 
the sladc required at the numerous 6-inch 
point side brackets, shorter pulls had to he 
made, and a rather novel arrangement was 
worked out. 

A groundman stationed at the sagging 
blocks was equipped with a 62-i4 test set. 
The tying crew consisted of four linemen, 
two of whom where also equipped with small 
test sets attached to one of the new circuits. 
The men with test sets worked on trans¬ 
position points at all times, and the others 
on intermediate poles. \^^en the proper 
sag was obtained through telephone con¬ 
versation with groundman at the blocks, 
all four men completed their ties and each 
proceeded four poles forward and repeated 
the operation. 

It might be of interest to know that in 
placing the four circuits of wire between 
Dallas and San Antonio and between Dafias 
and Houston, a distance of 666 pole miles, 
the following material was involved: 

1,173,760 pounds of 128 copper wire amounting to 
2,240 drcidt miles 

33,000 six-inch side point transposition brackets 
20,040 H-beam pole-extension fixtures 
22,880 eight-pin six-inch-spaced crossarms 
200,400 Pyrex insulators 

A total of 82,400 manhours, or 10,300 
mandays of labor were required in placing 
the wire, extension fixtures, crossanns, and 
other associated materials. An odffity, m 
connection with material used on this proj¬ 
ect, is that approximately two miles more 
wire was required due to the use of point- 
side transpositions than would normally be 
required on ordinary brackets. 


R, p. Brown (Southwestern Bell Telephone 
Company, Dallas, Tex.): The paper, “Some 
Applications of the Type J Carrier Sys¬ 
tem,” presented by Messrs. Starbird and 
Mathis brings out that the first three com¬ 
mercial installations of these systems were 
made in Texas. This is of considerable 
significance and brings about a thought as 
to what condition existed in Texas that 
would necessitate three separate installa¬ 
tions of these systems so-soon after the de¬ 


velopment and all about the same time. 

It is about this condition that my discussion 
will be confined. 

In the national plan for handling inter¬ 
city toll communications, there have been 
designated eight regional centers so located 
as to serve certain areas and each connected 
to all the others with direct lines so as to 
minimize the number of switches and fur¬ 
nish the highest possible grade of toll service. 

In the Southwestern area one of the re¬ 
gional centers is located at Dallas, and for 
handling the toll traffic in the area and con¬ 
necting Dallas with the other regional centers 
there are seven major trunk routes through 
Texas which are described as follows: 

(a). Dallas-Houston 
(ft). Dallas-San Antonio 
(c). Dallas-Longview 
(4). Houston-Beaumottt 
(s). Cisco-West 

(f) . Dallas-Red River (Oklahoma) 

(g) . Dallas-C^sco 

The latter two mentioned which required 
rdief before the conception of the 12-channel 
open-wire carrier were cared for by the 
placing of underground toll cable during 
1930. 

At that time the question of rdief on the 
other trunk routes was becoming press¬ 
ing and rdief by placing cable seemed to be 
the proper method. Studies were pre¬ 
pared on that basis and as the rdief was 
first necessary in the sections to Houston 
and San Antonio an inverted Y layout 
with the base at Dallas, the fork near Waco, 
and the two branches extending to Houston 
and San Antonio appeared to be the plan 
to follow. The Longview and Beaumont 
cables would follow later as would the mc- 
tension of the Dallas-Cisco cable beyond 
Cisco. 

To care for the growth until the cable re¬ 
lief was forced the open-wire pole lines 
were being devdoped to the maximum cir¬ 
cuit possibilities by the use of the single- 
and the three-channel open-wire tde- 
phone carrier systems. Under this ex¬ 
pansion the physical wre had grown to 
about five crossarms and by using the 
various instrumentalities the tdephone dr- 
cuit possibilities had been expanded to ap- 
proximatdy 70 circuits. 

With the information that a new earner 
system was being devdoped that could be 
superposed on some of the present wire 
without sacrificing any of the present tde¬ 
phone circuits, thereby providing 100 or 
more additional tdephone circuits, and 
which could be grown in groups of 12 tde¬ 
phone at a time without an ex¬ 

treme expenditure fix: the initial installa¬ 
tion, it was apparent that this new de- 
vdopment was just the tiring required here 
in Texas to care for our problem and the 
first question was just how quickly could it 
be made available. As a result, the plans f w 
rdief by the placing of toll cables were laid 
aside and new plans devdoped on the basis 
of using the equipment that was under de- 
vdopment and which would be rushed to 
completion, due to the immediate require- 
ment. 

To use the newly devdoped 12-chamid 
system on present open-wire leads itwouldbe 
necessary to do some wire respacing and 
retransposing befmre the second S 3 rstem is 
installed; however, with the initial installa- 
tion suffident ctreutts would be available to 
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care for growth and stiU allow present wire 
to be taken out of service for the rearrange¬ 
ments. required to make the future addi¬ 
tions. Where the circuit requirements 
could be cared for until the new carrier be¬ 
came available, as in the case of the Dallas- 
Longview line, the first installation would be 
placed on present wire and then the rear¬ 
rangement work carried out, but in the cases 
where additional circuits had to be made 
available immediately, wire properly spaced 
and transposed for the new carrier system 
was placed tod growth cmred for using 
present available equipment until the new 
equipment was ready. 

With the placing of the 12-channel sys¬ 
tems in service for the longer distances it 
becomes possible to relocate the present 
terminals of the one- and three-channel 
systems to intermediate points in these trunk 
routes as well as in other sections, creat¬ 
ing a very flexible circuit arrangement. 

In conclusion it appears that the develop¬ 
ment of the new 12-channel open-wire 
carrier system was completed just in time to 
fit into the toll-line plan for Texas and 
definitely postpone for a considerable time 
the placing of toll cables over new routes. 

R. B. Webb (Southwestern Bell Telephone 
Company, Dallas, Tex,): The develop- 
m^t of a new toll instrumentality such as 
the type J carrier system immediatdy 
raises the question as to where this type of 
carrier can be most advantageously applied. 
Each major open-wire toll line must be 
studied to determine if the expected growth 
can be cared for most economically by pro¬ 
viding additional physical circuits, addi¬ 
tional three-channd and single-^annel 
carrier systems, the use of the type J 
carrier systems, or by different combina¬ 
tions of all of these methods of relief. 

The first step involved in the preparation 
of a toll line study is to secure a large 
amount of basic data, the chief elements of 
which are as follows: 

1. Estimate of drcuit requirements on the toll 
line, by circuit groups for several years into the 
future. 

2. The present circuit arrangement and the num¬ 
ber and types of carrier systems already in use on 
the line. 

3. Basic toll-fine data, covering the age of the fine, 
pole heights, number of crossarms, and. the maxi¬ 
mum number of crossarms that can be placed. 

4. Tdll-etttrance-cable data, fisting the length, 
gauge, and number of conductors in the toll en¬ 
trance cable at each central office involved. 

5. The number and location of present carrier 
repeater stations. 

6. The number and approximate location of re¬ 
peater stations required for J carrier. 

The most feasible plans of oaring for the 
growth are developed from au analysis of 
the requirements ,and the local situation. 
The period of the study is determined by 
local conditions, although in general it is 
desMble to carry the study to a date after 
which the facilities will be conuhon under 
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all plans. Circuit layouts are made for 
each year considered, and all circuit addi¬ 
tions and rearrangements, and the means 
used to effect them, are indicated by appro¬ 
priate codes. These circuit layouts give, 
by successive steps, the complete program 
of caring for the growth under each plan dur¬ 
ing the study period. 

The long-distance network is so complex 
that it is frequently necessary to include 
on the circuit layouts much more of the toll 
plant than the particular toll line under 
consideration. For instance, in the Dallas- 
Longview study, it was necessary to include 
the Longview-Shreveport line, the Long- 
view-Jacksonville-Tyler line, and the Tyler- 
Mineola line. In so far as possible, the 
same number of toll circuits is cared for 
under each plan, and, if this is not done, 
the differ^ce in facilities provided must be 
considered in interpreting the financial re¬ 
sults of the study. 

After the circuit layouts are developed, 
the additional outside plant construction, 
central-office equipment, and other items 
can be priced, and the total capital require¬ 
ments obtained. Engineering cost studies 
are then made to determine the annual 
charges and operating expenses for each 
plan. The financial results thus obtained 
will usually indicate the proper method of 
toll-line relief. 

The general study methods just outlined 
were employed in 1936 to determine the 
proper relief program on the Dallas-San 
Antonio, Dallas-Houston, and Dallas-Long- 
view toll lines. Because each of these toll 
lines was approaching its maximum fill and 
because of the circuit growth expected, it 
was evident that the initial / carrier in¬ 
stallation should be made on each of these 
lines either in 1938 or 1939. As the three 
toll-line problems were very similar it will 
only be necessary to comment on the 
Dallas-San Antonio study. 

In this study, it was only necessary to 
determine what the penalties would be for 
deferring the J carrier from 1938 until 1939. 
It developed that thus deferring the J 
carrier relief would have required the string¬ 
ing of so much toll wire and the placing of so 
many three-channel carrier systems that it 
was obviously an uneconomical procedure, 
and the installation was therefore carried 
out in 1938. 

In this particular case, the study solution 
to the problem appeared fairly obvious from 
the start, since the circuit growth was about 
12 circuits a year. However, in the case of a 
toll line not so heavily loaded, and where the 
annual growth is not so rapid, the economi¬ 
cal time to install the imtial J carrier will 
not be so apparent. For instance, in the 
study on the Houston-Beaumont toll line, 
the circuit growth was only about six 
circuits a year. The two plans of rdief 
consid^ed were: first, to install an initial 
J carrier system in 1939 and additional J 
systems as required; second, to provide 
other facilities in 1939 and 1940 and install 
the initial J carrier in 1941. This study 
was carried out over a ten-year period in 
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order to make the two plans as nearly com¬ 
parable as possible. It was found that 
the J carrier system should be installed in 
1939 and this system will be placed in 
service in May of this year. Studies are 
to be made on other open-wire toll lines to 
determine when and where the type J 
carrier should be used. 


L. C. Starbird and J. D. Mathis: The 
comments by Messrs. Keathley, Webb, and 
Brown are of interest in that they present 
additional information about the problems 
encountered in the application of these 
systems, together with amplification of some 
of the items mentioned in the paper. Mr. 
Lipscomb's comments leave several un¬ 
answered questions. 

In regard to the use of nonloaded paper- 
insulated pairs for the J frequencies versus 
loaded pairs for the C frequencies, the nor¬ 
mal attenuation of the nonloaded paper- 
insulated pairs is unfortunately very high. 
However, because of the close spacing of 
load coils required to load these conductors 
at J frequencies it is generally more eco¬ 
nomical to provide sufficient amplification 
to override the loss than it is to provide the 
loading. Impedance-matching transformers 
are provided at the filter hut and in the 
central office to minimize the loss to the J 
system and the crosstalk between systems 
that would be caused by an impedance ir¬ 
regularity. Nonloaded cable pairs may 
also be used for the C frequencies; however, 
in the application discussed, loaded pairs 
were already available for the C systems, 
and it was more economical to use these 
than to provide the amplification and im¬ 
pedance matching required if nonloaded 
pairs were used. 

In regard to possible measures of re¬ 
ducing cross talk caused by paralleling 
wire near a J carrier repeater station, ex¬ 
cept for the more severe cases, this cross 
talk will be chiefly caused by longitudinal 
current which may be sufficiently suppressed 
by the insertion of longitudinal choke coils 
only. These coils have practically no effect 
on metallic currents and would not inter¬ 
fere with the operation of a carrier system 
over the paralleling wire at frequencies up to 
about 160 kilocycles. In the more severe 
cases of parallel it would be necessary to 
insert cross-talk suppression .filters in the 
paralleling wire. The loss caused by these 
filters in the pass band is from about 0.1 
decibel at voice frequency to 0,7 decibel at 
30 kilocycles for each point where applied. 
In case the paralleling wire is to be used 
for carrier current at frequencies above 30 
kilocycles, it will be necessary to co-ordinate 
repeater-station locations in order to pre¬ 
vent level differences. By co-ordinating 
repeater locations, the filters required on 
each line because of the systems on that line 
would serve to minimize the interaction 
cross talk without other special measures. 

The questions are discussed in more detail 
in the papers listed as references and in the 
discussion with reference to those papers. 
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The Submarine-Cable Plow 

C. S. LAWTON 
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METHOD of protection of subma¬ 
rine cables by placement ‘‘under¬ 
ground” was described during the process 
of its development in an article^ written 
for Electrical Engineering in May 
1938. The work then projected has since 
been successfully carried out, and the first 
cables scheduled to be plowed under, to 
protect them from being fouled by fishing 
gear dragged along the ocean bottom by 
steam trawlers, have been laid and buried 
in trenches to a depth of from half a foot 
to approximately two feet. In the latest 
operations, sections of cable 25 nautical 
miles (of 6,087 feet) in length have been 
<iropped into a continuous furrow cut 
in the ocean bottom, from 600 to 2,700 
feet below the surface of the sea. It is 
^e purpose of this paper to describe the 
.engineering features of the entrenching 
operation, and in a companion paper® 
will be found a description of a device, 
ilie submarine-cable depthometer, by 
which is measured the depth, in inches 
below the ocean bottom surface, at which 
file plowed-in cable actually lies in its 
french. 

Figure 1 shows the location of Western 
XJnion cables in trawling areas, with 
fabulations of interruptions and faults 
known to have been caused by trawlers 
*811106 1920. In general it will be noted 
f bat, if anything, damage has been heavier 
in the winter months when weather condi- 
fions are at their worst for the repair 
•sbips. Some of the cables are much more 
important than others from a traffic 
-standpoint but the trawlers have no 
respect for that feature. It is estimated 
fbat trawler damage has cost all cable 
•companies together as much as $500,000 
in some years. 

In the past, efforts to combat the dam¬ 
age have been concentrated principally 
ijtpon the use of heavier and more costly 
calple, and the elimination of final repair 
*spHces, with their attendant bights of 
^^ceSs cable, from dangerous areas. The 

, n^p;er number 39-54, recommended by the AIEE 
.^pmtmitee on commimication, and presented at the 
';;<:^IEE winter convention, New York, N. Y., Janu- 
2i3~27, 1939. Manuscript Submitted Novem- 
rtier 6,1938; made available for preprinting pecem-, 
t>er 30, 1938. 

O, LAWTpN is assistant ocean cable engineer, 
i^he Wjestern Union Telegraph Company, ISfew 
“York, N. Y. He designed the ^present plow and 
, fjfbr the past three years has been in charge of the. 
.-engineering development work on the European 

' For all numbered references, see list at end of 


improvement resulting from these ef¬ 
forts has not been great because of eco¬ 
nomic limitations, and the practical diffi¬ 
culty of handling much heavier cable in 
deep water, in the first case; and be¬ 
cause of reluctance to disturb cable be¬ 
yond the limits of any one repair un¬ 
necessarily, and the time factor, in the 
second case. The most widely accepted 
type of cable for use in trawler areas is 
armored with ten number 1 Birmingham 
wire gauge soft iron wires, has an over¬ 
all diameter of iVs inches, weighs 9 tons 
(of 2,240 pounds) per nautical mile in air 
or about 6.2 tons per nautical mile in sea 
water, and has a tensile strength of 20 
tons. Many but not all of the interrup¬ 
tions and faults cited have occurred in 
this type of cable, the manufactured cost 
of which is about $2,000 a nautical mile. 

For many years it had been jokingly 
said that some day the cables would have 
to be plowed under, but so far as is known, 
an American company was the first to 
give the idea the serious consideration it 
deserved, the attitude finally adopted 
being that although it always had sounded 
fantastic, nevertheless if successful it 
offered advantages too great to be passed 
up any longer without at least an effort 
being made to determine whether it was 
practicable. 

Procedure 

In order not to interfere with the opera¬ 
tion of a working cable until the last 
possible moment, the procedure agreed 
upon for trenching was as follows: thi 
ground would be explored in the vicinity 
of the existing line across the dangerous 
area for bottom as free as possible from 
irregularities, rocks, or other obstructions, 
and lowest possible towing resistance. 
A route would be chosen approximately 
parallel to the existing cable, and an 
independent section of cable would be 
buried along it, with both ends buoyed 
well clear of the vulnerable stretch. 
After thorough testing to verify that the 
section ha;d been properly buried, the 
working cable would be cut bn both sides 
of the vulnerable length and joined 
through on the buried section, the original 
length thus removed from' circuit then 
being recovered, and if its, condition 
justified it, repaired and made available 
for future use. 

l^wton~^up^ 



It soon' was decided that the trenching 
and laying must be done as one operation. 
From a consideration of the weight and 
volume of cable to be handled in a single 
crossing of the trawler grounds it was also 
evident that the required amount could 
not be accommodated on the plow itself, 
but would have to be paid out from the 
ship’s tanks through the plow as it pro¬ 
gressed, it being essential not to interrupt 
the operation from start to finish if the 
trench were to be continuous. 

Early Trials 

Due to urgency of the matter, the first 
experiments in 1934 were conducted with 
plows which while incorporating the basic 
principles,® nevertheless were built from 
preliminary designs before there had been 
a real opportunity to come to grips with 
the technical problem and before the 
mechanics could, be fully mastered. From 
these experiments much valuable informa¬ 
tion was obtained, however, which prob¬ 
ably could not have been gathered in 
any other way. As the ship was to 
operate off the Irish coast it was decided 
to construct the plows in England, but 
in the intervals while the ship was pro¬ 
ceeding to England and the plows were 
being built, a one-fourth-scale working 
model was constructed in the laboratory 
in the United States and tried out on a 
nearby beach. Wire rope was stretched 
along the ground under water to simulate 
cable and was buried by the model in 
both sandy and muddy bottom. The 
model dug in quickly but showed a 
tendency for the stern to lift a little when 
handhng cable with much tension on it. 
Tension was important because in order 
to pass long lengths of cable through the 
plow in one uninterrupted operation, it 
was imperative that no slack accumulate 
ahead which would lead to a foul, and the 
only sure way of avoiding slack was to 
keep plenty of tension on the cable. 
The effect of the elevation of the towing 
position on the tendency for the stern to 
lift was obvious, and in an attempt to 
bring this force into more nearly hori¬ 
zontal alignment with the center of 
ground resistance, the towline was shack¬ 
led directly to the vertical guard plate 
below ground level, a thin flat-bar link 
being used on edge to cut through the 
ground ahead. Fins at various angles 
were tried on the sides of the share to grip 
the ground on each side but these were of 
doubtful assistance in holding the rear 
down and were finally abandoned alto¬ 
gether. The towing tension for the model 
without cable was about 150 pounds. 
When burying wire rope on which 50 
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Figure 1. Location of trawling areas off British coast 































pounds tension was held, the towing 
tension was increased by about 10 pounds. 
Although the sliding friction was rather 
high, rollers or other moving parts to 
assist tlie passage of the cable were 
looked upon with some disfavor, because 
of the presence of so much sand and grit 
and the liability that they would be put 
out of action. 



The full-scale trials took place on a wet 
sandy beach on Bigbury Bay, near Plym¬ 
outh, England, with horses and a tractor 
to furnish pulling power. The first plow 
tried embodied modifications by the 
ship's personnel to the original design for 
the pui-poses of increasing the full dig¬ 
ging depth (from 12 inches to 19 V 2 
inches, it being felt that 12 inches was 


FOR EQUILIBRIUM ABOUT PIVOT: 
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insufficient on uneven ground), decreas¬ 
ing tlae frictional resistance of the cable 
(by introduction of a roller aft), and 
eliminating all possibility of the plow's 
rciiiuiuing in a capsized position when 
landed on the bottom (by introduction of 
hoops over the top). The width of the 
cable trunk and consequent width of 
share were also increased as a precaution 
against broken wires and rucked-up outer¬ 
serving which might cause blocking of 
tlie passageway and jamming. The 
same dynamic characteristics noted with 
the model were exhibited by this plow, 
which dug a 14-inch to 18-inch depth of 
trench and developed 110 hundred¬ 
weights towing tension. (This is the 
British hundredweight of 112 pounds.) 
Efforts to back-fill the trench were soon 
abandoned because the scrapers tended 
to lift the stem of the plow and because 
they were felt to be ineffectual and un¬ 
necessary due to the silting action of sand 
under water. 

No trials had been made yet on hard 
bottom, and with the emphasis being 


of the plow required further study; also 
that through the use of models the desired 
information could be collected in a much 
shorter time and at muda less expense 
tlian with full-sized plows. 

Model Experiments 

Space does not permit going into the 
experiments in detail, but as the conclu¬ 
sions dictated subsequent plow design 
they deserve to be mentioned. Briefly 
they were as follows, after 255 trials: 

1. The displacement of material caused by 
the passage of the share does not obey the 
laws of streamline flow as in the case of 
fluids. The shape of entrance has little 
effect upon the resistance encountered. 
Over 60 model shares were tested, including 
square, half-round, and streamlined noses, 
and entrance angles in five steps from 
vertical to 22 V 2 degrees with horizontal. 

2. Shares having small entrance anglw 
with the horizontal give no reduction in 
towing resistance and do not retain thw 
full grip in the ground unless heavily 
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Figure 3. Diagram 
of automatic trench 
depth adjustment 
mechanism 


placed on the necessity for weight aft to 
keep the stem down, the matter of unit 
bearing pressure on the digging tip was 
given scant consideration. This tip was 
well forward in the early designs, so that 
with the upward component of tension 
bound to devdop in towing from a ship, 
there was not much encouragement for 
the tip to penetrate hard bottom. It 
soon became evident that the mechanics 


weighted. Therefore it is not safe to rely 
upon any shape of share to keep the plow 
in the ground,as a substitute for deadweight. 
A vertical entrance gives the smoothest 
tension graph. 

3. Attempts to turn a furrow as on land 
do not succeed under water. Most of the 
material is forced aside, even with scoop¬ 
shaped shares. 

4 . Due to the flat deck plate, plows with 
their center of gravity aft wiU volplane, at 


6. The best weight distribution is with the 
center of gravity slightly forward of the 
digging tip because of (4) and also because 
on making bottom the plow will settle down 
on the digging tip and the two forward 
runners, in which position it is ready to 
penetrate hard ground in the same manner 
as an old-fashioned anchor resting on one 
fluke and its stock. 

6. With a plow heavy enoiigh to keep a 
vertical-entrance share digging properly, 
there will be enough weight to keep the 
cable from lifting the stem, even if the 
center of gravity is placed according to 

(5). 

7. Resistance obeys no infallible law, vary¬ 
ing widely in the same material wi^ the 

share. If the share is kept m the 
ground, speed of towing has no appreciable 
effect on resistance. In very hard bottom 
the rdation between width of share and 
resistance is almost linear whereas in ve^ 
soft bottom a reduction of 50 per cent in 
width is not accompanied by any noticeable 
reduction in resistance. Therefore a narrow 
share gives a steadier tension graph through 
different kinds of bottom t han a wide share. 
Resistance usually varies about as the 
3/2 power of the depth, but in some cases it 
varies more like the square. More experi¬ 
ments are necessary before these relation¬ 
ships can be definitely established. When 
expanding any one design to scale the resist¬ 
ance seems to go up about as the cube of 
linear dimensions and this ties in well with 
investigations undertaken a few years ago 
on the holding power of anchors.^ 

8. Shares with parallel sides cause the 
material to be di^laced along a fault line 
perhaps 30 degrees from horizontal and to 
leave mounds to either side which are 
roughly triangular in shape, their combmed 
cross-sectional area being equal to the area 
of the trench below normal ground level. 
After passage of the share the material 
gradually, but not immediately in cOay or 
hard bottom, slips back into place, covermg 

the trench. Tidal action greatly assists ms 

of course. No observations were possible 
in locations entirtiy free from tidal influence. 

Figure 2 shows the dements of a cable 
plow in contact with the ground. Run¬ 
ners are attached to a deck plate. The 
share is a long steel casting cored out to 
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Figure 4. Siellite overlay on tip and guard 
plate 


permit the passage of cable to and under¬ 
neath an after “sheave” or grooved wheel 
which rolls it into the trench. (This 
sheave was a departure from the first 
design as in spite of probable bearing 
difficulties it was felt to be necessary to 
relieve the friction on the cable as much as 
possible.) Ahead of the share and welded 
to it is the triangular guard plate which 
protects the digging tip and allows the 
share to surmount obstructions. Natu¬ 
rally a good design aims not at equilibrium 
but at a safe margin in the factors on the 
right-hand side of the first equation. 
For weight distribution as recommended 
in (5) dimension C must exceed A, and 
as the lever A determines the effective¬ 
ness of the weight it is easy to see why a 
plow must be both long and heavy. 

Design of Present Plow 

Indications from the model experiments 
were that it would be unwise to design a 
plow for a trench depth beyond ten inches 
because of the anticipated TnaY imiiTn 
towing tensions. However, it was felt 
that the need for a deep trench was not 
as great in hard ground as in soft and that 
a way might be worked out to let the 
depth of trench vary automatically with 
the consistency of the ground, thus 
leveling off the towing tension. (The 
above figure of ten inches was based on the 
types of bottom available for model work, 
which were many but naturally did not 
extend much beyond low water mark.) 
This WM accomplished by constructing 
the plow in two parts linked together 
like members of a parallel rule,® the 
middle part, corresponding to the upper 
member of the rule when set in a vertical 
plane, carries the share and cable guides. 
The outer part, corresponding to the lower 
member of the rule, carries the runners 
and towing lugs. Resisting the link mo¬ 
tion and tending to keep the two parallel 
parts together are four helical tension 
springs, two of which are mounted so as 
to be adjustable (figure 3). 

When the ground resistance reaches a 
predetermined maximum, the springs 
become active, allowing the middle part 
to swing aft and up, thus lifting the share 


partly out of ground as necessary to 
prevent the resistance rising further, if 
possible within the limits of the link 
motion. In the present plow the maxi¬ 
mum trench depth below the bottom of 
the runners is 16 inches and automatic 
adjustment is possible between this 
figure and 8 inches at a maximum ground 
resistance of 265 hundredweights. How¬ 
ever even this range has proved to be 
insufficient to ensure against higher re¬ 
sistances as at times a resistance of over 
300 hundredweights has been encountered 
in digging a trench 8 inches deep by 
4 V 4 inches wide. This is about the 
minimum practicable width, as allowing 
for V 4 “inch walls the cable tnmkway is 
but 2 V 4 inches wide, which leaves only 
V 2 -inch clearance for the cable at splices. 

Figure 4 shows a close-up view of the 
digging tip and guard plate. The abrasive 
wear has been so severe that only re¬ 
cently have we been able to protect the 



Figure 5. Extract from penetration record for 
1HR cable, showing net depth of trench 
below normal ground level 


tip and plate edge well enough for them 
to survive one operation. This has been 
accomplished by streamlining the tip, 
not to reduce the towing resistance, but 
to spread the wear over a greater area, 
thus reducing imit bearing pressure, and 
by grinding the plate edge to a 16-degree 
double chisel edge, then applying number 
1 grade stellite to the wearing surfaces. 

The mnners are made with a narrow 
tread so that when the plow passes into 
really soft bottom where the resistance 
can be counted upon to ease off consider¬ 
ably, they will sink into the ground and 
allow the deck to settle down on to the 
mud. With runners 12 inches below the 
deck the maximum depth of trench is 
thus increased to something approaching 
28 inches. This figure is probably un¬ 
attainable because of the mound thrown 
up beside the share which would keep the 
deck from settling down to normal ground 
level. 

The way in which the variable depth 
feature functions in actual practice is 
ill^trated by the graph in figure 5, an 
extract from the record taken last summer 
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(1938) while burying the Western Union 
IHR direct Paris cable across number 7 
trawling area. The means for obtaining 
this and other records will be described 
later. 

To pass cable through the plow with 
minimum tension on it and yet to avoid 
the possibility of slack occasionally creep¬ 
ing in necessitates some means of measur¬ 
ing the cable tension at the plow, as the 
formula in use for computing residual 
tension is not sufficiently accurate, the 
conditions at the ship cannot be held 
sufficiently uniform, nor can the ship be 
controlled with sufficient exactness to 
rely otherwise upon anything but a large 
margin of safety. It was therefore de¬ 
cided to incorporate a cable dynamome¬ 
ter® in the design of the present plow* 
This takes the form shown in figure 6, 
and utilizes the offset in the cable line 
required to place it below ground level 
by measuring the reaction on a grooved 
sheave over which the cable takes a 
bend of 36 degrees. 

At the same time it is required to 
know whether cable is sinking to the 
bottom ahead of the plow or whether tiie 
plow is pulling the cable down forcibly. 
A pivoted inverted-U-shaped member 
arranged to swing over the forward cable 
bellmouth and counterweighted in such a 
way as to cause it to seek the vertical 
bears lightly against the underside of the 
cable, changing its angular position to 
accommodate itself to the elevation of the 
cable entering the bellmouth. This is 
called the “cable feeler.” 

For measuring the depth of trench, or 
penetration, a weight is trailed along on 
the end of a rod free to swing in a longi¬ 
tudinal vertical plane. The weight rides 
along on the ground beside tlie share. 
It changes its angular position to accom¬ 
modate itself to changes in elevation of 
the share witli reference to the ground.® 

A pendulum is used to record the angle 
of the plow's deck with the horizontal. 
It swings longitudinally so as to give 
slopes of ground traversed, also to furnish 
a useful check on the penetration gauge. 



Figure 6. Diagram of cable dynamometer on 
plow 
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Fi0ure 7. General arransement o^ plow 


Damping is necessary to iron out shocks 
and jerks incidental to the plow’s mo¬ 
tion* It is accomplished by having the 
pendulum submerged in a special heavy 
grade of castor oil. 

A drawing and photograph of the com¬ 
pleted plow are shown in figures 7 and 8. 
The superstructture is designed to keep the 
various lines from fouling the plow while 
lowering and getting under way. 


The angular motions of the cable dy¬ 
namometer, cable feder, and penetration 
gauge are transmitted to rheostat arms 
through linkages, whereas the pendulum 
rheostat , is mounted on the same shaft 
and in the same container as the pendu¬ 
lum itself. 

Telemetric System 
Between Plow and Ship 

The operation of rheostats under hydro¬ 
static pressures up to 1,200 pounds per 
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square inch presented a few difficulties 
which however were successfully over¬ 
come by enclosing the units in container 
filled with castor oil, chosen because it is 
not injurious to rubber insulation and has 
a reasonably low coefficient of compres¬ 
sibility. The containers communicate 
with a central bronze bellows also filled 
with castor oil and with enough capacity 
to absorb the volume changes caused by 
the hydrostatic pressure. Transmission 
of the external pre^ure to the interiors 
of the containers equalizes the pressure 
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on each side of the cover gasket, connect¬ 
ing cable and shaft glands, and eliminates 
leakage. It also effectively prevents the 
collapse of the containers themselves 
under pressure. Figure 9 illustrates the 
design. The leads from the rheostats are 
taken to an oil-filled junction box on the 
plow where connection is made with a 
four-conductor “messenger cable** lead¬ 
ing to the ship and to four recording 
milliammeters and ballast resistances on 
the bridge. The ship’s 110-volt d-c 
supply, with a voltage regulator to keep it 
steady, is used. One side of the circuit is 
grounded to the ship’s hull. Each rheo¬ 
stat has one side grounded directly to its 
container.* 

For dose analysis a chart spefed far 
above that usually supplied with record¬ 
ing instruments was felt to be desirable, 
and a speed of one inch per minute was 
finally dedded upon. The ship is also 
equipped with an echo-type sounder giv¬ 
ing a continuous graph of the depth. A 
simple alteration was made to enable this 
graph to be run at the same speed, giving 
five continuous graphs over the entire 
plowing operation. 

The use of a messenger cable separate 
from the plow towline introduced a com¬ 
plication in handling which it would be 
desirable to avoid, but although other 
means of transmission such as sound im¬ 
pulses and radio have been investigated, 
a cable seems the only practicable method. 
The idea of incorporating electrical con¬ 
ductors in the towHne itself had to be 
abandoned due to the high stresses in¬ 
volved and necessity for almost constant 
readjustment in towline length. The 
first messenger cable constructed became 
unreliable after very little use in deep 
water apparently due to vibrational 
stresses which caused fatigue failures in 
the copper conductors. The present 
cable has gone through the past season 
successfully. It has conductors of cad¬ 

Figore 8. General view of plow 


Rgure 9. Rheostat 
and container 



mium copper. Each insulated conductor 
is sheathed with 26 galvanized hard-steel 
wires of 0.022-inch diameter and 100 
tons per square inch tensile strength. 
These are laid up around a coir heart, 
then wormed with tarred hemp, and 
served with compounded cotton tape and 
one layer of compounded jute yarn. The 
over-all diameter is about three-fourth 
inch. The cable has an ultimate ten¬ 
sile strength of 83 hundredweights. It 
is as near to being in torsional balance 
under tension as it is possible to make a 
cable and has the extremely light weight 
of only one pound per fathom (six feet) in 
sea water. Even so it has to be provided 
with buoyancy near the plow end to 
prevent its being run over by the plow 
when getting underway. This is provided 
in the form of two groups of eight-inch- 
diameter alloy-steel ball floats made for 
the trawling industry and sewed up in long 
canvas “sausages** of nine balls each. 
Attached to the cable with manila rope 
stoppers, they trail along like elongated 
toy balloons. In this form the eddy 
resistance and consequent vibration is 
greatly reduced as against that for 18 
balls attached separately to the cable. 


The messenger is made in one length of 
2,000 fathoms because splicing is very 
dfficult due to its construction, and if an 
accident occurs by which the cable is 
damaged it is essential to have plenty of 
spare uninterrupted length after cutting 
off the damaged portion. The surplus 
cable is kept coiled down flat in one of the 
after cable tanks on the ship, the entire 
length of cable being in circuit With 
every readjustment in towline length it is 
necessary to readjust the length of mes¬ 
senger outboard to suit. This is done 
by paying out from or picking up into the 
tank witli a steam winch. The cable is 
handled over a dynamometer which indi¬ 
cates tension, and passes overboard at the 
stem from a special portable derrick hav¬ 
ing a 20-foot steel boom which can be 
swimg to either the port or starboard 
quarter for keeping the messenger clear 
of the ship’s twin screws when lowering 
away or recovering the plow. 

The rheostats and messenger cable 
were manufactured under the close super¬ 
vision of H. Kingsbury, European plant 
engineer, The Western Union Telegraph 
Company, London, with whom the author 
has been closely associated and whose 



technical knowledge and initiative have 
contributed greatly to the success of the 
undertaking from its very beginning. 

Lowering the Plow 

The plow itself weighs about 180 
hundredweights in air. It is handled 
from the forward well deck by one of the 
foremast derricks specially reconstructed 
to give greater outreach and equipped 
with its own steam winch. The whole 
gear was tested to 400 hundredweights 
before being used. A strong line is taken 
from the forward hold, over one of the 
twin sets of cable gears, thence over one 
of the bow sheaves and along the outside 
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Figure 10. Releasing gear 

of the ship to the well deck where it is 
made fast to a special attachment on top 
of the plow. The derrick purchase is also 
made fast to the same attachment and 
•serves to lift the plow (with towline and 
messenger cable also attached) over the 
bulwark and lower it about 20 fathoms 
over the side. Picking up then com¬ 
mences on the other line (and towline) 
which brings the plow up transversely 
under the ship*s overhanging bow plat¬ 
form and headed to port. The derrick 
line is next unshackled and the plow is in 
position for lowering to the bottom. 

While still on deck a rope strop has been 
reeved through the cable passageway in 
the plow and its two ends shackled to- 
getlier. With the plow under the ship’s 
bow the strop is unshackled and the end 
passing into the forward end of the plow 
is joined onto a rope passing over one of 
the tliree large bow sheaves, over the 
other cable paying-out gear and down to 
one of tlie cable tanks where it is spliced 
to the cable end. Previous to the com¬ 
mencement of operations a mushroom 
anchor has been planted with a length of 
heavy ground chain at the position where 
the tow is to commence. A buoy is 
moored to the tail of the mushroom to 
facilitate subsequent recovery. Another 
buoy is moored to the end of the laid-out 
chain. The ship now steams slowly up to 
the latter buoy, takes it aboard, transfers 
its moorings to the after end of the strop 
through the plow, and drops the mooring 
overboard. The ship’s head is swung into 
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position 90 degrees clockwise from the 
course to be followed, and the plow is 
ready for lowering, 

A special form of releasing gear^® which 
would not release the plow when the 
ship’s head dropped suddenly on the 
swell had to be designed, as the ordinary 
form lets go immediately upon relief of 
tension, and the plow with its large deck 
area sometimes cannot sink quite as fast 
as the ship is liable to drop it, when the 
lowering rate is compounded on the swell 
motion. This apparatus (figure 10) 
contains a hydraulic cylinder and plunger 
working somewhat like a door-closer. 
After release of tension a compression 
spring forces the plunger slowly down 
while a needle valve governs the rate of 
escape of the water therefrom. Resump¬ 
tion of tension before the plunger has 
completed its travel immediately returns 
the plunger to its initial position by re- 
compressing the spring, a foot-valve in 
the cylinder opening to permit re-entrance 
of water. If tension is not re-established 
before completion of the plunger travel, 
this being die period for which the device 
is set, the plunger throws a trigger and 
opens the tumbler hook. The period is 
set by adjusting the needle valve. Ten 
seconds has been found to be satisfactory. 
After the plow has landed on bottom and 
the required ten seconds have elapsed, 
the lowering line and releasing gear are 
hove back on board. 

While lowering the plow it is essential 
that ship and plow do not change their 
relative headings by as much as 180 
degrees, for in that event the plow may be 
swung around in a complete circle upon 
the commencement of towing. If this 
happens, the cable will have a turn around 


the towline and the foul cannot possibly 
be eliminated except by recovering the 
plow. For this reason we prefer to lower 
away at the shallow end of the job, usually 
in about 90 fathoms, also because the 
towline with which the ship gets under¬ 
way is shorter at this end and it is easier 
to pay away chain than to pick it up under 
high stress in readjusting the length with 
changes in depth of water. 

Keepii^ Cable Clear 

To provide a good spread between 
cable and towline at the top, as soon as 
the plow has been landed on bottom the 
cable-end rope is transferred aft along the 
starboard side of the ship to and over a 
large sheave mounted thereon somewhat 
abdt amidships, so as to leave the ship 
at that point instead of the bow. To 
accomplidi this requires that a strop be 
previously rigged over the side sheave 
with both ends brought forward. The 
cable-end rope is parted at a connection 
and the strop is inserted by joining the 
rope on to its ends, the lower one of which 
is then dropped overboard. Following 
this, the ship swings to course and moving 
ahead (figure 11) resumes paying out 
towline and messenger and begins to 
pay out cable as necessary for the com¬ 
mencement of towing. It should be 
noted that the plow slides down the cable- 
end rope rather than the cable itself, 
which avoids possibility of damage to the 
cable. 

Towing Position 

Early in the experimenting the question 
of the best towing point on the ship came 




Figure 11. Plow on 
bottom. Ship paying 
out towline 
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up. Contrary to popular impression it is 
not the stem. When a ship swings, she 
pivots on a point well forward of amid¬ 
ships, If the stem is held, the mdder is 
not effective. Cable repair ships are 
equipped to handle rope and cable over 
the bow and their powerful cable engines 
are forward, not aft. It was therefore 
natural to choose the bow as the towing 
position. 

Towline 

In order to obtain a horizontal pull at 
the plow it was obvious that the towline 
would have to be ballasted. The original 
arrangement consisted of from 40 to 85 
fathoms of lV 4 -inch ground chain at the 
lower end, shackled to a steel and hemp 
grapnel rope. The ship’s cable drums 
are suitable for handling this type of rope 
under the stresses usually experienced in 
cable repair work, but they provide only a 
frictional grip which is insufficient to 
prevent slippage when paying away 
under high tensions. Bulky connections 
in the rope every few hundred fathoms 
were a constant source of trouble in 
passing the drum, being apt to take rid¬ 
ing turns and lead to slipping and surging 
which was ruinous to the rope and dan¬ 
gerous for those handling it. The tend¬ 
ency of rope to twist under tension made 
necessary the use of a special roller¬ 
bearing swivel ahead of the chain. The 
features which finally eliminated rope for 
towing however, were the fact that chain 
had to be handled an 3 rway before the 
plow could be taken back on board, and 
the limits imposed on the size and there¬ 
fore strength and weight of rope by the 
ship’s cable drums. The grapnel rope 
m e n tioned had a very low factor of safety 
but was the largest rope which could be 
accommodated. 

A continuous chain for towing has the 
advantage of more weight to absorb the 
vertical component of the towing tension, 
greater springiness due to the curve pro¬ 
duced by its suspended weight, freedom 
from torsional stresses under tension, and 
practically no restriction upon the length 
which can be manufactured without con¬ 
nections. Should connections be re¬ 
quired they could be more easily handled 
than those in rope. A more positive grip 
is provided by the “whelps” or “snugs” 
of the wildcat over which chain is handled 
on a windlass. Against these had to be 
considered the extra lift in recovering the 
plow at the deep end of the tow and the 
fact that the ship’s windlass was not de¬ 
signed for suph a heavy load. 

Whereas space limitations and the 
ship's regular duties prevented the in¬ 
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stallation of larger cable drums, a more 
powerful windlass could be and was in¬ 
stalled within the existing space. The 
plow weighs 155 hundredweights in water. 
The longest lift is in 450 fathoms depth 
where the vertical leg of chain in sus¬ 
pension weighs 200 hundredweights, giv¬ 
ing a maximum total dead load of 365 
hundredweights on the windlass and 
chain. Naturally with the ship respond¬ 
ing to a swell, the live load at times raises 
this much higher. The windlass rating is 
400 hundredweights at a speed of 50 feet 
a minute, whidi is really slower than 
desirable, but when the plow is lifted the 
weight decreases as the chain comes in¬ 
board. 

The chain is one-inch-diameter stud- 
link made in nickel-steel by the die-lock 
process in one continuous length of 700 
fathoms. It has an ultimate, tensile 
strength of 126,000 pounds (1,125 hun¬ 
dredweights) and was proof-tested to 
84,000 pounds (750 hundredweights). 
It weighs 40,102 pounds in air, or about 
0.445 hundredweight per fathom in sea 
water. It was manufactured at Chester, 
Pa., under the supervision of E. R. 
Harrall, who is on the staff of our engineer 
of lines, New York. The strength/ 
weight ratio is about double that for 
ordinary one-inch stud-link wrought-iron 
chain. 

Chain Handling 

When it came to handling the chain on 
a wildcat, complications arose. The 
usual anchor chain is picked up under a 
relatively small load, as the weight of the 
anchor and suspended chain is not great 
in terms of the chain's strength. It is 
usually payed out on the run with the 
windlass engine declutched and only 
moderate braking, whereas in our case we 
have to both pici up and pay out chain 
tmder very heavy loads. 

The action of a wildcat is something 
like that of a chain sprocket on a bicycle 
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except that the grip is on the outside of the 
links and we are not dealing with an 
endless chain which, unless it contains 
slack, cannot ride up out of the sprocket. 
The ideal cat for picking up under load is 
not the ideal one for paying out under 
load, because it is almost impossible to 
achieve perfect uniformity in the pitch 
of the links of a long chain. 

If two wildcats could be accommodated 
the ideal design would include one for 
picking up, which would have the pitcli of 
the pockets slightly greater than that of 
the links, and another for paying out, with 
the pitch of tlie pockets slightly less than 
that of the links. Unfortmiately there 
was no room for two cats in our case. 
The best we could do was to exercise great 
care to make the pitch of the cat exactly 
right and then clamp down a rigid speci¬ 
fication for pitch uniformity in the chain 
itself. The length over any six links 
when stressed to the proof load was suc¬ 
cessfully held to a tolerance of Vie ipch, 
which is about one-tenth the tolerance 
allowed on an anchor chain of this size 
by the Navy. As a further safeguard 
against links riding up out of the pockets, 
of the cat, a special snubbing arrange¬ 
ment was designed, consisting of a curved 
chain track and multiple compressor in¬ 
stalled between the locker and the cat. 
The whole arrangement is shown in figure 
12. A water-cooled brake 40 indies in 
diameter by 13 inches wide installed on 
the windlass intermediate shaft has 
capadty to absorb some 300 horsepower. 

The ship's cable dynamometers could 
not be used with chain passing directly 
down through the deck to the windlass, 
and their sensitivity falls away rapidly 
toward the higher end of their scale mak¬ 
ing them unsatisfactory for measuring 
towing tensions anyway. In order to 
avoid passing the diain through the deck 
at too small an angle of intersection, a 
guide sheave had to be introduced ahead 
of the wildcat. The obvious thing to do 
was to utilize the reaction of the chain 
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against this wheel, due to its change in 
direction, to measure tension. To do this, 
the middle portion of tlie shaft upon which 
the wheel turns was made larger in di¬ 
ameter and eccentric to the two ends, 
like a cam. The wheel is mounted on two 
Timken tapered roller bearings. The 
shaft itself is also free in the two end 
bearings (also tapered rollers) but is 
keyed to a lever arm extending horizon¬ 
tally to a fulcrum on top of a large bronze 
bellows mounted on the same cast-steel 
bracket as the shaft. The offset of the 
cam center is in the same line with but 
opposed to the lever arm. Tension on 
chain passing under the wheel causes an 
upward reaction on the offset cam and the 
shaft end bearings, which produces a 
downward reaction of the lever arm on the 
bellows. Communicating with the bel¬ 
lows are five pressure gauges, one close 
by and at practically the same elevation 
which is used as a monitor, one near the 
windlass, two back-to-back on tlie fore¬ 
castle head, and one on the bridge. The 
bellows system is filled with a light grade 
of oil. To calibrate the dynamometer, 
weights are suspended over the bow on 
the chain and pressure readings are taken 
on the monitor gauge. To calibrate the 
other gauges, pressure is created arti¬ 
ficially in the bellows by screwing down on 
the upper adjustable stop of the lever 
arm until any desired reading is re¬ 
established on the monitor. The other 
gauges can then be marked directly in 
hundredweights tension from the cahbra- 
tion curve of the monitor. A disadvan¬ 
tage is that, except for the monitor, the 
gauges are all at a higher elevation than 
the bellows. It follows that when tension 
is removed from the chain these gauge 
lines are below atmospheric pressure due 
to the gravity head whidi the bellows, 
being flexible, refuses to support. Very 
slight air leakage has thus far been un¬ 
avoidable except by keeping enough pres¬ 
sure artificially on the bellows to maintaui 


all lines above atmospheric pressure. It 
is possible that an electric repeating sys¬ 
tem from the monitor gauge could be 
worked out which would be easier to 
maintain but thus far no very dependable 
way of making a direct conversion from 
hydraulic pressure to electrical readings 
has been discovered. The fluid displace¬ 
ment in such a system is very snndl and 
cannot be greatly increased without inter¬ 
fering with its greatest asset, the practi¬ 
cally linear response over the entire range 
of tensions. The dynamometer is illus¬ 
trated in figure 13. 

To assist in quick determinations of the 
amount of chain towline required to keep 
the vertical component of towing tension 
within a reasonable maximum at the head 
of the plow, a series of graphs has been 
prepared, of which figure 14 is a sample, 
each for a different length of chain. The 
graphs also indicate the horizontal dis¬ 
tance from ship to plow, the amount of 
chain, if any, on the ground ahead, and 
the horizontal component of towing ten¬ 
sion, all based on the catenary formula. 
To obtain this information for any length 
of chain it is necessary only to enter the 
proper graph with the depth and towing 
tension at the ship. Small differences in 
depth between ship and plow are usually 
negligible, as is the distortion of the 
catenary curve due to water resistance 
against the chain at plowing speeds. 

Passing Cable Through Plow 

If it were possible to maintain the speed 
of ship and the cable tension at the ship 
with precision, and if the depth were 
fairly uniform, the ideal condition for 
passing cable through the plow would be 
to so adjust towline length as to keep the 
plow at the exact distance behind the 
ship where the cable, sinking at its natural 
rate, were tending to make bottom. Due 
to so many variables however, this point 
is constantly shifting and the towline 


cannot be controlled with sufficient 
agility to attempt successfully such a 
procedure. Cable laid with no more than 
sufficient tension at the ship to place it on 
bottpm free of residual tension tends to 
sink in a straight line, the angle of sink¬ 
ing depending upon the speed of the ship. 
Excess tension at the ship distorts the 
straight line toward the catenary shape, 
increasing the length in suspension. For 
moderate excess tensions the line is still 
nearly straight, the curvature in the 
lower portion being only slightly less than 
that due to inherent stiffness in the cable 
where it comes tangent to the bottom, and 
therefore fairly local. If under these con¬ 
ditions the plow is brought up to the ideal 
or* “critical” point of tangency it has to 
come fairly close before the cable feeler 
begins to indicate the lifting of the vertical 
angle of cable approaching the plow. 
Should the mark be overshot the cable 
angle rises steeply and there is almost 
inevitably a bad lead with high friction 
against the upper part of the bellmouth, 
requiring immediate corrective action at 
the ship. Figure 16 illustrates this condi¬ 
tion. There is bound to be considerable 
lag when checking the speed of a ship or 
daanging the shape of a long length of 
suspended cable, for which reason it is 
felt safer in the present state of the science 
to keep the plow a safe distance astern of 
the critical point, with cable entering the 
bellmouth from a few degrees below hori¬ 
zontal. By far the greater part of the 
cable laid last summer (43 miles) was 
placed on bottom ahead of the plow 
without any noticeable increase in lead 
friction from this feature. 

It is significant that whereas before the 
advent of the messenger cable and elec¬ 
trical instruments it was a difficult prob¬ 
lem to avoid accumulations of jute and 
compound, broken wires, etc., which even¬ 
tually blocked the cable passageway of 
the plow and terminated the tow, th»e 
has been no trouble of this description 
since. 

Residual Cable Tension 

Observations made of the plow upon 
recovery point to the existence of lateral 
subsurface currents in the areas worked, 
cable markings almost always showing a 
tendency for cable to enter the. plow 
bellmouth a bit off the centerline, not 
always on the same side. This lateral 
displacement of cable from its natural 

fine cannot be controlled. It results in a 

certain minimum residual tension in 
cable as left by the plow, usually suffi¬ 
cient to eliminate any helical set remam- 
ing in the cable from coiling in drcular 



Figure 13, Chain dynamometer 
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tanks, but at times the cause of anxiety 
when passing over irregularities in the 
ground. The amount of tension left on 
the cable by the plow is registered on one 
of the milliammeters. At the same time, 
ground slopes are re^stered on another. 
Records of the ship’s speed permit 
transformation of the time ordinate of the 
pendulum graph into distance, after 
which the slopes may be integrated to 
produce the actual contour of the ground 
where irregularities have been observed. 
The penetration graph is then consulted 
and the bottom of the trench laid off. 
A scale template of the catenary curve of 
the cable under the corresponding residual 
tension laid over the drawing of the 
trench will at once show whether there 
has been any suspension of cable across a 
depression, and if so whether the sus¬ 
pension has been enough to lift the cable 
out of the trench (figure 16 is a sample 
irregularity). 

It is impossible to retrace any charted 
route with exactness. The irregularities 
which are apt to cause suspension are 
extremdy small in extent, from the 
navigational viewpoint. No sounding 
m ac hi ne on a ship rising and falling to a 
swell could possibly detect them. Their 
danger lies in the rate of change of ground 
slope, not in the degree nor amount of 
slope. An advance survey of the ground 
with one of the pendulums, recently given 
the name of “clinometer/’ mounted upon 
a. small sled can and does serve to 
indicate the general character of the 
bottom, but cannot be relied upon to 
provide any information as to individual 
irregularities to be encountered. The 
only prudent practice at present is there¬ 
fore to use a t 3 rpe of cable of high specific 
gravity and with enough unit weight in 
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Figure 14. Sample of chain graphs 


water to come within the sensitive range 
of the ship’s dynamometer, and to place 
that cable in the trench with the least 
possible residual tension. 

Devices have been considered which 
would furnish a pull on the cable by the 
plow itself, thereby relieving the cable of 
tension behind, but their application is 
difficult. We are trying to perform an 


Figure 15. Behavior of cable as plow passes 
through critical point (from 1 HR record) 


operation in which over a period of several 
hours, perhaps 160 tons or more of cable 
are passed uninterruptedly through a hole 
only 2 V 4 inches wide which is inaccessible 
and out of sight. Given a practical solu¬ 
tion of the problem of the power supply, 
any hauling device is apt to go wrong at 
times. If for any reason the machine 
failed to maintain a speed as great as the 
speed of the plow’s advance or the cable 
became jammed, its grip would be a 
liability rather than an asset. Traction 
from caterpillar treads could be used as a 
source of power but slippage would be a 
serious problem. There are already three 
lines between the ship and plow. Addi¬ 
tion of a power transmission line to an 
electric motor on the plow would call for 
prodigious feats of seamanship if it were 
to be handled successfully in the open 
ocean. As it is, operations are confined 
to the very best of weather and this can¬ 
not be counted upon to last long off the 
Irish coast nor to give much warning 
when it passes. 

Adjusting Length of Towline 

It will be observed that in adjusting 
towline length, there are two conditions 
to be met: The control of the vertical 
component of towing tension at the plow 
and the need for keeping the plow back 
of the critical point where the cable is 
landing. In hard ground, more prevalent 
out to 250 fathoms depth than beyond, it 
is necessary even with the heavy all¬ 
chain towline to keep the plow far be¬ 
hind the landing point of the cable, 
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PLOW DYNAMOMETER RECORD 




PENETRATION CAU6E RECORD 



GREENWICH MEAN TIME 


SPEED « 2.4 KNOTS 

WEIGHT OF CABLE IN WATER = 0.021 HUNDREDWEIGHT PER FOOT 



Figure 16. indication of possible cable 
suspension/ from Instrument records 

whereas in very soft ground farther out it 
may be necessary to pay out the entire 
towline to put the plow far enough astern 
to keep clear of the critical point. It is 
hoped that by continuation of model 
experiments a form of share developing 
less resistance can be evolved, which will 
improve tlie first condition. The second 
can always be met by having plenty of 
reserve towline in the locker. 

Core Soundings 

In determining the consistency of the 
bottom, a streamlined weight carrying 
fins set at a slight angle to give it rotation 
like a rifle shell is allowed to drop to the 


is forced into the ground by the impact 
and brings up a core of bottom material. 
From the appearance of the material and 
depth of penetration of the bit, a rough 
idea can be obtained of the probable 
towing resistance. This useful device was 
developed by the commanding officer of 
Western Union’s cable ship “Lord Kel¬ 
vin,” Captain M. H. Bloomer, whose 
enthusiasm and pioneering skill, both as a 
navigator and seaman, have been in¬ 
valuable to the whole plowing develop¬ 
ment. 

Cables Trenched 

During the past summer (1938) 
Western Union’s 4PZ, the high-speed 
loaded cable, and IHR, the direct Paris 
cable, have been trenched across number 
7 trawling ground and although only time 


brought far enough astern to avoid the 
critical point. Cable tensions carried in 
the eastern part of 4PZ were much higher 
than on IHR, whereas the penetration 
on 4PZ was more satisfactory at the 
western end. Due to continued hard 
ground in the deeper parts of IHR the 
vertical component of towing tension at 
the plow even with full towline rose until 
it appears that the share was prevented 
from maintaining its full grip. 

The outlook is for better results with 
more practice in deep water and increased 
length of chain towHne. The plow is 
still in its infancy. Eventually it is hoped 
to handle lighter t 5 ^es of cable and to 
develop auxiliary uses sudi as the protec¬ 
tion of harbor cables from riiips* anchors, 
and the btuying of military cables. 
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bottom on a special stranded sounding 
wire with ball-bearing swivel attachment. 
Fixed to the lower end of the weight is a 
bit made of three-quarter inch pipe which 


Table I. Summary of Data From Plow 
Instruments 


Cable tension at plow (htmdredweights) 

Maximum. . 

Minimum. . J 

Vertical angle of cable into plow (degrees) 

Maximum.+60.+®° 

Minimum. 6.^ IJ 

(+ downward into plow) 

'Ground slope (degrees) 

Maximum... ^. ® 


Net depth of trench (inches) 

Maximum...over 20. ...over 20^ 

Minimum. . n 

Average. . ^ 

Momentary only. 


can furnish condnsive proof of the success 
attained, the instrument records look 
good. At no point along either route 
(4PZ, 24 V 2 nautical miles; IHR 18 
nautical miles) did the share come com- 
pletely out of the ground. Table I 
gives a summary of the technical data ob¬ 
tained from the plow instruments. Only 

one really bad spot was recorded from the 
point of view of suspension acMM an 
irregularity on either route. This is the 
example given in figure 16. ^though 
crossings were made in the vicinity with 
the depthometer it could not be fouiid, 
but this is not surprising considering its 
email extcnt. Ground resistance eased 
off on the 4PZ route beyond 250 fath¬ 
oms but the IHR was hard going all 
the way out to 400 fathoms where the 
plovring terminated. 

There were parts toward the western 
end of both jobs where the cable lead was 
not good because with the length of tow- 
line available the plow could not be 
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Discussion 

W. S. Gorton (Bdl Telephone Laboratories, 
Inc., New York, N. Y.); To one who has 
been familiar with the unpreacteble Md 
the unknown factors involved in the la 3 mig 
and picking up of submarine cables, Mr. 
Lawton’s paper presents a strildng record of 
engineering achievement. It is significant, 
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I think, that this advance has been made 
possible largely by the development of 
measuring instruments which have brought 
within the realm of the known previously 
unknown factors, and that it therefore 
conforms to the well-known criterion that 
we can make little progress in scientific 
knowledge until we can measure the quanti¬ 
ties involved. It is most appropriate that 
this criterion should have been enunciated 
by Lord Kelvin, whose name is so prominent 
in the history of the submarine-cable art. 
All the resources of engineering, however, 
would have been of no avail without the 
ability instantly to adapt the various con¬ 
trols to meet the exigencies of sea and 
weather. This required seamanship of a 
high order. 

The thoroughness of the treatment does 
not leave much room for questions, but I 
should like to ask Mr. Lawton why the 
hydraulic bellows system, used to measure 
the pull of the chain, had trouble from air 
leakage. Systems of this sort are widely 
used, and the makers seem to have overcome 
the leakage problem. It would seem that a 
spring could be used to exercise a force on 
the bellows and prevent the pressure from 
ever falling below atmospheric. I should be 
g^d to have a fuller explanation of the ac¬ 
tion of the wildcat; it is not clear to me why 
the chain has to be made to such rigid speci¬ 
fications for pitch unifortqity. 


J* J, (Mlbert (Bell Telephone Laboratories, 
Inc., New York, N. Y.): The procedure of 
plowing in submarine cables which has 
been described is a valuable contribution to 
the submarine-cable art. The solutions to 
the rather difficult mechanical problems in 
the design of the plow are very ingenious 
and the operations mvolved in its use repre- 
s^t a great advance in cable-laying tech¬ 
nique. It is hoped that the expectations of 
the author will be fuUy realized, so that 
plowing will prove to be an unfailing 
means of placing cables where they will not 
be interfered with by other users of the ocean 
bottom. The paper mentions precautions 
that have been taken toward keeping the 
plow right-side up on the ocean bottom. 
I wo^d be interested to know whether in 
actual experience the plow upsets very often. 
Also, is there any danger when the plow 
upsets of its righting itself in the wrong 


direction, that is, of turning a side somer¬ 
sault? The paper gives a very interesting 
summary of cable interruptions in the trawl¬ 
ing areas off the British Isles. I would like 
to ask how the situation with regard to 
interruptions in the Nova Scotia and New- 
fotmdland trawling areas compares with 
this. 


C, S. Lawton; One difficulty with air leak¬ 
age in the hydraulic bellows lines arises 
from the fact that the gauges on the fore¬ 
castle head must be removed for safety in 
bad weather. This means having a cock 
and union coupling just under each gauge, 
the tightness of which is not easily main¬ 
tained. Also, an hour may elapse between 
the time when the dynamometer is put in 
readiness for operation and the time when 
the plow is landed on bottom and towing 
tension builds up. During lowering a check 
must be kept on the chain tension in order to 
keep a proper adjustment of the load be¬ 
tween towline and lowering line, but the 
chain tension does not rise high enough 
during this period to overcome all the 
vacuum on the dynamometer gauges. 

A spring, such as Doctor Gorton sug¬ 
gested, could be employed to keep the lines 
above atmospheric pressure while the 
dynamometer was not in use, but if left in 
place during operation it would interfere 
with the readings. We are in fact using an 
equivalent arrangement now, but it is only 
partially effective for that reason. 

In regard to chain uniformity, figure 1 of 
this discussion illustrates the preferred de¬ 
signs where space allows two wildcats to 
be fitted: one for picking up and the other 
for paying out with the pitch of the pockets 
set as explained in the text of the paper. In 
paying out chain under load, if the pitch of 
the pockets and consequently the snugs be 
slightly less than that of the chain, the on¬ 
coming link has more clearance in getting 
over the snug (at the bottom of the sketch) 
and a slight irregularity of chain pitch will 
not matter if this normal clearance is 
enough. As each snug comes off at the top, 
the whole chain moves forward slightly so 
as to bring the load onto the preceding 
snug. This little readjustment does no 
harm but is necessary to take care of ir- 
regifiarities in pitch. However, if this same 
cat is used for picking up, riding and jump¬ 


ing is bound to occur, as the conditions are 
reversed. In order to function smoothly 
on chain containing pitch irregularities the 
snugs and pockets for picking up must be 
slightly greater in pitch than the chain, so 
that the load is earned on the snug where 
the chain is coming off, the chain actually 
being pried off the cat by a circular wedge 
held against the deep groove into which the 
links in the vertical plane project. This is 
not shown on the sketch. As the snug 
comes free, the whole chain moves back¬ 
ward slightly so as to transfer the load onto 
the preceding snug. By this means a 
reasonable clearance can be maintained be¬ 
tween the oncoming link at the top and the 
snug which rises to meet it, so that small 
irregularities in chain pitch can be taken 
care of without trouble. 

As there was no space for two cats in our 
case it was essential that the pitch of the 
snugs and pockets be exactly right for the 
chain at all points. 

The difference in pitch of the two wild¬ 
cats in the figures is greatly exaggerated of 
course. 

With reference to Mr. Gilbert's discussion, 
in the early designs of plows in which the 
weight was much less than the present de¬ 
sign, hoops were fitted over the top of suffi¬ 
cient strength to support the full weight if 
the plow landed upside down, and of such a 
shape as to cause it to roll over immediately. 

This is not necessary now that we are 
using instruments which give instantaneous 
indications on board ship of the plow's be¬ 
havior. The pendulum will not assume the 
position of 0 degrees (plow deck horizontal) 
or anything approaching this unless the plow 
is right-side up. If the plow were to capsize, 
the pendulum would swing over against one 
of its two stops and remain there, giving a 
reading greater than 90 degrees. 

Since the instruments have been installed 
there has never been a case where the plow 
has turned over. The attachment of the 
lowering line is made well above the plow's 
center of gravity and the only critical mo¬ 
ment is after release of this line when the 
towline is still snubbed up short to keep 
it from fouling and the ship's head is rising 
and falling to the swell. Once the towline 
has been paid away to a length substan¬ 
tially greater than the depth of water there 
is no danger on any ordinary bottom. Trial 
tows made with a transverse pendulum in 
use over long distances have shown no dan¬ 
gerous canting of the plow to either side. 

Trawling off Nova Scotia and Newfound¬ 
land appears to be on the increase but to 
date it does not cause as much trouble as 
it does off Ireland. The cables affected on 
the European side are mostly mfllti trans¬ 
atlantic sections, whereas on this side the 
damage is mostly confined to short connect¬ 
ing cables of lesser individual importance 
from the traffic standpoint. It is expected 
to use the plow on this side after the other 
side has been protected. 
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Current Distribution in a Rectangular 
Conductor 

JOHN L. DALEY 

ASSOCIATE AIEE 


completely experimental, in tl.at the 
current distribution was measured di¬ 
rectly,^ or calculated by assuming the 
conductor to be made up of a number of 
small sections over which the current 
density was assumed constant.® Others®*^® 
have considered elliptical cross sections. 

Object 


Synopsis: The extensive use of rec¬ 
tangular conductors for large alternating 
currents has made the determination of 
their electrical characteristics a problem of 
practical importance. Although these con¬ 
ductors are usually used in groups and in 
special configurations, no solution other l^n 
that of direct measurement has been given 
even for the basic problem of the distribu¬ 
tion of current in a single isolated conductor. 
The mechanical complications of the direct 
measurement method are great, and the 
results obtained are necessarily an approxi¬ 
mation. 

This paper presets a method by which 
the current density inside a rectangular sec¬ 
tion may be analytically determined if the 
surface current density, a comparatively 
easy quantity to determine, is known. 


T he distribution of current over the 
cross section of a conductor is the 
determining factor in the calculation of 
voltage drop, power loss, and mechanical 
forces. When -uniform, as in direct 
current, the calculations are compara¬ 
tively simple. A conductor carrying an 
alternating current, however, has a vary¬ 
ing magnetic field associated with it 
which causes a variation in current den¬ 
sity, both in magnitude and phase at each 
point of the cross section. This gives 
rise to great difficulty in the calculations. 

The magnetic field inside the conduc¬ 
tor, which is the cause of the nonuntform 
distribution, is produced by the current 
in the conductor, and currents in adjacent 
conductors. In ■view of this, early ana¬ 
lytical investigations were limited to 
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single isolated conductors of a circular 
cross section. Here, radial symmetry 
makes a one-dimensional analysis possible, 
Heaviside^ and Lord Kelvin® obtained 
the solution in terms of Bessel functions. 

If the conductor is not circular, or if 
more than one conductor is considered, 


This paper presents a method of deter¬ 
mining the current distribution over a 
rectangular section. It is partly experi¬ 
mental and partly analjdical, in that the 
boundary conditions for the differential 
equation of current distribution are 
measured on the surface of the conductor, 



the problem is two dimensional, and 
greater difficulty is experienced. Special 
cases of two circular conductors have 
been solved.®”® Dwight® has given the 
results for tubular and flat conductors. 

Various attempts have been made to 
approximate the current distribution in 
rectangular conductors. These have been 
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ALUMINUM BAR 
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, CURRENT ^ 

transformer 


Rgure 2. DUgram of connections for test 


and by calculation, the current density 
at any point inside the conductor deter¬ 
mined. A single isolated bar is considered 
in this initial work, but with little change, 
the general case may be solved. 

Theory 

The conductor is assumed to be of unit 
permeability, homogenous in composi¬ 
tion, sufficiently long and far enough 
removed from its return circuit to be 
unaffected by it. With these conditions, 
end effect and proximity effect are absent 
and the current distribution over the 
cross section may be considered two di¬ 
mensional and all flow axial. 

The origin of co-ordinates (pc,y) 
is at the center of the rectangle whose 
dimensions are 2a and 2b (figure 1). 
Mathematical derivations are given in 
appendix I, and are briefly as follows*. 

1, From Maxwell’s equations, the differen¬ 
tial equation of the current density is ob¬ 
tained. 

2. The solution of the differential equa¬ 
tion is obtained, using the measured values 
of the surface current density as boundary 
conditions. The process is the conventional 
method of product solutions and sums of 
these.®^ 
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3. The current density is given by 

,, cosh ex cosh ay , 
cosh €0 cosh‘s ^ 

2iA„ (cosh Mn^ cos ny) + 

5^(cosh cos mx) (1) 


4. The a-c resistance of the conductor 
may be calculated easily and directly from 
the real part of the term (see appendix II) 

^ ohms per unit length 

y C/ar,v dy 


where 

— current density at the point (x, y) 
Ua,b “ current density at the point (a, 6), 
a comer of the cross section 
«f A%, ■= constants defined in appendix 

I 

Bm * coefficients of the Fourier series 
developed from the measured 
values of surface current density 
x,y ** co-ordinate distances measured in 
centimeters 



HI- \ -1-1_ 1 I I I I 

CORNER 1.5 1.0 0.5 MIDDLE 

INCHES 

Fisure 3. In-phase component 



Figure 4. Ninety-degree component 

Rgurei 3 and 4. Measured values of current 
density and boundary conditions 

Four-inch-square aluminum bar at 60 cycles, 
29 degrees centigrade 


Application to a Square Bar 


As a check on the theory presented, a 
four-inch-square aluminum bar was 
tested. The circuit dimensions are shown 
on figure 2. The surface current density 
was measured as described in appendix 
III. For convenience, the values are 
given in terms of (actual current density)/ 
(average current density) so that an 
ordinate of, say, 2.5, means that the 
current density at that point is 2,5 times 
as great as it would be if the current 
distribution were uniform (figures 3 and 4). 

The square bar allows simplifications 
in both test procedure and calculation. 
Since the bar dimensions are equal and 
the current distribution symmetrical 
about the origin, equation 1 takes the 
form 


„ „ (cosh |8*/v^) (cosh (8y/\/2) . 

cosh*^<»/V5- 

f 4 . 2n + l 

I cosh /tnX cos —-— ry + 

\ 2a 

cosh fjLfiy cos 

The function, Fx,at which is expanded 
in a Fourier series, is equal to the differ¬ 
ence between the measured surface cur¬ 
rent density, and the calculated 

quantity, Ua^icosh /3a:/\/2)/(cosh fia/ 
V2)- This function vanishes at the 
end points, thus the series in odd half 
harmonics is convergent at these points. 


2n -f 1 
2a 




^x,a ^a,a 


cosh /3a;/\/2 
cosh /Sa/VS 


^ A 1. 2n -h 1 

2iln cosh cos —;; - tX 


2a 


» = 0,1, 2, 3 ... 


is shown on figures 3 and 4, 

By application of the usual rules, 
the coefficients An were determined. 
For the four-inch-square aluminum bar 
operating at 29 degrees centigrade, the 
constants are (using p « 2.84 X 10*^ 
ohms per centimeter cube, a = 6.092 
centimeters, / = 60 cycles): 


Ma An (cosh Mna) COSh /ina 


0 0.94+i0.90 2.46-|-i8.03 11.46-y 68.71 

1 1.17-f-i0.71 0.29-il.00 -169.23-i 90,83 

2 1.63-l-i0.61 -0.18+i0.17 -1705 +i990 

8 2.19H-i0.88 0.06-i0.03 -12,570-f-i32.800 

Fa.tt - 4.14 + i5.90, /3 - 0.9133 (1 -|- j) 


The contour charts, figures 5 and 6 show 
values of current density and phase 
angle at each point of the cross section as 
determined by calculation. A three- 
dimensional ^etch of lines of equal 
current density is given in figure 7. 




Figure 6. Phase variation In degrees from 
phase of total current 

(— Indicates lead) 



Figure 7. Isometric view of lines of equal 
current density 


Figures 5-7. Distribution and phase variation 
of current density 

Four-inch-square aluminum bar at 60 cycles, 
29 degrees centigrade 


The a-c resistance of the bar per unit 
length is the real part of 


pUa,a 


fUx,ydxdy 
4.14 +7 5.90 


X2.84 X 10-® 


or 11.76 X 10 ® ohms, which is slightly 
more than four times the d-c resistance. 
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Verification of Solution 

The validity of the expression for cur¬ 
rent distribution was established by com¬ 
paring: ( 1 ) its integrated value with the 
known total current in the bar, and ( 2 ) 
the individual values at particular points 
with those obtained by direct measure¬ 
ment. 

1. Comparison of Calculated Total 
Current With Measured Value 

SS =* 

Cross 

section 


u, 




cosh* 






An - 2 » + 1 , 

2 J--- cosh fJLnX cos —- iry -f 

cosh L 


cosh Uny cos 


2 n 4 “ 
2a 




2a 
•dx dy 


a a 


- ■‘■“/y U^.ydx dy~A:ff U^.ydxdy 

-a -a Q Q 

= Ua.a 4tanh*-^ + 2(-l)" X 


/3* 


■v /2 


AfilQCL 
(2n + 


tanh Hn.a 


9} « 0, 1, 2, 3 ... 

« j 1.668 

tanh^ /Sa/VS « 0.9947 0.0006 

tanh ~ 1,0003 +7*0.0004 

tanh » 1.0000 + j 0.0000 

n « 1, 2 , 3 

The following tables show the values 
of each integral term, and the effect on 
the sum of including the next term. 
Value of each term: 

~ Ua.a tanh* ~ = 27.91 -j 19.69 

+ tanh wa - 77.66 +j 10.39 


1.74 +i6.32 

- 0.36 +i 0.66 
■ - 0.09 +i0.07 



VXE - 


bB 


( 3 ) 


where H is the magnetic field, E the dielec¬ 
tric field, U the current density, and B 
the flux density. Since the only component 
of current density is in the Z direction, and 
the permeability unity ( 2 ) and (3) may be 
written as 


Rgure 8. Comparison of calculated and 
measured values 

Measured points indicated by dots 

Uo,y is the current density at points on Y 
axis, figure 1 


xjtio 

16ai4i tanh tua 
Svjxi 

lC}aA 2 tanh jj^a 
6/txa9r 

16a.48 tanh 
7 m8«* 

Value of integral: 

Including n ^ 0 term 106.46 — i 9.20 
ft « 1 term 107.20 — j 2.88 
ft S 3 2 term 106.85 — 7 2.22 
ft = 3 term 106.76 — 7 2.16 

The actual value, on the basis of an 
exactly square section, since the refer¬ 
ence quantity used was average density, 
is equal numerically to the area of the 
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bar 103.71 + 7 0. The agreement is 
thus approximately three per cent. 

2. Comparison op Calculated and 
Measured Values 

By using two two-by-four-inch bars 
clamped rigidly together to give the 
square section for test, it was possible to 
insert measuring wires to determine the 
values of the current density along a 
plane through the center of the bar. 
This comparison is shown on figure 8 . 

Conclusions 

1 . A method for determining the curr^t 
density at every point of the cross section 
of a rectangular conductor of any dimen¬ 
sions has been developed. 

2. The method is partly experimental and 
partly analytical, in that the solution of 
the differential equation of the current 
density is obtained using the measured 
boundary values. 

3. A-c resistance of the bar is determined. 

4. Application of the method to a square 
bar is given, and curves showing the mag¬ 
nitude and phase of the current density 
over the cross section presented. 

5. An extensive investigation on bars of 
various dimensions is now in progress. 
It is hoped that the necessary conditions 
for a completely analytical solution will be 
determined. 

Appendix!. Mathematical 
Derivations 

Maxwell’s equations in centimeter-gfam- 
second practical units are 

VXH - 0.4irl7 (2) 

Daley— Current Distribution 


bHy _ 
dic dy 

bx ^ bx bt 

by , ^ by bt 

Combining these, the well-known differ¬ 
ential equation of current distribution is 
obtained 

^ ^ ^ (4) 

bx® dy® p 

Solutions of (4) obtained by the method 
referred to hereinbefore^^ may be ex¬ 
pressed in the form 


cosh €x cosh cey 
cosh pap cos ny 
cosh ^y cos mx 

where 


e® +a* 
p® — n® 
^® — w* 


If the sum 

Ux^y « C cosh ex cosh ay + 

SAn cosh p»x cos ny + 

SBto cosh ^„iy cos mx 

is assumed as a solution, and 

^ ^ Ua,lt 

cosh ea cosh ab 
2 r + 1 


2b 


2s + 1 

m * —r- V 


f, J = 0, 1, 2, 3, ... 


2a 


the coefficients An and Bfn may be deter¬ 
mined by application of the usual rules for 
Fourier coefficients.^® 


An 


+b 
/ X 


b cosh p»a _ J 


Bm = 


a cosh 


/ X 


r cosheie'l , 

The series thus obtained reduces to the 
boundary values at the surface, and is 
convergent in the interval (.^o, ^S). 
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Appendix II. Resistance at 60 
Cycles 


1. A-c resistance may be calculated from 
the ratio of power loss to current squared: 


c 


TrTT j j length 

ljUx,ydxdy]^ 


2. A simpler and more direct calculation 
gives the same result. Since all flow is 
axial, the potential difference between 
points in any two planes perpendicular to 
the axis of the conductor is the same. 

At the comer of the bar, the magnetic 
flux linking this filament is wholly external 
to the conductor. Thus the drop produced 
by the current and resistance in this fila¬ 
ment is the potential difference between the 
two planes, if only the flux inside the con¬ 
ductor be considered. 

The term internal impedance may be de- 
^ed as that due to the resistance of the 
isolated conductor, and the inductance due 
to the flux linkages inside the conductor. 


Z 


pUa.l> 

J*Ux,pdx dy 


ohms per unit length 


The real part of this expression is the a-c 
resistance per unit length. 


Appendix III. Method of 
Measurement 

The current density at any point of the 
conductor may be measured by means of an 
insulated wire laid along the bar, parallel 
to the axis and making electrical contact 
at each end only (figure 1). This wire is 
broken at the middle and the two ends 
brought out. The potential difference be¬ 
tween these ends is equal to the resistance 
drop in the element of the bar immediately 
adjacent to the wire, since the induced 
voltage in the search wire and bar element 
cancel. 

The measuring circuit is an a-cpotentiome- 
ter. When the vibration galvanometer, 
VG, indicates a condition of balance, the volt¬ 
age of the search wire is equal to the 
voltage produced by the current from the 
current transformer, CT, through the re¬ 
sistance, Rt and the mutual inductance M 
Thus 


The current density in the bar was calcu¬ 
lated in terms of this quantity. Thus, the 
surface measurements shown on figures 3 
and 4 were obtained from: 

^ _ actual current density 
average current density 
_ {R + jtaM) (area of bar) 

(pi) (current-transformer ratio) 

In order to avoid errors due to stray 
fluxes, the measuring apparatus was located 
about 50 feet from the bars being tested. 
All leads were carefully twisted. The 
absence of extraneous voltages was easily 
tested by short-circuiting the ^'search wires** 
(figure 1) at the bus bars and using the 
measuring circuit in the usual manner. 

This method of measurement is applicable 
to all current-density measurements where 
the variation is in one plane only, and 
remains constant perpendicular to this 
plane.’^'^® 
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bar element = iamm. 

The magnitude and phase of the current 
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Discussion 

Ernst Weber (Polytechnic Institute of 
Brooklyn, Brooklyn, N. Y.): The method 
of combining the analytical solution with 
an experimental determination of the 
boundary conditions is most interesting in 
its^ but has the disadvantage of any ex¬ 
perimental method, namely to be applicable 
only to the special case tmder investiga¬ 
tion. A general analsrtical solution would 


be of advantage, but could be secured only 
with great difficulties. Thus one could 
transform the rectangular boundary into a 
circular one by conformal mapping of the 
geometry. The differential equation (4) in 
the author’s paper would, of course, then 
become much more complex but the bound¬ 
ary conditions, which now represent the 
major obstacle to a complete solution, 
could easily be satisfied. 

There is, however, an approximate 
method available. Though the author does 
not give the expression for the magnetic 
field, one could easily obtain it from Max¬ 
well’s field equations. Constructing the 
magnetic field lines, one would find nearly 
elliptical curves, which partly penetrate 
into the conductor and partly close through 
the surrounding air. By a slight deforma¬ 
tion of these magnetic field lines, namely 
making one of them exactly coincide with 
the rectangular boundary of the conduc¬ 
tor, one would have the boundary condi¬ 
tions Hx ^ 0 qX X ^ a and JTy = 0 at 
y » =*=5, which can be satisfied in a manner 
very much similar to the author’s method 
using Fourier series expressions. Thus one 
would get 




lift sinh fXnO' 
+6 


X 




mBm sin ma • cosh ^,»y— 


Ce sinh €a • cosh ay I cos ny * dy 


and 


sinh 

/[?“■ 


sin nb • cosh fXn^ — 


-a 

C * a sinh ab cosh ex j cos mx * ax 

corresponding closely to the author’s ex¬ 
pressions and one would have to add the 
additional condition 


ffUaxdy^I 

which will determine the constant C. This 
permits direct evaluation of the current 
distribution and should not deviate very 
much from the measured one. It would be 
interesting to compare the results in both 
cases and possibly use this approximation 
for precalculation of field and current dis¬ 
tributions as well as for a determination of 
the resistance increase at alternating ap¬ 
plied voltages. 

In the method of the author it is, of 
course, not necessary to verify the solution 
by computing the total current numerically. 
This can serve only to demonstrate the rela¬ 
tive importance of the various terms in the 
infinite series in the particular case chosen. 


John L. IDaley! Doctor Weber’s com¬ 
ment on the limitations of any experimental 
method is appropriate. However, the 
method de^bed m the paper is not limited 
to the particular application used therein 
for illustration. The method is quite gen¬ 
eral, but in each case an experimental de- 
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T he problem of plowing sub¬ 
marine cables^ into tlae ground or 
sand making up the bottom of the ocean 
requires a means of checking the depth 
of burial of the cable after the plowing 
operation has been completed. Measuring 
the actual depth in inches below the sur¬ 
face of the ground is the purpose of a 
magnetic detecting and measuring device 
known as the cable depthometer. This 
magnetic detector is contained in a sled as 
shown in figure 1, designed for towing by 
the cable ship along the ocean bottom. 
The detecting operation utilizes the fact 
that ocean cables have a protective 
sheath of iron or steel wires around tlie 
copper core and tlie insulation. The 
magnetic field arising from the magnetiza¬ 
tion of the cable sheath, together with the 
distortion created in the earth’s magnetic 
field by the cable sheatli, generates an 
electromotive force in detecting coils in 
the sled, when tliese coils are moved in a 
substantially horizontal plane through 
such a field. 

As the electromotive force generated in 
a single detecting coil or set of coils is a 
function not only of the speed at which 
the coils pass over the cable, but also of 
the amount and distribution of iron or 
steel in the cable sheath, of the degree 
of magnetization, of the strength and di¬ 
rection of the earth’s field, of the gain or 
amplification of the amplifying and re¬ 
cording apparatus used to measure the 
signal on board tlte cable ship, and of 
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termination of the boundary conditions is 
necessary. 

The approximate method suggested has 
its advantages. In fact, with appropriate 
adjustments, the method used by Bewley 
and Poritsky (‘Tntersheet Eddy Current 
Loss in Laminated Cores,ELECTRiCi^ 
Engineering, March 1937, pages 3^5), 
on a rdated problem, would give a similar 
treatment. 

The accuracy of any approximate method 
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other factors, determination of the dis¬ 
tance between the sled and the cable, 
based upon the signal strength only, re¬ 
quires the evaluation of too many factors. 
To make compensation unnecessary for 



Figure 1. Cable depthometer sled 


speed and other factors, a second set of 
detecting coils is mounted in the sled six 
feet behind the first set, as shown in 
figure 2. 

The first coil set is mounted in a pro¬ 
tecting pot at the forwafd end of the sled, 



and the second coil set in a similar pot at 
the after end. The second set of coils, 
known as the "after” set, is so constructed 
that its voltage-response versus distance- 
to-cable diaracteristic differs consider¬ 
ably from that of the first or "forward” 


could be established by comparison of a 
particular case with the exact method pre¬ 
sented in my paper. 

The use of conformal mapping presents 
an interesting possibility. 

The second verification of the solution was 
giv^ in the paper to demonstrate the con¬ 
vergence of the series. In the case of least 
rapid convergence, that of the square ctoss 
section, reasonable accuracy is obtamed 
with only a few terms. 
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set of coils. As the sled is towed over the 
cable, signals are delivered in sequence 
from first the forward and then the after 
set of coils. Measurement of the distance 
to the cable is accomplished by observing 
the ratio of the signal from the forward set 
to that from the after set, this ratio being 
a function of the distance only between 
the sled and the buried cable, increasing 
from 1.25 at zero inches of depth to 4.4 
at 15 inches. Doubling the speed of the 
sled and the attached detecting coil sets, 
will double the signal from both sets of 
coils, without changing the ratio. 

This sequence of signals is transmitted 
to the amplifying and recording apparatus 
on board the cable ship through a pair of 
wires in the center of the sled towing 
line. As the frequency of such signals is 
in the neighborhood of one cycle per 
second, and as the maximum signal 
amplitude obtainable from the type of 
cable used in the plowing is approximately 
0.3 X 10”® amperes at 15 X 10”® volts, a 
d-c amplifier of special design is used^ 
The input circuit consists of cam-operated 
breaker points which provide sharp inter¬ 
ruptions of the input current through the 
low-voltage winding of a transformer, in¬ 
ducing relatively high-voltage peaks in 
the high-voltage winding. By this 
method, the approximately one-cyde-per- 
second signal generated in the detecting 



Figure 2. Sled framework showing forward 
and after coil pots 


coils becomes the modulation on a 240- 
cydes-per-second signal, for amplifica¬ 
tion with a conventional transformer- 
coupled amplifier timed to 240 cydes 
per second. The output of the amplifier 
is rectified and operates a d-c recorder, 
tnaVing an inked record of the signals. 
It is by inspection of this inked record 
that the ratio of the forward to the after 
signal can be computed and the depth 
of the buried cable at the point of crossing 
quiddy determined. 

As the generation of signals in the de¬ 
tecting coils depends upon motion of the 
coil sets through the magnetic fidd sur- 
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rounding the cable, the maximum signal 
results when the sled follows a course 
perpendicular to the line of the cable. 
The procedure followed in the operation 
of the sled is to tow it back and forth 



across the buried cable, charted as shown 
in figure 3, obtaining a number of cross¬ 
ings in each mile. While such a series of 
readings is far from being a continuous 
record, nevertheless it affords an op¬ 
portunity for judging the performance of 
the cable plow. 

Amplifying the statement in the open¬ 
ing paragraph, the signal indicating the 
presence of a magnetic object such as an 
ocean cable, is the result of the progression 
of detecting coils from the uniform mag¬ 
netic field of the earth into the nonuniform 
magnetic field surrounding the magnetic 
object, and thence back into the uniform 
field of the earth, the signal intensity 
being proportional to the rate at whici 
the flux changes through the detecting 
coils. In the case of a long object such as 
an ocean cable, the field is the result of 
three factors. First, magnetic poles are 
formed longitudinally along the cable 
sheath, with lines of force substantially 
parallel to the cable between poles, mu(i 
on the order of a long bar magnet. This 
type of magnetization produces very little 
flux linkage with the detecting coils. 
Second, magnetic pol^ are formed in 
planes perpendicular to the length of the 
cable; thus one side of the cable sheath 
becomes a north pole and the opposite side 
a south pole. This type of magnetization, 
which may be called “transverse magneti¬ 
zation,” results in considerable flux link¬ 
age with a detecting coil, as shown in figure 
4. Third, the high magnetic permeability 
of the cable sheath causes a distortion in 
the earth’s magnetic field. Motion of the 
detecting coil or coils into this region in¬ 
duces a voltage in one direction in the 
circuit as the flux linkage is increased and 
voltage in the opposite dir^tion as the 
flux linkage decreases. 

Since some types of motion of a single 
detecting coil in the earth’s field generate 
very large interfering voltages, it is neces¬ 
sary to add a second coil, having the same 
product of turns times average area as the 

692 


first coil, and parallel to it. The two 
coils are then coimected in series differ¬ 
entially, that is, poled oppositely, with 
the result that voltages in the coils in¬ 
duced by rotary motion in the earth’s 
field are 180 degrees out of phase in the 
circuit and cancel. Two coils, one above 
the other, rigidly fastened together and 
differentially connected, are shown in 
figure 5 as they progress in the horizontal 
arrow direction over the cable shown in 



Fisure 4, Transverse magnetization of cable 
showing ffux linkage with one coil 


cross-section, with the iron sheathing 
wires a, the gutta percha insulation 5, 
and the copper core c. For the sake of 
simplicity, only the lines of force due to 
the transverse magnetization of the cable 
are shown with the polarization assumed 
horizontal, omitting the lines of force of 
the earth’s field. Since the detecting 
coils are differentially connected, some 
degree of cancellation of the signal from 
the cable is experienced. However, since 
the upper coil is at a greater distance from 
the cable than is the lower coil, a com¬ 
paratively low voltage is generated and 
cancellation of the voltage generated in 
the lower coil is small. The greater the 
distance between the coils, the less the 
cancellation. However, the physical con¬ 
siderations of keeping the cods parallel 
and preventing relative motion between 
them, make the smaller values of separa¬ 
tion desirable. 

If the mere detection of the presence of 
a magnetic object such as an ocean cable 
is all that is required, the use of one pair 
of detecting coils is sufficient, as the exact 
voltage magnitude will then be of little 
importance. In the determination of the 
depth to which the cable is buried, the 
use of the second set of detecting coils 
makes proper compensation for speed and 
other factors. The difference in char¬ 
acteristics between the second or after 
coil set and the first or forward set is il- 
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lustrated in figure 6. The ordinates are 
percentages of the signal at zero inches 
depth, and the abscissas distances be¬ 
tween the bottom of the coil pots and the 
cable, both being logarithmic scales. It 
is to be noted that the ratio of the for¬ 
ward signal, designated by curve F, to 
the after signal, curve A, is unity at zero 
inches, while at 15 inches the F ordinate 
is 3.5 times that of the A ordinate. In 
actual practice, however, the coil sets are 
so constructed that the ratio of F to A at 
zero inches is 1.25, increasing to 4.4 at 15 
inches. The relationship between the 
ratio of the two signals and the distance 
between the bottom of the sled and the 
cable is shown in figure 7. 

Actual records are shown in figure 8, 
the right-hand record being that of a one- 
inch burial of the cable and the left hand 
record that of an eight-inch burial. In 
general, there are two distinct voltage 



Figure 5. Transverse magnetization of cable 
showing flux linkage with balanced coils 


peaks in the signal from each coil set, one 
peak when the flux is increasing most 
rapidly through the coils and one when 
the flux is decreasing most rapidly. These 
are observable in the left-hand record of 
figure 8 and are designated a and b for 
the forward coil set which passes the cable 
first, followed by the two peaks c and d 
for the after cod set which is spaced six 
feet behind the forward set. Whether the 
two peaks of each signal are equal in 
magnitude or not depends upon the posi¬ 
tion of the composite magnetic vector rep¬ 
resenting the fidd around the cable sheath 
plus the distortional effect of the iron in 
the sheath on the earth’s field. If this 
vector is perpendicular to the line of 
motion of the detecting coils in the sled, 
the two peaks will be equal in magnitude. 
Calculation of the ratio is based on the 
average. 
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There are numerous practical problems 
to be solved in developing a mobile mag¬ 
netic detector operating on the iiontmi- 
form magnetic field around iron or steel 
objects. The choice of design is re¬ 
stricted by the necessity for dragging such 
a detector along a rough ocean bottom, 
under water pressures up to 1,200 pounds 
per square inch and at distances behind 
the ship up to 6,000 feet. 

The most serious problem is that of 
elimination of potentials due to some 
types of motion of the detecting coils 
tlirough the earth’s field. Coil sets must 
be constructed so that the magnetic 
vector of the lower coil is equal in mag¬ 
nitude and opposite in direction to the 
magnetic vector of the upper coil. In 
other words, with n coils rigidly fastened 
together in anyone system, tiie vector sum 
of all their magnetic vectors must be zero. 
In a two coil system, the number of turns 
times the average area of one coil must 
equal that of the other coil, the two must 
be differentially connected in the circuit, 
and must be parallel. In detecting mag¬ 
netic objects the size of an ocean cable, 
it was experimentally determined that 
the cancellation of the earth’s field or 
what was termed a ‘^balance” must be 
correct within one part in 12,000 if the 
interference were to be held below two 
per cent of full scale. As the product of 



to be out of parallel or balance by the 
fixed angle a. The entire system is first 
considered stationary in the earth’s field 
H, with the lower coil at an angle of wt 
with the field and the upper coil at an 
angle oiwt —a with the fidd. 

The following definitions are used: 

W = rotative speed of the coil system in 
the earth’s field 

Ni =s number of turns in the lower coil 
Ni =» number of turns in the upper coil 
Ai « average area of the lower coil 
A 2 - average area of the upper coil 
H = magnetic intensity of the earth’s 
field 

B fxH ^ H fJL iS unity as the balancing 
is conducted in a location free from 
magnetic objects 

^1 = flux linkage of the earth's fidd with 
the lower coil 

</>2 =* flux linkage of the earth's fidd with 
the upper coil 

The flux linkages of the two coils can then 
be written: 

01 = BNiAi sin (wt) 

and 

02 =s BNtAi sin (wt — a) 

As the instantaneous values of the poten¬ 
tials generated in the coils can be written 
as 

and 

~d02 
^ dt 

= ^wHNiAi cos (wt) 
and 

a = —wHJVsAg cos (wt - a) 

From inspection it is apparent that the 
constant terms must be equal and that 
the periodic terms must also be equal, that 
is; 

JViAi = N 2 A 2 and a « 0 


is 8 X 10"*, 0.0047 of one degree of arc. 

Earlier in this paper the so-called 
“ratio” method was described, having as 
its basis two different coil sets which had 
unlike voltage-response versus distance 
characteristics as shown in figure 6. This 
difference in characteristics may be ac¬ 
complished in a number of ways; for in¬ 
stance, the first or forward set of coils can 
be constructed in the flat “pancake” man¬ 
ner, while the second or after set of coils 
can be constructed with the turns con¬ 
centrated at the outer diameter of the 
coil; in other words, the geometries of 
the two coils would differ. The most 
satisfactory method tried, however, in¬ 
volved coils all of similar geometries, and 
depends upon their disposition for the de¬ 
sired effect. Figure 10 illustrates the coil 
arrangement of the depthometer sled, in 
which the two coil sets are six feet apart. 
At any given speed, the peak signal gen¬ 
erated in a single detecting coil will vary 
as one over the square of the distance be¬ 
tween the coil and the cable, beyond a 
certain minimum distance. The detect¬ 
ing coil does not begin to operate as a 
point of no dimensions, and the signal 
generated in the detecting coil does not 
obey the inverse square law, until this 
t ninimiim distance of approximately IV2 
diameters of the coil has been reached. 
To simplify calculations in the following 
analysis, however, it will be assumed that 
the signal generated varies as one over 
the distance squared for the entire range. 
The following definitions are given: 

$ « speed of the sled in the direction 

perpendicular to the line of the 
cable 

d =* distance between the bottom of the 

sled and the cable in inches 
k = a constant involving the perme¬ 
ability of the cable sheath, its 
cross section, the vector magnetic 
intensity of the earth's field, etc. 
N,Ai = NtAt = NtA, - NU* = NA 
NiAt =■ 2JM 

ei ■“ peak signal generated in no. 1 
coil, €2 in no. 2, etc. 


Figure 6. Voltage response'^listance charac¬ 
teristics 

tlie number of turns and the average area 
of each of the coils used is 25,380 turn 
inches squared, the coils must be within 
approximately 2 turn inches squared of 
ea ch other. The winding of the coils must 
also take into consideration the high 
pressures to be encountered and the pre¬ 
vention of coil deformation which would 
change the average area of the turns. 

The other consideration is the matter 
of paranelism. Two coils such as shown 
in figure 9 are assumed to he rigidly 
fastened together. They are also assumed 
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A5<i iitning that the angle a is finite and 
that the condition of NiAi == N^At has 
been satisfied, the net voltage developed 
by rotation in the earth’s field will he as 
follows: 

a _ - -wENiAiUcoswt)- (cosw/-a)] 

As long as this angle a is finite, the inter¬ 
ference developed will be proportional to 
the rotative speed w of the system. As 
vibration or shock will develop compara¬ 
tively high values of w, the experimentally 
determined figure of one part in 12,000 
to which the balance must he held is un¬ 
derstandable. The maximum value Ae 
angle a may have, is the angle whose sine 
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e/ = peak signal generated in the 
forward coil set 

§a ** peak signal generated in the after 
coil set 

The signal generated by the forward set 
of coils will approximate the difference 
between the individual coil signals, thus: 

0f ^ ei ^ 62 

The signal generated by the after set of 
.coils will approximate the sum of the up¬ 
per and lower coils number 3 and number 
.5 minus that of the center coil number 4. 
Note that the magnetic vectors of the 
-upper and lower coils are in the same di¬ 
rection, while that of the center coil is in 
the opposite direction and of twice the 
magnitude. The vector sum of the three 
.coils in the system is therefore zero, which 
-fulfills the requirement that no signal be 
generated by rotary motion of the system 
in the earth’s field. As the peak signal of 
any coil is directly proportional to the 
speed Sj to the number of turns N, to 
the average area A, and to the constant 
k, and inversely proportional to the dis¬ 
tance between die coil and the cable 
squared, the following expressions can 
ht written: 


Af ^ ei - 62 


ksNA 
(d -I- 6)* 


ksNA 
id H- 13)* 



^4 + 


ksNa 
id + 5)* 


2ksNA ksNA 
id H- 9)* (d -h 13)* 


•The ratio of the forward coil set signal to 
-that of the after signal cancels the factors 
..of ki s, and NA and involves only the dis¬ 
tance d between the bottom of the sled 
and the cable, thus: 

1 _ 1 

a „ (d -f 5)* id -h 13)« 

1 - ^ 2 1 
id + 6)* (d + 9)* (d + 13)* 

This expression can be reduced to the 
following: 

id + 9y 

fia ^id + 9)* - 32 

As the lowest value d can have is zero, the 
■minimum ratio is: 

9* 729 

‘8(9)* - 32 “ 486 - 32 “ 


As the (—32) figure in the denominator 
is small compared to the 6(d + 9).* quan¬ 
tity, it may be omitted without introduc¬ 
ing much error, in which case the equation 
for the ratio reduces to simply (d + 9)/6, 
the equation for a straight hue having a 
^lope of one in six and an intersection on 
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the y axis of 1.5. The following tabula¬ 
tion compares the calculated values with 
the actual experimentally determined 
values, also showing the calculated for¬ 
ward coil set signal ey and the after signal 


din 

Inches 

ef ea 

Ratio, 

Calculated 

Value 

Ratio, 

Actual 

0... 

.0.03410.,0.02130. 

...1.61.... 

.1.25 

5... 

.0.00691..0.00288. 

...2.40.... 

.2.00 

10... 

.0.00255..0.00080. 

.. .3.21_ 

.3.18 

15... 

.0.00122..0.00030. 

...4.04_ 

.4.43 

20... 

.0.00068..0.00014. 

...4.86_ 

.5.70 


The above treatment makes a number of 
assumptions which introduce error; how¬ 
ever, the experimental and calculated 
values follow each other reasonably well. 

Since the coil arrangement discussed 
here behaves S)mmietrically it is imma¬ 
terial whether the sled is towed upon its 
top or bottom surface. The front-quarter 
view of the depthometer sled shown in 
figure 1 shows the stepped arrangement on 
the sides of the sled, designed to prevent 
riding on other than the top or bottom 
sutfaces. 

It is necessary to construct the sled and 
all fittings of a nonmagnetic material. 
Everdur,. a manganese-silicon-copper al¬ 
loy, is used. The completed sled is ap¬ 
proximately ten feet in length, 21 inches 
high, weighs 2,600 pounds in air, and 
1,800 pounds in salt water. The coil pots 
shown in place in figure 2 are filled with 
castor oil to provide a means whereby 
the extreme pressures at the ocean bottom 
can be taken care of through the relative 
incompressibility of the oil, thus relieving 
the pots and the conductor glands of the 
necessity of withstanding pressures up to 
1,200 pounds per square inch. However, 
the castor oil has a cubical temperature 
coefficient of expansion of approximately 
ten times that of the Everdur metal mak¬ 
ing up the pot, and a temperature rise of 
30 degrees Fahrenheit would cause the 
oil in one pot to attempt an expansion 
of about seven cubic inches, which is re- 


Figure 8. Recorded crossings ol cable 

Left—Eight inches/ right—one Inch 
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sisted, would build up an internal pres¬ 
sure of about 2,500 pounds per square 
inch. Therefore it is necessary to provide 
means whereby the oil can expand and 
contract with temperature changes. A 
Sylphon bellows is installed in the sled for 
this purpose, accommodating large vol¬ 
ume changes in the oil with pressure dif¬ 
ferentials of a few tenths of a pound per 
square inch. 

The towing cable having a breaking 
strength of 14 long ton^ (2,240 pounds to 
lie ton), is especially designed for the 
purpose of towing the sled and carrying 
the detecting coil connections to the cable 
ship. It has as its main feature torsional 
balance, that is, the towing cable will not 
twist appreciably when load is applied. 
To accomplish tliis, tliere are two layers 
of steel wires 0.05 inch in diameter, the 
inner layer having 44 wires laid up right 
hand, with the second or outer layer of 
60 wires laid up left hand. The messen¬ 
ger pair consists of two conductors 



twisted together so as to form a complete 
transposition every two inches. This 
steel towing cable is spliced on to bronze 
wire ropes 40 feet ahead of the sled to 
avoid the generation of signals in the de¬ 
tecting coils due to relative motion be¬ 
tween the steel towing cable and the sled. 
There is also a second possibility for inter¬ 
ference in the steel towing cable. Mag¬ 
netic flux from poles formed on the steel 
wires will thread thinugh the space be¬ 
tween the two electrical conductors, and 
a change in 'Ms flux will generate a poten¬ 
tial in the circuit. This type of interfer¬ 
ence occurs only when the tension in the 
steel towing cable is suddenly increased 
or decreased, and is of no importance dur¬ 
ing normal towing operations. 

The apparatus must be prepared to 
make a chart record of signals varying 
widely in magnitude. As the peak signal 
generated in the detecting coils varies 
roughly as one over the distance squared, 
an ocean cable which will operate the re- 
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Figure 10. Depthometer coil arransement 


cording apparatus full scale at zero inches 
from the sled bottom (6 inches from the 
lower coil inside the sled), will give only 
seven per cent at 15 inches from the sled 
bottom. The accurate recording of such 
a wide range is impracticable. To pro¬ 
vide a means whereby the smallest signals 
can be accurately read, and stiU prevent 
the TTifl^itnn tn signal from exceeding 100 
per cent or going off scale, recourse is had 
to a so-called “exponential amplifier,” in 
vrhich the output voltage of the amplifier 
varies as some root of the input voltage. 
Stated algebraically: 

^0 “ ^ y/Ti 

where is the amplifier output voltage, 
-Si the input voltage, and n positive and 
greater than unity. The general pro¬ 
cedure is to rectify the sigtud after four 
stages of amplification, filter, and apply 
to various combinations of the control and 
suppressor grids of the first two stages of 
the amplifier. Application of this con¬ 
trolling direct voltage must be rapid 
enough to control the signal which 
brought it about; at the same time, too 
rapid a control will cause low-frequency 
oscillation. 

The extremdy low level of signal avail¬ 
able at the input of the amplifier requires 
greater than usual precautions. The maxi¬ 
mum signal obtainable from the type of 
cable used in the plowing is 0.3 X 10“® 
amperes through the amplifier input re¬ 
sistance of 50 ohms, or 15 X 10”^ volts. 
The interference level from bumping of 
the sled along the bottom, tube noises in 
the amplifier, interrupter contact noise, 
etc., is around 6 X 10”® amperes or 0.3 
X 10"* volts. The contacts of the inter¬ 


rupter are brought together and sepa¬ 
rated by a cam mechanism, making higher 
contact bearing pressures possible, which 
assists in reducing noise. The input 
transformer which has its low-voltage 
winding in series with the detecting coils 
and the interrupter, requires a triple iron 
magnetic shield to guard against stray 
changing magnetic fields and also the 
effect of the ship’s rolling and pitching in 
the earth’s magnetic field. A change in 
the amount of flux threading through the 
primary winding of the transformer is as 
productive of potentials as if the change 
took place through the detecting coils. 

The expression for the maximum volt¬ 
age developed in a single detecting coil 
of N turns and an average area of A centi¬ 
meters squared, rotating at the rate of 
/ cycles per second through the earth’s 
field H is as follows: 

Bmax = 2^fNAH X 10"« 

where 

NA - 25,380 turn inches squared 

163,700 turn centimeters squared 
H = approximately 0.6 maxwell per 
square centimeter, the total inten¬ 
sity of the earth’s field 
/ =* approximately 0.5 cycles per second, 

the rate at which the coils were 
turned in the process of balancing 

then 

- 2ir(Vii) 163.700 X 0.6 X 10-» - 
0.0026 volts 

This is the value then of the voltage de¬ 
veloped by a single detecting coil. In 
order to reduce this voltage from 0.0026 
to the desired interference levd of 0.3 
X 10"*, the second differentially con¬ 
nected balancing coil must develop an 
within 0.3 X 10"* divided by 0,0026 
or one part in 8,667 of the -Smax ^f fhe 
first coil. This calculated figure of 
roughly one part in 9,000 compares favor¬ 
ably with the experimentally determined 
value of one part in 12,000. The net 
yv^qyiTniim rate of change of magnetic flux 
density through the two differentially 
coimected detecting coils to produce a 
signal of 0.3 microvolts, the interference 
levd, is 1.8 X 10"* maxwells per square 
centimeter per second. 

Operation of the depthometer on ocean 
cables of various histories has brought out 


the important fact that the plowing opera¬ 
tion causes a considerable drop in the 
magnetization of the cable, which how¬ 
ever, is recovered to a great extent in the 
first year. The loss is probably due to 
the bending and “working” of the cable 
in passing over various sheaves on both 
the cable ship and the cable plow, and 
ranges in value from one-half to two- 
thirds of what may be called the ultimate 
magnetization of the cable sheath. In 
other words, recently plowed cables ex¬ 
hibit magnetizations of from one-third to 
one-half of that found in cables laid a 
number of years previously. 

Although the depthometer was in¬ 
tended originally for use in the special ap¬ 
plication of measuring the depth to which 
ocean cables had been buried, it has been 
found very useful in locating ocean 
cables® and in obviating the danger of 
“hooking” the wrong cable when cloudy 
skies or dim horizons prevent the taking 
of accurate navigational sights, or when 
an error made at the time that the cable 
was laid appears on the chart in a manner 
additive to that of the observational sight 
taken at the time of subsequent repairs. 
By the use of the detecting feature of the 
depthometer, the relative positions of 
two or more cables in a particular locality 
may be determined, after which g^ppling 
operations may be conducted with com¬ 
parative safety. 

The experience of two years’ work with 
this measuring and detecting device has 
demonstrated its usefulness in both the 
special application of measuring the depth 
of burial of ocean cables and also the 
routine application of locating cabl^ 
prior to repair operations. The practi¬ 
cability of constructing and balancing the 
detecting coils so that they may be 
dragged along ocean bottoms has been 
demonstrated, together with the ability 
of the d-c ampHfier and inte^pter to 
operate in the field at electrical levels 
usually thought of as strictly for the 
laboratory. 
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T he essential operating faciH- 
ties placed at the disposal of toll 
operators for the switching and comple¬ 
tion of long-distance calls have, in a gen¬ 
eral sense, remained substantially un¬ 
changed since the early days of toll switch¬ 
ing. It is still common practice, in toll 
offices, to have toll lines and local sub¬ 
scribers' trunks terminate in multiple 
jacks and lamp signals with associated 
cords and plugs to permit the operator 
to answer and extend calls between local 
stations and stations at distant toll cen¬ 
ters. In addition, toll operators are still 
dependent on the assistance of inward 
and through operators for connecting 
within and through distant toll centers. 

As toll systems become more complex 
due to the extension of the S 3 rstem and 
development of new services, with the 
complexity of operating routines to meet 
the ever increasing demand for service 
and speed, there is a general tendency 
toward the adoptioii of new switching 
methods, such as combined line and re¬ 
cording, even though these methods re¬ 
quire the toll operator to give a greater 
amount of undivided attention to each 
call during the build-up period. Experi¬ 
ence has demonstrated that with this 
service, a greater number of operators are 
required, especially during peak hour 
periods, to accept and extend toll calls 
without undue delay. 

Another factor which has become im¬ 
portant in recent years is the widespread 
use of toll dialing for the extending and 
completion of outward toll calls, even in 
exchanges using cord-type boards. This 
method of operation, requiring that op- 
perators use different procedures on the 
various types of calls, make it more diffi¬ 
cult to train operators, and inevitably 
increases the Kkelihood of error. 

Development of the remote-control toll 
board has made it. possible to retain the 
advantages of these new methods of toll 
operation, and at the same time achieve 
a real saving in time and labor. Placing 
before the toll operator more efficient 
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switching facilities enables her to receive 
and clear toll calls more rapidly, thereby 
vitally affecting both operating and plant 
costs. In many cases, the resulting in¬ 
creased line efficiency will avoid the need 
for new circuits which would otherwise be 
required to reduce subscriber and opera¬ 
tor waiting time until the circuits become 
available. 

The remote-control toll board, together 
with its associated electromechanical 
switches, is complete in itself for the 
switching of toll within its own office, as 


normally completed by means of toll 
boards of the cord type. In addition, it 
incorporates features to facilitate the 
completion of calls by the originating 
toll operator to stations within and 
through distant toll offices. Associated 
with each toll board are groups of finders 
which automatically extend incoming 
calls to idle operators. Simplified links, 
key senders of the quick-action push¬ 
button type, supervisory lamps and keys, 
together with primary and secondary out- 
.going selectors, give toll operators access 
via key-sender method, to both toll and 
local stations. 

While outgoing selectors are provided 
for the remote-control toll, board, their 
use is not confined to this board alone. 
The switches are grouped, to form what 
could be considered a toll automatic ex¬ 
change with trunk channels connecting 
to the associated local central-office equip¬ 
ment. Distant toll boards, either of the 
remote-control type or of the cord type, 
when equipped with automatic dial tnmks 
and repeaters may, if desired, make use 
of toll automatic exchange switches. 


The application of the remote-control 
toll board is not confined to operation 
with Strowger central offices, since by 
means of trunk groups and repeaters, the 
automatic switches will operate with 
varied types of central-office systems, 
whether manual, automatic, or a com¬ 
bination of both. Line equipment can be 
of the ring-down type, common-battery 
manual, or automatic with varied dialing 
methods. 

Notable progress has been made within 
the last two decades in converting metro¬ 
politan, suburban, and rural exchange 
areas to automatic operation. Paralleling 
this development, there has been a strong 
tendency to provide dialing methods to 
handle the complex suburban toll traffic 
within large metropolitan toll areas. 
Small urban areas and rural communities 


have likewise grown into comprehensive 
short-haul toll networks utilizing various 
forms of dial tandem operation. In such 
networks, provision for direct calling be¬ 
tween subscribers is utilized to quite an 
extent when such calls can be set on a 
predetermined meter rate basis. Like¬ 
wise, various forms of automatic timing 
are being increasingly employed to permit 
direct dialing between local and distant 
automatic exchanges thereby eliminating 
the need of going through a toll switch¬ 
board with operator supervision. Calls 
which caimot well be placed on a prede¬ 
termined rate or automatic timing basis 
must of necessity be handled by toll op¬ 
erators and it is for such traffic that the re¬ 
mote-control toll board has been designed. 

A number of automatic networks in¬ 
volving long-haul toll Unes have been 
placed in service with very satisfying re¬ 
sults. With the assistance of improved 
toll switching equipment, more efficient 
means are provided for the speedier 
handling of calls over automatic switch¬ 
ing networks, H^etof ore, automatic net¬ 
work dialing has been retarded due to the 
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lise of dialing trunks added to existing 
manual boards as an applique unit and 
using ordinary dials, in lieu of modem 
trunk selection or specially designed 
boards equipped with sending equip¬ 
ment capable of sending both long and 
sbort call numbers without dela 3 dng the 
slxort call numbers. 

^Principle of Operation 

Briefly, the remote-control toll board 
provides for coimections from local sub¬ 
scribers to toll, toll to local subscribers, 
and toll to toll by means of electrome- 
switches under the control of toll 
operators. Incoming calls, either from 
trunk or toll lines, terminate on the banks 
of a finder switch. A signal received over 
any line or trunk automatically causes a 
Bnder to operate and connect to the call¬ 
ing line. This call is immediately con¬ 
nected to an idle operator’s headset, at 
which time the operator receives a double 
impulse of high-frequency tone, com¬ 
monly called “zip-zip” tone. Upon be¬ 
ing informed of the desired toll station, 
the operator sets up the toll group code 
by depressing digit keys in her key-sender 
set. The operation of digit keys causes a 
preselector, which is tied direct to the 
finder, to select a nonbusy line within the 
group dialed. The operator, by means of 
a link circuit (which corresponds to a 


Fisure 2. Typical key-shalf and turret 
arrangement 


cord circuit in the ordinary type of toll 
board) supervises connections and does 
the necessary ticket timing. 

Physical Equipment 

The physical equipment consists of 
operators’ switchboard equipment shown 
in figure 1. The key shelves of this 
switchboard are equipped with a variable 
number of links and associated keys and 
lamps in quantities dependent on position 
loads. The detail of a key shelf together 
with its associated turret is pictured in 
figure 2. It will be seen from this fig^e 
thateachlink consistsof atalkand monitor 
key, a front supervisory lamp, a rear 
supervisory lamp, and a link busy lamp. 
To the left of these keys are located cer¬ 
tain common keys and lamps. These, to¬ 
gether with other keys and lamps to the 
right of Hnk circuits, are termed “com¬ 
mon equipment.” This common equip¬ 
ment is connected to each link talk key 
and automatically becomes a part of any 
lin k on which the talk key is operated. 
Operating practices provide for only one 
talk key being operated at one time. 
Equipment located in the turret of each 
operator’s position consists of group 
identity and group busy lamps in addi¬ 
tion to space for toll tickets. No equip¬ 
ment other than that indicated on this 
position key shelf and turret layout is 
mounted in the operator’s position switch¬ 
board. All coils, capacitors, relays, and 
switches are located in a separate auto¬ 
matic equipment room to permit ease of 


maintenance and systematic routining 
without disturbing operators. Assodated 
with each link is a fine finder switch 
(shown in figure 3). In common with 
other switches of this type, the finder 
consists of three banks of contacts at “^e 
bottom, a vertically located shaft with 
spring “wipers” at the lower end, and 
electromagnets near the middle which can 
lift and rotate the shaft and wipers to any 
desired set of bank contacts. At the top 
are relays which control the electromag¬ 
nets and other circuits. This finder pro¬ 
vides for lines and trunks to be connected 
to its banks. The function of the finder 
is to hunt a line or trunk on which a call 
has been received, causing the switch to 
step up and across the bank to seize the 
calling line or trunk, the contacts of 
which were “marked.” This finder con¬ 
nects directly to link talk keys by means 
of switching relays and to an outgoing 
preselector. The preselector is a two- 
motion switch very similar to the finder. 
Its operation, however, is under the con¬ 
trol of key-sender equipment and control 
keys 0 to 9 pictured to the right in figure 2. 
The wipers of this switch respond in a ver¬ 
tical direction to the bank level cor¬ 
responding to the key depressed by the 
operator. The rotary action is automatic. 
It passes over busy lines or trunks but 
stops and switches through on the first 
nonbusy line or trunk. Subsequent keys 
depressed on the key sender will operate 
other ranks of selectors similar to the 
preselector in order to obtain subline and 
trunk groups. With the aid of similar 
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stepping switches in connecting toll cen¬ 
ters, the local or answering toll operator is 
able to control the selection of lines, 
trunks, and subscriber stations without 
the assistance of an inward or through 
operator. 

Relays associated with the positional 
keys, likewise with trunks and lines, are 
mounted in units and assembled on frame¬ 
works as shown in figure 4. Figure 5 
shows four relay units with covers re¬ 
moved. These are completely wired self- 
contained units arranged for bolting to 
horizontal relay rack angles. Outgoing 
leads from each unit terminate on pin 
block terminals to facilitate production, 
installation, and maintenance. Key- 
sender equipment employs similar groups 
of rela 3 rs for the storage and sending of 
digits registered through the operation of 
keys in the key sender. Rotary switches 
for the automatic association of an idle 
sender and storage relays with link keys 
are shown in figure 4 immediately above 
the relay groups. 

Functions of the Toll Operator 

The prime purpose of toll switching 
equipment is to provide a medium for toll 
operators to receive, extend, supervise, and 
time calls from local subscribers to sub¬ 
scribers served by distant toll centers. 
It is quite obvious that the type of equip- 



Figure 3. Finder iwifch 


698 


ment should be of such a design as will 
permit rapid and efficient service to the 
toll user with the minimum amount of 
operator effort in performing mere me¬ 
chanical functions in setting up and super¬ 
vising talking circuits. The method most 
commonly used in completing toll calls 
enables subscribers in local offices to reach 
the toll operator over a recording trunk 
from the local switchboard or in the case 
of automatic, by the subscriber dialing 
a long-distance code and terminating on 
a combined line and recording tr unk 
within the toll board. Calls received over 
recording trunks are extended by the op¬ 
erator to toll lines connecting to distant 
toll points by means of cord circuits. 
These calls are extended with the aid of 
inward and through operators in other 
connecting toll centers and finally to the 
called subscriber while the originating or 
calling subscriber waits on the line. 

The procedure on the remote-control 
toll board enables subscriber to reach 
the toll board by means of a manual trunk 
in the case of manual exchanges or by 
dialing a long-distance code in the case of 
automatic offices. These calls instead of 
being answered by the use of plugs and 
cords, are automatically received on an idle 
operator’s headset, at which time a “zip- 
zip” tone is received by the operator. 
Calls are extended by dialing toll group 
code numbers, causing the seizure of an 
idle toll line to the connecting toll center. 
With toll switching facilities in distant 
toll centers, the originating operator can 
readily complete calls by means of the 
regular key sender to subscribers in the 
distant exchanges without delay in wait¬ 
ing for assistance by inward and through 
operators. 

Line and Trunk Finder 
and Link Circuit 

Incoming lines and trunks terminate 
on the banks of finder switches, figure 3. 
The searching element of each finder is 
the answering end of the link circuit. It 
is connected by means of a switching re¬ 
lay to a talk and monitoring key and three 
supervisory lamps at one of the toll posi¬ 
tions. One lamp serves as a link busy 
indication. The other two are answering 
and calling supervisory lamps as in 
standard cord board practice. A toll 
preselector is permanentiy associated with 
the calling end of each link circuit for 
extending calls into the trunking system. 
Each operator’s position is equipped with 
several link circuits, the exact number de¬ 
pending upon the type of service to be 
handled. Present practice ordinarily pro¬ 
vides for inward positions to be wired for 
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18 links, CLR (combined line recording) 
positions for 6 to 8 links, and delayed posi¬ 
tions for 5 links. 

Two general groups of finders are usu¬ 
ally provided except for the smaller in¬ 
stallations, one serving the inward posi¬ 
tions and the other the CLR and delayed- 
call positions. Special groups of lines or 
trunks may be terminated at specialized 
positions by providing separate finder 
groups for the segregated lines or trunks 
or by arranging the finders associated with 



Rgure 4. Typical relay rack equipment 

assembly 

the links in the specialized positions to 
search over a selected group of finder 
bank contacts. 

Operators indicate their preparedness 
to receive incoming calls by operating the 
talk key of a nonbusy link. Operation of 
a link talk key prepares the associated 
link circuit for receiving an incoming call 
and coimects the link to the operator’s 
position circuit. Incoming calls then are 
received automatically on the operator’s 
headset. The presence of a call on the 
link is indicated by a double impulse of 
high-frequency tone (“zip-zip” tone) in 
the operator’s receiver. The origin of 
incoming calls is indicated by the lighting 
of a Hue or trunk group identity lan^. 
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This identity lamp lights in the answering 
position only and remains lighted during 
the period the link talk key is operated. 

Operation of the link monitoring key 
■enables the operator to listen in on estab¬ 
lished connections without disturbing 
conversation. With two monitoring keys 
thrown, the operator can monitor on both 
connections. With one monitor and one 
tflilr key thrown, the operator may listen 
and talk on both connections, but can 
ring, dial, spUt, and release only on the 
link on which the talk key is operated. 
This feature permits the overlapping of 
certain operations on two connections in 
accordance with standard toll operating 
practices. 

Supervisory relays are placed in the 
line and trunk circuits instead of the link 
circuits, permitting the same simplicity 
of link circuit design and equipment 
economies as are afforded by the latest 
type cord boards. 

Position Circuit 

The remote-control toll board uses a 
position circuit which indudes conunon 
equipment such as transferring, splitting, 
ringing, dialing, and releasing keys and 
associated relays. Under normal talking 
conditions, the answering end of the link 
is connected to the calling end of the 
switching equipment, free from shunts or 
attachments, without looping through the 
toll switchboard. By operation of the 
talking key associated with the link cir¬ 
cuit, the position drcuit is connected be¬ 
tween the answering and calling ends of 
the link and the operator's set is connected 
across the link. 

With the talking key of any link circuit 
operated, the operator may: 

<a). Dial on the answering or calling end of 
the link, 

(6). Split the talking drcuit between the 
answering and calling ends of the link. 

<c). Release either or both ends of the link. 

(d) . Transfer **out of order” toll lines to the 
toll test board. 

(e) . Ring on the answering or calling end 
of the link. 

On calls to local stations from inward 
positions, the ringing is automatic. On 
•calls to local stations from CLR and de¬ 
layed positions, the ringing is automatic 
only after the ringing key is operated to 
start the ringing. Thus, local lines may be 
seized and ringing ddayed while the toll 
circuit is being built up. 

A common splitting key is provided 
by means of which the operator may talk 
to the subscriber on either end of the 
link without the other subscriber over- 
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hearing. Release keys are provided by 
means of which the answering or calling 
ends of the link may be released sepa- 
ratdy or both ends may be released 
simultaneously. All position circuit keys 
function only when the talk key of a link 
circuit is operated. 

Link and Sender 
Finder Equipment 

Each operator’s link and sender finder 
equipment consists of a relay group, 
which is part of the position circuit, and 
four 64evel 25-point rotary switches. 
Figure 6 shows a link and sender finder 
rotary switch group for four switchboard 
positions. Four rotary line switches are 
associated witli each position. Two of 
the rotary switches provide two separate 
channels to the common group of senders 
and the other two extend the sender 
channels through to the particular links 
on which the operator throws her talk 
key. Two sender channels are provided 
so that the operator may overlap sending 
on two connections. Circuits are so ar¬ 
ranged that the sender is locked to the 
link until all digits are sent out, even 
though the operator may restore the link 
talk key. Operation of a second link talk 
key will cause seizure of the second sender 
channel and permit the operator to set up 
another connection while the first sender 
is still functioning on the connection pre¬ 
viously set up. 

The rotary switch shown in figure 7 
consists chiefly of two parts, a rotary 
mechanism and a bank assembly. The 
rotary mechanism is composed of a motor 
magnet with spring assembly, rotary 
pawl, ratchet wheel, and wiper assembly. 

When the motor magnet is energized, 
its armature pulls up. Near the end of 
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its stroke, the break contacts of its own 
interrupter springs open and breaks the 
circuit to the motor magnet. The motor 
magnet de-energizes and its armature falls 
back, stepping the wiper assembly around 
one contact. When the motor magnet 
restores, its interrupter springs again 
make contact, and if further rotation is 
required, the circuit to the motor mag¬ 
net is again closed. The rotary pawl is 
attached to the armature. It is drawn 
away from the pawl stop when the arma¬ 
ture pulls up, and under tension of a small 
spring attached to it, falls into the next 
tooth of the ratchet wheel. When the 
armature falls back, the rotary pawl is 
pushed in toward the armature, stop by 
the force of the tension spring, and the 
ratchet wheel to which the wipers are 
attached is caused to rotate on its axis. 

The ratchet and armature pawl ar¬ 
rangement prevents the ratchet wheel 
from making any movement except under 
control of the rotary armature. 

The wipers are double-ended, making 
contact with either end, and are of special 
design to give flexibility and good con¬ 
tact. 

The construction of the bank is such 
that one end or the other of the wipers 
will at all times be in engagement with a 
set of bank contacts, the second set of 
wipers coming into action when the first 
one leaves the last set of the bank con¬ 
tacts. 

Commutator brushes project from the 
bank assembly and make continuous con¬ 
tact with the wipers. 

Sender and link finder switches both 
use six-levd banks and six pairs of wipers. 

The operation of a link talk key marks 
one of the link finder bank contacts, and 
the wiper assembly will rotate until the 
wipers are opposite the marked bank con- 
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tact, thereby connecting the sender con¬ 
trol relays with the particular link, the 
talk key of which has been thrown. 
Simultaneously the sender finder wipers 
rotate until they find a marked sender 
finder bank contact, thereby connecting 
an idle sender through the sender control 
equipment to the link circuit having the 
talk key thrown. 

Common-Start Position-Distributing 
and Level-Distributing Equipment 

Since separate line and trunk finder 
switch groups are furnished for each 
operator’s position, common-start equip¬ 
ment is provided to limit the search for an 
incoming call to one finder switch only. 
Several operators may be waiting for calls 
at any given instant, therefore, position- 
distributing equipment is also provided 
to distribute incoming calls to the waiting 
operators in a definite sequence. A level- 
distributing circuit is also provided to 
prevent line and trunk finder switches 
from selecting waiting calls from the 
lower levels of their banks in preference 
to those on the upper levels. This circuit 
functions to distribute the incoming calls 
in sequence according to the bank levels 
on which they are received. The com¬ 
bined functioning of the start and distrib¬ 
uting circuits provides effective team¬ 
work by enforcing an even distribution of 
all incoming calls to those operators who 
are prepared to receive them, and by elimi¬ 
nating all wasted effort usually caused 
by several operators attempting to answer 
incoming signals that have several multi¬ 
ple appearances. 


Rgure 6. Link and sender finder switches 

Digit Registers and 
Sender Equipment 

A common group of register and sender 
units is provided. This group is accessible 
to all operators through the action of 
rotary finders, thus providing for their 
economical use since they are used for only 
a short period during each call. The regis¬ 
tration equipment is reflexive in that an 
unlimited number of digits may be regis¬ 
tered with a comparatively few storage 
groups. This is accomplished by using 
the digit registers over and over in their 
respective order after they perform their 
functions. The register and sender equip¬ 
ment is connected to the link until the 
operator depresses the sender disconnect 
key, thereby providing for any tandem 
dialing conditions that may be encoun¬ 
tered in existing or ultimate networks. 
The sender releases digits within the 
storage sets without waiting for the com¬ 
plete registration of call numbers. The 
sender equipment consists of relay groups 
and is designed to mount on toll trunk 
relay racks. 

Switching Layout 

Schematic diagram, figure 8, shows the 
grouping of circuits with paths connected 
for a toU-to-toll call, using toll group call 
number 44. This figure also shows the 
paths to a local automatic station as on 
a toll-to-local call using local station 
number 6384. 


Figure 9 shows a similar layout as re¬ 
quired for a large multioffice system, 
with various types of toll line selectors to 
meet the conditions imposed by different 
sizes and classifications of toll line groups. 

Through Call—Toll to ToU 

On a typical through call, the distant 
operator rings on the toll line causing a 
ring-down relay to operate and place a 
marking potential on tlie associated 
finder bank contact. The finder switch 
associated with the operated talk key 
of a nonbusy inward operator’s link 
automatically begins to search for the 
marked bank contact, stepping vertically 
to the bank level on whidi the marked 
line is located and horizontally until the 
marked bank contact is found. 

The functioning of the common-start 
and position-distributing equipment per¬ 
mits only one finder to search for the in¬ 
coming call. When the finder wipers 
reach the bank contacts of the calling 
line, the horizontal motion of the finder 
switch is stopped and relay operations 
extend the toll line to the operator’s 
position equipment. Further relay action 
in tlie operator’s position equipment 
causes a seizure indication in the form 
of a “zip-zip” tone to be impressed 
on the operator’s headset, thereby in¬ 
forming her that a call has been re¬ 
ceived and is ready to be answered. In 
case no operator is waiting, the call will 
be held in abeyance and a common an¬ 
swering pilot lamp will light in all posi¬ 
tions, as a signal that one or more calls 
are waiting for operator’s service. After 
a predetermined time interval, a master 
lamp lights in the chief operator’s desk 
indicating that a call is being delayed. 
This master lamp flashes after a further 
predetermined time to draw to the atten¬ 
tion of the chief operator a need for closer 
supervision, or increased operating per¬ 
sonnel to guard against delay in serving 
toll subscribers. Any operator becoming 
free will throw the talk key of a nonbusy 
link and the call will be automatically 
connected to her headset. 

One set of bank contacts on the finder 
switches associates the incoming lines with 
the group indicating lamps at the toll 
switdiboard. Relay operations in the 
finder cause the proper toU-group-iden- 
tity lamp to light automatically, identify¬ 
ing the toll center from which the call 
originated. The group identity contacts 
on the finder banks are not multiplied 
between operators’ finder groups; there¬ 
fore, the identity lamp lights only in the 
position at which the call was received. 
Finder relay operations cause the litik 
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busy lamp to light when the calling line 
is seized. This busy lamp remains lighted 
for the duration of the call to provide for 
supervision and to guard against at¬ 
tempted reuse of the link until the call is 
released. As soon as the finder has com¬ 
pleted its vertical stepping, circuit con¬ 
ditions are set up in the link and sender 
finder relays which cause the sender finder 
to search for an idle impulse sender and 
digit register group, and for the link 
finder switch to search for the particular 
link on which the operator has her talk 
key thrown. 

When an idle sender is connected to 
the link, the sender supervisory lamp 
lights, indicating to the operator that an 
idle sender and digit register group is 
connected to the front end of the link in 
readiness for setting up, on the key calling 
device, the group code of the desired toll 


Depressing the sender disconnect key 
serves as an indication to the sender 
equipment that no further digits will be 
registered and prepares the circuit for 
disconnect from the link after all stored 
digits have been sent out. When the 
switches have completed their functions, 
relay operations in the sender finder relay 
group extinguish the supervisory lamp 
and automatically disconnect the impulse 
sender from the Hnk, thereby making it 
available to other operators. 

When the sender supervisory lamp 
goes out, the operator rings on the toll 
line by throwing her “ring-front” key. 
Rday operations in the toll line relay 
group cause the proper ringing frequency 
to be impressed on the toll line. The 
terminating toll operator, on answering, 
may now talk to the originating operator 
with the remote control operator bridged 


The toll group identity lamp also goes 
out when the talk key is restored. 

When the originating operator rings off 
on the toll line, relays in both originating 
and terminating toll line relay groups 
operate, causing the white and red super¬ 
visory lamps of the link circuit to light. 
The operator throws the link talk key (or 
link monitoring key in case she is busy 
on another call) and challenges. With 
the talk key thrown, relay action in the 
link circuit reconnects the operator’s 
position equipment to the link. The toll 
group identity lamp relights, identifying 
the originating office. 

The operator rings off on the front end 
of the link with the “ring-front” key, 
giving the terminating operator discon¬ 
nect supervision. With the talk key still 
operated, the operator clears the link 
and connecting circuits by operating a 
common link release or wipe-out key 



Fisure 7. Rotary 
switch 


center. After acknowled^ng the call and 
receiving the order, the operator depresses 
the digit keys of the calling device in ac¬ 
cordance with the number of the desired 
toll circuit group and depresses the sender 
disconnect key. Operation of the numeral 
calling device keys, which are connected 
to the digit register group through the 
Hnk and sender relays, causes correspond¬ 
ing digits to be stored in the digit register 
relay groups in the same order that the 
keys were depressed. 

The impulse sender begins sending as 
soon as the first digit key is depressed 
and continues as long as any di^ts re¬ 
main stored in the digit register relay 
groups. Preselectors and subsequent 
switches respond to impulses released by 
sender and digit register relay groups. 

On the typical toll call shown in figure 
8, the operator dials 44. The first di^t 
4 causes the preselector to step to its 
fourth level and automatically rotate and 
stop on a nonbusy toll line selector trunk. 
The second digit 4 causes the toll line 
selector to step to its fourth level and 
select an idle toll line. 
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across the line. At the start of toll con¬ 
versation, the operator restores the link 
talk key causing a relay to restore in the 
link circuit. This relay disconnects the 
common position circuit from the link, 
making it available for use on other links. 


causing the supervisory lamps, link busy 
lamp, and toll group identity lamp to go 
out and the link and trunk circuits to re¬ 
store to normal. If, upon clearing a call, 
the operator is ready to receive a new call, 
the fitik talk key is left operated; other¬ 
wise, it is restored to normal. 

When aU lines to a desired toll point are 
busy, a chain relay circuit is closed in the 
toll line relay groups causing a toll group 
busy lamp, located in the face panel, ad¬ 
jacent to the identity lamp, to light in ah 
positions. The operator observing this 
busy lamp delays dialing to that p^- 
ticular toll group in accordance with 
standard operating practices. Absence 
of a lighted group busy lamp indicates 
that a toll circuit is available. Should 


Fisure 8. Call through schematic toll-te-toll 
and toll-to-local calls 
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the operator fail to observe the busy in¬ 
dication, or should the toll group become 
busy during her dialing period, relay 
operations in the toll line selector cause 
the link supervisory lamp to flash at a 
rate of 120 impulses per minute. In this 
event, the front end of the link is released 
by operating the “release-front” key 
thereby restoring it to condition for re¬ 
dialing the toll point or for completion 
by dialing an alternate route. 

In case “all paths busy” condition is 
encountered in the automatic switches 
prior to reaching the desired toll line 
group, the trunk switch will rotate to the 
11th position of the busy bank level and 
operate its cam springs causing the link 
supervisory lamp to flash at a rate of 60 
impulses per minute (to differentiate from 
the toll group busy). In case operating 
practices do not permit holding the toll 
line from the originating office when the 
desired toll group is busy for a prolonged 
period, the remote control operator, or in 
this case the through operator, may call 
the originating office as soon as a circuit 
becomes available. This is accomplished 
by dialing on the rear of a link. Throwing 
the “dial rear” key places a marking 
ground on the vertical bank of the line 
finder, causing the finder, when started, 
to cut in on its first bank level. The op¬ 
eration of any nonbusy link talk key sets 
its corresponding finder to operate. This 
finder, due to marking by the “dial rear” 
key, will cut in and rotate on the first 
level and seize an idle toll preselector. 
The operator dials the desired toll line 
group to the terminating office, then op¬ 
erates the ringing key on the rear end of 
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Figure 9. Typical toll-switching diagram 

the link and restores the "dial rear” key. 
When the distant operator answers, the 
operator dials the originating office on 
the front end of the link as previously 
described. 

To permit dialing on the rear of a link, 
certain leads from tlie operator's position 
equipment are terminated on a set of 
bank contacts on the rotary switch of the 
link finder. When the “dial rear” key 
and a link talk key are operated, this set 
of bank contacts is marked and the link 
finder switch rotates to these position 
circuit contacts instead of searching for 
the link. Simultaneously, the sender 
finder rotary switch seizes an idle impulse 
sender and digit relays group. When 
these circuit functions are completed, the 
impulse sender is extended over the bank 
contacts of the sender finder switch, 
through the link finder switch banks, to 
the operator's position equipment; thence, 
over the finder associated with the link to 
the toll preselector. 

Similar operations are performed at 
“delay” positions to care for call orders 
which are passed to “delay” operators for 
completion. 

Inward Call—^Toll to Local Manual 

Inward calls to local manual subscribers 
are automatically received and acknowl¬ 
edged in the same manner as through 
calls. The operator sets up an office 
group selecting code plus the desired 
manual subscriber's number on the key 


sending set and depresses the sender 
disconnect key. Automatic switches 
cause the local number to be displayed at 
the manual-exchange call indicator posi¬ 
tion by way of a call indicator trunk. The 
link talk key may be restored immediately 
after the sender disconnect key is de¬ 
pressed. The sender supervisory lamp 
goes out when the automatic switches 
have completed their functions. 

The call indicator operator plugs into- 
the multiple jack of the called line, if idle,, 
and ringing starts automatically. The 
front supervisory lamp of the link circuit 
lights when the line is taken up by the 
call indicator operator and is extinguished 
when the local subscriber answers. Con¬ 
versation starts and the inward operator 
restores the link talk key, if not previously 
restored, extinguishing the toll group 
identity lamp. The operator may moni¬ 
tor by operating the link monitoring key. 

Supervision is obtained by the local 
subscriber restoring the receiver which 
causes the front supervisory lamp to light 
and the distant operator ringing on the 
toll line lights the rear supervisory lamp. 
The operator throws the link talk key or 
link monitoring key (in case she is busy 
on another call) and challenges. With 
the talk key thrown, the toll group iden¬ 
tity lamp r^ights, identif 3 ring the originat¬ 
ing toll office. 

To disconnect, the inward operator 
clears the link and connecting circuits by 
operating the link release or “wipe out” 
key causing the supervisory lamps, link 
busy, and toll group identity lamps to go 
out and the line equipment to restore to 
normal in readiness to receive a new call. 
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The call indicator trunk disconnect lamp 
lights, giving disconnect supervision to 
the call indicator operator. 

When the manual-exchange subscriber’s 
line is busy, tlie call indicator operator 
will press a busy key causing the link 
supervisory lamp to flash at 120 impulses 
per minute. In this event, the front end 
of the link is released by operating the 
“release-front” key, thereby preparing it 
to redial the manual exchange number. 
“All paths busy” as on automatic trunks 
is indicated by a 60-impulse-per-minute 
nashiiig link supervisory lamp. 

Local Automatic to 
Ring-Down Toll (CLR) 

A local automatic subscriber dialing 
the long-distance directory code is re¬ 
ceived by one of the waiting CLR 
operators who has a nonbusy link key 
thrown to the talk position. In case no 
operator is waiting for a call, the incom¬ 
ing call will be held in abeyance with the 
lighting of the common answering lamp 
ill toll positions and the master lamp in the 
chief operator’s desk as described for 
through calls. The first idle opei*ator 
will throw tlie talk key of any nonbusy 
link. Seizure tone will be heard the 
instant the call is connected to her 
link circuit and the link busy lamp will 
light. The CLR trunk group identity 
lamp will also light, indicating the origin 
of the call. The sender supervisory lamp 
will light indicating tliat an idle sender is 
connected to the link. 

After acknowledging the subscriber’s 
order and making a toll ticket, the opera¬ 
tor sets up the desired toll circuit on the 
key sending set and depresses the sender 
disconnect key. The sender lamp goes 
out when the automatic switches com¬ 
plete their functions, and the operator 
throws the “ring front” key to ring on tlie 
toll Kne. The called number is passed 
to the distant operator and conversa¬ 
tion starts when the called party answers. 
The operator starts timing the ticket and 
restores tlie link talk key, extinguishing 
the CLR trunk group identity lamp. 
When the local party restores his re¬ 
ceiver, the rear link supervisory lamp 
lights. The operator throws the link 
talk key (or link monitoring key in ca^ 
of overlap operation when a talk key is 
operated on another link), challenges, 
and stamps the stop time on the ticket. 
The operator rings on the toll line with 
the “ring front” key giving the distant 
operator disconnect supervision. Dis¬ 
connect operations and line and trunk 
busy indications are the same as pre¬ 
viously described. 
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If the local party dialing the directory 
code is in a denied-toll group, the high- 
frequency seizure tone is followed by a 
splash of lower-frequency tone. This 
indicates to the operator that toll serv¬ 
ice shall be denied to the calling party. 
If the operator is in doubt as to hearing 
the denied-service tone, she may cause 
it to return by operating the “ring rear” 
key. 


call was originally received is accom¬ 
plished by operating the link talk key and 
“release-rear” key. The A operator may 
be recalled on this trunk any time prior 
to its release by operating the “ring rear” 
key intermittently. The A operator may 
recall the toll operator by plugging in and 
out of the jack. 

Delayed Calls 


Local Manual to Toll| Utilizing 
Call-Indicator Equipment 

The manual-exchange subscriber, re¬ 
moving his receiver, signals the A board 
operator and on a request for “long dis¬ 
tance,” the A operator plugs into an 
idle recording trunk jack. The CLR 
(combined line recording) operator re¬ 
ceives and acknowledges the call in the 
same manner as previously described for 
local automatic-to-toU calls. In addi¬ 
tion, since inconung calls from manual 
exchanges on the CLR method cannot 
be extended direct to a toll line due to 
lack of switchhook supervision from the 
calling party through the manual A^ 
position cord circuit, it is necessary that 
means be provided to permit the CLR 
operator to reach the calling subscriber 
over an outgoing trunk from the toll 
board. The CLR operator, on receiv¬ 
ing a call, instructs the calling subscriber 
to wait on the line and restores the talking 
key. An idle link key is then operated 
togetlier with two positional keys termed 
“dial rear” and “without keys. The 
operator sets up the manual office code 
on her key sender followed by the calling 
subscriber’s number. The subscriber’s 
number is displayed on the call indicator 
display panel in the usual way but, due 
to the circuit condition prepared through 
the action of the “without’ key, the 
associated call-indicator supervisory trunk 
lamp flashes. This flashing lamp is an 
indication to the call indicator operator 
that the call is CLR from toll and that 
connection should be made to the called 
line without making the customary busy 
test. This “without” key is used only on 
CLR calls where it is intended to dis¬ 
regard busy. It is not used in the com¬ 
pletion of inward or delayed calls. Upon 
reaching the calling subscriber over the 
outgoing trunk as described above, the 
caUing party is transferred to a toll 
switching trunk thereby permitting the 
operator to receive switchhook superviaon 
from the calling party. From this point, 
the call is handled in the same manner 
as previously described in connection 
with local automatic-to-toU calls. 

Release of the CLR trunk on which the 


Calls to certain towns, and calls which 
cannot be completed immediatdy by 
CLR operators, are handled on a delayed 
ticket basis. Tickets for such calls are 
passed from CLR positions to point-to- 
point operators. 

The point-to-point operator throws the 
“dial rear” key and establishes connec¬ 
tion with the calling subscriber on the 
rear end of the link by setting up, on her 
key calling device, tihe office code plus 
the subscriber’s number. Upon her re¬ 
storing the “dial rear” key, a sender is 
automatically connected to the front end 
of the link, and connection is established 
with the desired toll line by dialing the 
proper code. When the distant operator 
answers, the operator passes the called 
subscriber’s numbers. When the called 
party answers, the operator rings the 
calling subscriber by throwing the “ring 
rear” key. Supervision, timing, dis¬ 
connect, and busy indications are the 
same as previously described. 


Direct Dialing to 
Distant Toll Oflices 


Calls to direct-dialing toll offices, 
whether originating at the local exchange 
or switching through it, are handled as 
explained under the respective preced¬ 
ing methods of operation with the follow¬ 
ing exceptions. 

The local toll operator (inward, CLR, 
or delayed) in calling the distant ex¬ 
change number sets up the distant ofBce 
code followed by the sub^ber’s number. 
A flashing supervisory signal is received 
when the called line is busy or a steady 
supervisory signal when the called line is 
free. Binging of the distant party starts 

automatically. If the caU passes through 
intermediate automatic exchanges, the 
operator sets up the code of the tnt«- 
mediate offlee and awaits dial tone. As 
soon as dial tone is heard, she sets up the 
code of the terminating office and then the 
subscriberls number as previously de- 


each points beyond direct dialing 
the local toU operator sets up the 
‘1- This slvnals 
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point who acts as a through operator in 
the standard manner. 

Calls Transferred From One 
Toll Position to Another 

The nature of certain classes of calls re¬ 
quires that they be transferred to opera¬ 
tors* positions other than those on which 
the calls are received. The receiving 
operator may transfer a call to any other 
position by dialing the required operator 
code on the front end of the link. This 
causes the call to be extended to an inter¬ 
position trunk in the position to which the 
call should be transferred. An interposi¬ 
tion trunk answering lamp will light when 
the trunk is seized as an indication to the 
operator that a transfer call is waiting. 
If the operator should be waiting for a 
call with a link talk key operated, the call 
will be received inunediately on her head¬ 
set. 

Circuits are so arranged that interposi¬ 
tion trunks are given preferential selec¬ 
tion when the operator throws a link talk 
key. On inward and CLR positions, 
interposition calls are answered before 
any other waiting calls can be received. 
On delayed positions they are answered 
before the operator can originate further 
calls. 


Discussion 

B. C. Bellows (Bell Telephone Laboratories, 
Inc., New York, N. Y.): We are in full 
agreement with the idea implied in the 
paper that present toll switchboards should 
be readily adaptable to the future require¬ 
ments which seem to indicate clearly a 
higher degree of mechanization in the toll 
switching facilities. This requirement has 
already manifested itself as illustrated by 
the fact that approximately ten per cent 
of the present Bell System operator-handled 
toll traffic is on a dialing basis not requir¬ 
ing the aid of inward or through operators 
for completion. While we are not entirely 
familiar with the conditions for which the 
remote-control cordless toll board was de¬ 
signed we believe it would be of interest to 
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make a few comments on the paper pre¬ 
sented, based on Bell System experience. 

In so far as Bell System experience is con¬ 
cerned the type of toll switchboards pro¬ 
vided today are similar to those provided in 
the "early days*’ in appearance only. The 
present Bell System modem outward toll 
boards while still of the cord and jack 
type, are substantially improved from a cir¬ 
cuit and equipment standpoint. These 
improvements include such things as the 
automatic inclusion of repeater gain at 
switching centers where this is required, 
cord circuits arranged for common-battery 
supervision, dialing or key pulsing on both 
cords of a cord pair, improved transmission, 
improved signaling and key equipments, as 
well as many other miscellaneous improve¬ 
ments making for a more satisfactory oper¬ 
ating arrangement. 

As far as we can see, the introduction of 
the combined-line-recording method has 
had no bearing on the relative advantages 
of cord and cordless toll boards. Experi¬ 
ence in the Bell System has demonstrated 
that the combined line and recording 
method requires slightly fewer operators 
than with previous methods. This is due 
to the fact that previous operating prac¬ 
tices followed in the Bell System required 
toll operators to give the same undivided 
attention to the call in hand as is required 
with the combined-line-recording method, 
which procedure was justffied because of the 
improved service and greater intertoll 
trunk efficiency that was thereby obtained. 

Present Bell System cord boards are de¬ 
signed to permit dialing or key pulsing and 
common-battery supervision on both ends 
of the cord circuits, and are, therefore, read¬ 
ily adaptable to intertoU dialing require¬ 
ments. There are, of course, inherent dif¬ 
ferences between the ring-down and inter- 
toll dialing methods of operation. These 
fundamental differences would appear to be 
present regardless of the type of toll board 
employed. Bell System experience indi¬ 
cates that these different procedures do not 
unduly complicate the operator training and 
there has been no indication that an increase 
in operating errors is to be expected. 

In the continuous effort that is being 
made to provide improved facilities, con¬ 
sideration has been given to cordless toll 
boards for Bell System use. This considera¬ 
tion has indicated that only in the handling 
of inward and through connections is the 
cordless toll board of substantially greater 
efficiency than cord boards. The possibili¬ 
ties for economies on outward boards would 
seem to lie in the elimination of cord ban- 
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dling and double answering. However, 
it has been our experience that on outward 
positions cord handling is so small a part 
of the operator’s work time as to be hardly 
measurable and double answering occurs in 
any appreciable amount only when several 
operators are idle under which condition 
there is no noticeable effect on operating 
efficiency. To meet the recognized ad¬ 
vantages in the handling of inward and 
through traffic, a cordless toll board em¬ 
ploying crossbar switches is being made 
av^ble. 


Gilbert Sorber and Arthur Bessey Smith: 
We are glad for the remarks by B. C. Bel¬ 
lows, of the Bell Telephone Laboratories, 
and to note that he is in substantial agree¬ 
ment with us. 

It is quite generally recognized that toll 
boards of today differ materially in circuit 
design from earlier types of toll boards. 
Even so, the continued use of plugs and 
jacks places a very definite limitation on the 
design of operators* working equipment. 
With the remote-control toll board it has 
been possible to design the operators’ 
equipment to meet operators’ requirements 
instead of being strongly influenced by the 
mechanical limitations of plugs and jacks. 

We have not held that the introduction of 
the CLR (combined-line-recording) method 
has any direct bearing on the relative ad¬ 
vantages of cord or remote-control types of 
toll boards. We do, however, point out 
that the type of toll board has a direct 
bearing on the grade of service to sub¬ 
scribers when the CLR method of opera¬ 
tion is used. The remote-coutrol toll 
board improves the grade of service to sub¬ 
scribers, because it enables the operator to 
give a greater amount of undivided time to 
the call in hand. 

Inherent differences exist between the 
ring-down and intertoll dialing method 
of operation, but the design of the remote- 
control toll board provides improved facili¬ 
ties for meeting the changes in operating 
methods which result from these inherent 
differences. 

The increased efficiency which results 
from the use of the remote-control toll 
board, when considered on a position basis 
only, is, we agree, most noticeable on inward 
traffic. Our experience with actual in¬ 
stallations, however, indicates surprisingly 
enough that because of the greater nujnber 
of positions involved, the over-all saving in 
outward traffic is even greater than on 
inward traffic. 
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Resistance Welders 
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T he rapidly incareasing use of a-c con¬ 
tact welders in metal fabricating 
plants imposes single-phase low-power- 
factor fluctuating loads on plant power 
systems. The loads may range from a 
few kilovolt-amperes for a few cycles per 
weld, as in the case of a small spot welder, 
up to several thousand kilovolt-amperes 
for five to ten seconds per weld in the 
case of a large butt welder. Where the 
plant is supplied from a small private 
generating station, single-phase welding 
loads not only cause troublesome volt¬ 
age fluctuations but may damage the 
damper windings of the generators. If 
power is purchased from a utility, voltage 
fluctuations may still be present, not only 
in the plant but often in the entire adja¬ 
cent area. To eliminate such disturb¬ 
ances it has been necessary in numer¬ 
ous instances to install motor generators 
to serve as phase converters to supply 
single-phase power. It is the purpose 
of this paper to discuss the more common 
applications for single-phase welding 
generators and the dectrical problems 
involved in each type of application. 

The principal applications for con¬ 
version equipment are in connection 
with butt, flash, spot, and seam welders, 
and tube welding machines. 

Butt Welder 

Among the earliest installations of 
single-phase generators for wdding serv¬ 
ice were two motor-driven units for sup- 
pl 3 dng butt welders used in fabricating 
automobile rear-axle housings. The origi¬ 
nal generators for this installation were 
old engine-t 3 q)e alternators which had 
been rewound for single-phase service. 
The normal capacity of the generators 
was small relative to the welding load and 
the machines had to be heavily over ex¬ 
cited during the welding period. The 
main circuit between the generator and 
the wdder was closed and opened for 

Paper number 39-66, recommended by the AIEB 
committee on electric welding and presented at the 
AIB£ winter convention, New York, N. Y., Janu¬ 
ary 23-27, 1939. Manuscript submitted November 
16, 1938; made available for preprinting December 
22, 1938. 
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each weld. The generator windings vi¬ 
brated excessively under load and if the 
main circuit was opened accidentally dur¬ 
ing a wdd, high open-circuit voltages 
were developed; resulting in bus insu¬ 
lator flashovers and damage to the gen¬ 
erator windings. Under such conditions 
an undue amount of maintenance was 
required. Operation was improved ma¬ 
terially by changing to generator field 
control. Later modem equipment of 
greater capacity was installed which has 
given continuous service with only rou¬ 
tine maintenance. 

Figure 1 shows the type of weld made 
in such machines. The welding time 
varies from five to eight seconds. The 
generator output varies from 6,000 to 
9,000 amperes at 360 to 400 volts, de¬ 
pending on the weight of the stock welded. 
In figure 2 are shown typical curves of 
voltage and current input to a rear-axle¬ 
housing butt welder. Two recent single¬ 
phase generators for this service are 
rated at 6,600 amperes, 440 volts, 60 
cycles, 2,860 kva. Another generator 
used for the same purpose has a rating of 
10,000/5,000 amperes, 220/440 volts, 
2,200 kva, 60 cycles. 

A schematic diagram of connections of 
a recent equipment is shown in figure 3. 
The generator is connected continuously 


Figure 1. Type of butt welds made on euto- 
mobile rear-axle housings 

to the primary of the welding trans¬ 
former; circuit breakers in the main leads 
being used only for short-circuit protec¬ 
tion. Complete control of the wdding 
cycle is obtained by a field contactor and 
a field rheostat. No automatic voltage¬ 
regulating equipment is required as the 
load is quite stable during the weld. 
Only infrequent adjustments are required 
to compensate for changes in welding 
conditions.. 

Generators for this class of service can 
be driven satisfactorily by synchronous 
motors. Where it has been desired to 
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reduce the line peaks or reduce the rate 
of change of input, wound-rotor induc¬ 
tion motors with fl 3 rwheels have been 
used, A fixed slip resistance provides a 
satisfactory means of equalizing the 
peaks. 

Flash Welders 

One of the most common functions of 
the larger flash welders is to weld sheets 
or plates together at the edges. A large 
variety of products may have one or 
more welds made in this way. The two 
plates to be welded are clamped in the 
welding machine with the edges parallel. 
The edges are then brought together 


GENERATOR 



TINIE IN SECONDS 

Figure 2. Typical single-phase load on a butt 
welder for automobile rear-axle housings 

lightly and power is applied. Arcing 
and burning of the metal occurs uni¬ 
formly throughout the length of the 
joint and the two pieces are heated rap¬ 
idly for a short distance back from the line 
of contact. The two parts of the ma¬ 
chine advance slowly together to com¬ 
pensate for the metal whidi is thrown 
off or consumed. At the end of the heat¬ 
ing period the power is cut off .and a 
quick acting cam forces the two edges to¬ 
gether to make the weld. 

The time for making flash welds varies 
with the thickness of the metal and 
amount of power which can be applied 
without the formation of blowholes. 
About 10 to 16 seconds is common for 
many applications involving heavier ma¬ 
terial. During the early part of the heat¬ 
ing period, while irregularities in the edges 
of the stock are being burned off, the load 
is light. As the heating extends over the 
entire length of the weld .the load rises 
rapidly to a maximum and fluctuates 
violently. 

Power is usually controlled by a con¬ 
tactor in the primary circuit of the wdder 
transformer. For many flash-welding 
operations it is not necessary to use a volt¬ 
age regulator to maintain satisfactory 
generator voltage. In such cases genera¬ 
tor field forcing is used. Between wdds 
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the generator excitation is only sufficient 
to give approximately full voltage at no 
load. A field-forcing contactor inter¬ 
locked with the main welder contactor, 
shunts a portion of the generator field re¬ 
sistance at the start of the heating period. 
The voltage variation during the heating 
period is thus limited to less than five per 
«cent. At the end of the heating period 
the field-forcing contactor opens and 
normal no-load excitation is restored. 
Where it is felt that closer regulation of 
voltage is required to give the desired 
uniformity of welds, a voltage regulator 
and qui^-response excitation system 
can be used. 

In figure 4 are shown graphic charts of 
the voltage and kilowatts output of a 
•500-kva 400-kw single-phase generator 
which supplies a flash welder. Two 
plates 0.107 inch thick and 80 inches 
long at the weld were being welded at the 
time the charts were made. Genera-tor 
field forcing is used with this equipment. 
Starting with 485 volts at no load, there 
is first a slight dip in voltage when the 
main contactor doses, followed by a 
gradual rise to 509 volts when the full 
effect of field forcing is obtained. From 
this point to the end of the weld the maxi- 


Fisure 4. Kilowatts 
output and voltage 
of a single-phase 
generator operating 
in conjunction with 
a flash welder 

Generator field 
forced during weld¬ 
ing period 




liU 



mum voltage variation is 3 per cent with 
load variations from approximately 36 
per cent of generator capadty to approxi¬ 
mately 80 per cent capadty. 

The motor generator for which the 
curves are shown has a synchronous driv¬ 
ing motor, so the load fluctuations are 
reflected directly to the power lines. 
Power is supplied by a small local cen¬ 
tral station. While the load peaks are 
quite evident on the station chart, no 
difficulty is experienced in maintaining 
a steady voltage on the system. In 
cases where the welder imposes peaks of 
several thousand kilovolt-amperes, it 
might be advantageous to use an induc¬ 
tion motor and fl 3 rwheel to iron out the 
violent fluctuations and limit the input 
to an average value. However, in the 
majority of applications, a synchronous 
driving motor will be quite satisfactory. 

Spot and Seam Welders 

Spot and seam welders usually operate 
in conjunction with timers which defi¬ 
nitely fix the duration and energy input 
for each weld. Usually the time for each 
weld varies from one cyde to 12 or 16 
cydes. With spot welders the welds are 
made at random as desired by the opera¬ 
tor and the power impulses follow no defi¬ 
nite pattern. The load on the circuit 
supplying a seani welder consists of a 
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succession of short impulses repeated at 
regular intervals. Electronic timers are 
in quite general use for both spot and 
seam welders. 

Because of the peculiar nature of the 
load, generators which supply single¬ 
phase power to spot and seam welders 
operate under conditions which are quite 
different from butt-welding and flash¬ 
welding service. In spot-welding service 
it is impracticable to use generator-fidd- 
fordng contactors because of the very 
short duration of the welding peaks. 
Also generator voltage regulators are of 
little or no value for the same reason. 
Single-phase generators for supplying 
spot wdders are, therefore, designed so 
that the normal capadty is approximatdy 
equal to the welding peak loads. The 
transient voltage drop and the inherent 
voltage drop at full load are made to be 
approximately equal. The exdtation is 
kept constant at a value which will give 
the desired voltage during the wdd. 
In figure 5 are reproductions of oscillo¬ 
grams showing typical load conditions on 
a 700-kva single-phase generator which 
supplies a spot welder. The oscillograms 
show how the generator voltage drops 
instantly when load is applied and re¬ 
mains constant during the welding period. 

In spot-welding service the welding 
time is only a very small percentage of the 
total time, so the root-mean-square loads 
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on the generator and its driving motor are Fisure 5. Oscillograms of typical spot-weld- 
very moderate. If a synchronous driving ing loads on a 700-kva 440-Yolt 30-per-cent- 
motor were used, the capacity would be power-factor 60-cycie single-phase generator 

determined largely by the magnitude of Input are controlled by an 

the peaks received from the generator. electronic timer 

It may be possible for the frequency of the 

load pulsations to be the same as the generator of the desired frequency 

natural period of oscillation of the set. ^ required. Close voltage regula- 
Such a resonant condition may cause a jg essential, so voltage regulators are 

synchronous driving motor to pull out of used. Since the load is steady and prac- 
step unless special precautions are taken, tically continuous and speed variations 
For these reasons it is more satisfactory should be minimized, a synchronous 
to use an induction motor to drive a gen- motor gives the most satisfactory drive, 
erator used for spot-welding service. A 


It is desirable to make each installa¬ 
tion as simple as possible and experience 
has shown that extremely simple appara¬ 
tus gives excellent service for many appli¬ 
cations. It is preferable to use generators 
with specially designed single-phase wind¬ 
ings rather than to use one phase of a 
three-phase machine. Because of the 
vibration inherent in single-phase ma- 
diines, it is highly desirable to avoid work¬ 
ing wdding generators at high overloads. 
Also the voltage can be controlled more 
readily when the peak loads are not 
greatly in excess of the normal capacity 
of the generator. The rated power factor 
of wdding generators will range from 
30 per cent for spot wdders to 60-70 
per cent for butt and flash welders. 

There are some applications for which 
it is desirable to operate more than one 
wdder from a single generator. Two or 
more spot wdders with electronic timers 
can be operated from a single generator 
of tuitiimiim capacity if an electronic 
synchronizing device is used which per¬ 
mits only one wdder to be energized at 
one time. Such an arrangement intro¬ 
duces no appredable dday in production 
since each wdder in turn is locked out 
only a fraction of a second. At least one 
installation is in successful operation 


squirrel-cage motor with a small amount 
of slip will utilize the flywheel effect of the 
set to equalize the peaks and insure stable 
ojjeration. In extreme cases a small 
amount of additional flywheel effect can 
be built into the set. Figure 6 shows a 
700-kva 0 , 30 -power-factor single-phase 
spot-welding generator with a 150-horse- 
power squirrel-cage driving motor. 

A motor generator which is to be used 
for supplying a seam welder will operate 
under steadier load conditions, A l^ger 
motor will be required to carry the higher 
average loads. Either a squind-cage 
motor or a synchronous motor will be 
satisfactory. In many cases it will be 
advantageous to use a voltage regulator 
with tlic generator to insure uniform 
welds. The regulator will mamtain a 
definite average voltage which will be the 
average between the unregulated no- 
load and full-load voltages. 

Tube Welders 

Certain kinds of thin-walled tubing 
may be made by passing long coils of 
steel strip at constant speed through a 
forming and wdding machine. Either 
alternating current or direct current at 
low voltage can be applied to the wddmg 
robs. Where alternating current is used 


Conclusion 

The problem of power supply for high- 
capacity single-phase wdding circuits 
has come into general prominence only 
recently. However, over a period of 
several years past, motor-driven single¬ 
phase generators have been installed for 
practically every type of welding sendee. 
Experience gained from these installations 
provides a basis for Ihe correct apphea- 
tion of conversion equipment for future 
requirements. 

Fi,uK 6. Sin8l«-phai* 700-lcw* 0.30- 
pQW«r-(«etor welding general with 150- 
honepower iquirrel-eaga driving motor 


where two welders are operated simulta- 

neoudy from one generator. Each welder 
is controlled by a contactor and each 
main contactor is interlocked with a 
field-forcing contactor so that the genera¬ 
tor field strength is approximately pro¬ 
portional to the load. 


Discussion 

B. Me Tones (Duquesne Light Company, 
Pittsburgh, Pa.): Wc, in Pittsburgh, have 
a great number of wdder installations on our 
system, and we are getting more of them 

and they are becoming larger m size; and 

we believe that dectric wdding is gomg to 
be used more and more because it is an ef- 
fident, practical, convenient tool. 





it may be advantageous to use a frequency 
higher than that of the reg^ s«PPly 
circuit. A motor generator with a an^e- 
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As you may know, a power company's 
concern over welders is the fear that the 
fluctuating load may cause a flicker in the 
lights of adjacent customers, which may be, 
and sometimes is, objectionable. Ther^ore, 
it is our job to ‘'tool up" the system in the 
vicinity of the particular welder to prevent 
such fluctuating loads from affecting the 
lighting load to an extent that would be ob¬ 
jectionable. Obviously, a slow reduction in 
voltage to quite an appreciable lowering of 
the normal voltage and then a gradual re¬ 
turn to normal is not so perceptible and is 
very rarely objectionable, whereas an abrupt 
lowering of voltage, even to a much less 
degree than the slow reduction, is percep¬ 
tible and would very likely become objec¬ 
tionable. 

Another point the power company must 
investigate carefully is the amount of trans¬ 
former capacity necessary to deliver suit¬ 
able voltage to make a successful weld—^in 
simple language, the regulation of the trans¬ 
former. This, in most cases involving me¬ 
dium size and large welders, is a more im¬ 
portant factor than the heating effect. A 
tsnpical example encountered on our system 
recently was a large welder causing a 250- 
kva single-phase heating load and requiring 
a 667-kva transformer to hold the voltage 
sufficiently dose to permit a successful 
weld. Naturally, this resulted in a larger 
investment. We have three or four such 
welders at different plants, and in each case 
have installed a 667-kva transformer for 
the 250-kva heating load. 

In one of these installations, it devdoped 
that the three-phase power bank suppl}dng 
the rest of the customer's plant had suf¬ 
ficient margin of capacity to carry this 260- 
kva heating load, but the voltage dips on 
the main bus with this welder connected 
thereto would have been of the order of 18 
to 20 per cent, and it was fdt that this would 
result in objectionable performance of the 
customer's motors, such as tripping them 
off, due to low voltage or sudden change in 
loads. It was therefore dedded to install 
the 667-kva single-phase transformer for 
the wdding load alone. 

Other difficulties we have encountered 
have been with welders connected to our 
four-kv three-phase distribution systeai on 
the basis of the wdding transformer char¬ 
acteristics as shown partially on the name 
plate, and then after the wdder has been 
placed in service we find that the resulting 
swings are much greater. In several cases 
this differential has been so great that we 
were forced to provide a high tension line 
for the wdder. Actually, in one spedfic 
case, we obtained from the wdder manu¬ 
facturer complete dectrical characteristics 
of the transformer, and then the performance 
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(by tests we made) indicated conclusivdy 
that the welders were not according to the 
manufacturer's letter, and the resultant 
large swings necessitated building a high- 
voltage line into this particular plant and 
providing larger transformers. 

Our plea is that complete characteristics 
of the wdding transformer be made avail¬ 
able to the power company, and that you 
do not “hide your light imder a bushd" for 
the power companies will surdy find it out! 


L. W. Clark (The Detroit Edison Company, 
Detroit, Mich.): Any discussion of the use 
of motor generator sets for serving resistance 
wdders is hardly complete without some 
indication of the relative value of the three 
different types of sets in shidding the power- 
supply system from voltage disturbances. 
■Whenever it becomes necessary to consider 
a motor generator set, it is usually because 
the wdder, if served direct from the supply 
system, will cause a disturbing lamp flicker. 
It thus becomes necessary to install a set 
that will reduce this flicker to a value not 
objectionable. 

The type of set which will accomplish 
this at die lowest first cost and operating 
expense should be selected. It is true that 
a flywhed induction set is the most effec¬ 
tive in diminating the voltage disturbance, 
but in most cases I believe it will be found 
that it does a much better job than is actu¬ 
ally necessary. Likewise, the straight in¬ 
duction set without the flywheel is more ef¬ 
fective than a synchronous set, but if the 
synchronous set accomplishes all that is 
necessary, its high operating power factor 
usually makes it the logical sdection. 

Most industrial plants, particularly those 
using large numbers of wdders, need some 
form of power-factor correction to keep their 
overall plant power factor within reasonable 
and economical limits. Both the straight 
induction set and the flywheel set not only 
offer no improvement in this regard but 
actually reduce the plant power factor. 
The S 3 mchronous set, on the other hand, 
while doing a good job of flicker reduction, 
also pays a return on its investment in the 
form of* plant-power-factor improvement. 

Some preliminary calculations on a pro¬ 
posed installation indicate that the intro¬ 
duction of a synchronous set will reduce the 
flicker caused by a welder in the ratio of 
between 4 and 8 to 1, the actual ratio de¬ 
pending upon the characteristics of the 
motor and also the ratio of resistance to 
reactance in the supply dreuit. Assuming 
that a spedfic instdlation showed an im¬ 
provement in the ratio of 6 to 1, the syn¬ 
chronous set would satisfactorily correct a 
flicker condition in which the wdder, if 
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served direct, dipped the voltage as much as 
10 or 12 volts. The similar ratios for in¬ 
duction sets are between 10 and 30 to 1 
without a flsrwhed and in the range above 
30 to 1 with a fl 3 rwhed. From this compari¬ 
son it appears obvious that the situation 
must be extremely severe before a flywhed 
set becomes justified. 

I would like to ask Mr. Wright if he has 
any operating data which shows the actual 
h^ore and afUr conditions, that is, the volts 
flicker when serving a given wdder direct 
from the power supply lines as compared 
with the flicker after the addition of a motor 
generator set between the welder and the 
supply. Such test data w;ould be valuable 
in checking the calculated effects of the dif¬ 
ferent sets. 


R. H. Wright: Mr. Clark's position regard¬ 
ing the use of flywheels on welding motor 
generators is in general the same as that of 
the author. Fl 3 rwheds are useful only for 
special applications. Two rather large wdd¬ 
ing sets with flywheels and induction-motor 
drive are operating in Detroit on purchased 
power. "When the sets were built, the pur¬ 
chasers felt that flywheels should be incor¬ 
porated so as to reduce the peaks if it ever 
became necessary to operate on the plant 
generating system. ’When operating on 
central-station power the.reduction of load 
peaks is of little advantage and synchronous 
drives would be quite satisfactory and would 
give the advantages of a higher operating 
power factor. 

Fl 3 nvheel sets can be used to advantage 
when power is to be taken'from a small d-c 
generating station. The flywhed will in¬ 
sure steadier speed than can be obtained 
with a d-c motor alone. 

No tests have been made to indicate the 
improvement in voltage resulting from the 
transfer of a wdder from the power lines 
to a motor generator. 

The matter of momentary peak loads im¬ 
posed by resistance welding machines, as 
discussed by Mr. Jones, is very important 
regardless of the source of power. For most 
types of welders the load is applied and re¬ 
leased instantaneously and the power fac¬ 
tor is low. This condition gives the maxi¬ 
mum lamp flicker when the welder is con¬ 
nected directly to distribution lines. In 
calculating the effect of a wdding load on 
the voltage regulation of a given circuit it is 
necessary to consider the duty cycle of the 
welder as wdl as the name-plate rating. 
Wdders which are designed for intermittent 
duty may draw peaks of 300 per cent of the 
name-plate rating. Some indication on the 
name plate of the maximum peak capacity 
would be of great value. 
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. I • ■ J layers of solid didectrics while being 

Effect of Corona Discharge on Liquid 

l», I , characteristics were being measured. 

L/IClCCtriCS This cdl was also designed to be s^- 

/vMitainpd in order to eliminate possibili¬ 
ties of contamination of the sample during 
JOSEPH STICHER D. E. F. THOMAS transfer from bombardment chamber to 

ASSOCIATE AlEE ASSOCIATE AIEE measuring chamber. The transfer of the 

sample was accomplished by means of au- 
a 1 ^ tnniatic circulation of the oilj a feature 

■fHE proper functioning of a high per- Similar teste w^ la er repo ^ . Becker* in his studies on the 

Tcentage of electrical equipment de- transfoLiation of hydrocarbons. Figure 

pends on electrical insulating mediums, evident tten that ^e ^ g^ows a cross section of the cell as it 

such as oils, under conditions known to ^ appears during operation. With voltage 

include corona discharge. This is par- oil molecules^ due o applied between electrodes Ei and £2 

ticularly true in the case of high-voltage gaseous dectncdisdiaige. o p Sprengel pump connected to stop- 

cables of the “sohd” type. Connell^ undertook a ca^ i^^ew of ^pr^^^ J ^ 

As early as 1917, Clark and Shanklin‘ the literature on tins su ]ec charge chamber U, and are drawn through 

pubUshed curves of resistivity versus volt- eluded that the connoting tube T, into measuring cham- 

age for paper-insulated cables at low carbons were produc^ by tier Af. Here the bubbles burst, liberat- 

temperatures, and attributed the erratic disdwge and t^ alplm patte^e. i W the gas to be pumped off and releasing 

nature of these curves to gaseous ioniza- studies of the ° ^ ° ^aSode the oil to mix with that in the measuring 
tion occurring in voids in the insulation, hydrocarbon oils s owe ^-hamU^r from which it eventually re- 

Less than two years later, Shanldin and mys also had to be classed m - ^ bombardment chamber 

Matson* discussed the ionization of oc- gory. through tube Tt. The bombardment 

eluded gases in high-voltage insulation There was at that toe considerable ^ stopped at any time and meas- 

quite extensively. In their paper, men- information available in the literati^ urements may be made to obtain the 
tion was made of some chemical analyses regarding the chemical changes^ electrical characteristics of the oil. 

of the deteriorated material deposited on about in hydrocarbons by eleto^l bom- 
the walls of the gas spaces. A great bardment, but there was a distinct lack 

deal of work followed in which various of knowledge with respect to the ch^^ Table I. Data on Test Calls 

aspects of corona in voids in dielectrics occurring in the dectrical charactenstns ^ 

were studied. In 1924, a paper was pre- of hydrocarbons. In.most of theinv^ti- MewniringceU 

sented by Dd Mar and Hanson* and gations that had been conducted, a t^e diameter ot active electrode 

much of the ensuing discussion of the of discharge different from corc^ d«- 0^“)—siooo 

paper concerned a wax-like substance, charge was used, or the hydrocarbons m- diameter ot Ugh-voitage dectrode 

which they termed X, which had been yolved were gaseous at atmcephenc con- '. o'. 100 

found in oil-impregnated paper cables ditions, or the effects studied were con- ot mica trashy (inch). too’***** 

after they had been subjected to high cemed with cheimcal d^ges only. In ^^?^”^^^th1^Sdectric ’(micro- 

electrical stresses. Some teste were de- the present studies, which were startm . ® 

scribed by E. R. Thomas* in which cable late in 1930, use was made of a corona dis- Bombardment chamber 

impregnating compounds had been sub- charge cell, which coitid be expected 

jected to corona discharge in the labora- to simulate dosdy the discharge oc^- meters) ... V i so 1 

tory with the result that a yellow waxy rfng in the highly stress^ insulation of a-c ^Sie (miiu- 

substance with numerous void spaces was equipment in commerdal use. The ma- •;•••• v • v” I",;™ f-mi *' 

S»d,Ud.w,st««ed“S«l„A~s..” rtirffed oil,, ,«a « H,n»d J.s 

naraffin. cable oils, and hydrocarbons of Length of bombardment electrode (inchw) 8.000 

—^ • t 4 . A.es ■mAl^Aiila'r Qtnic- Amount of oil necessary, per.run (milli- 

various known types of molecular struc liters). 

Paper number 39-32. recommended by ^e ^1®® tures The main ptUTpOSe of the Studies 

committee on research, and presented at the AIEB Uire&. .jr Cell 2: li^asuring ceU 

winter convention. New York, N. Y., waS tO investigate what changes, if any, uiameteTd active dectrode (Inches). 2.m 

23-27,1980. ManuscriptSttbn^tedlfoy 26, mS; ^ dprtrical characteristics of width of guard ting Onch)..... ..y0-208 

made avdlabl. for preptmtingBccembm 28.198a discharge. • — ” - 

^nges in their chemical and physicd o.oio 

Detroit, Mich. characteristics were also investigated in (^constant A/L (centimeters)......... 1896 

This work formed part of an investigation on tte ^ ^ £ unCOVering any rdationS Capacity of cdl with air dielectric (micro- 

deterioration of high-voltage underground cable me nope ui uuvwv« S j odcrofarads)...l**- 

conducted by The Detrdt Edison Company under which might eXlSt between these charac- Amount of dl necessary to fill measuring 
the direction of the late DiMtor (X F. Hir^dd, _j,4 changes due tO COrona eeH (maiiUters)... 

chief of research. It was made possible ody by the tenSUCS anu ineir cjuius Bombardment chamber 

^ 0 . 7 . TEST EQXnFMBNTANn method °“^»m^rcS^b^rfu.f^)|...... 87 

Twotestcellswhichwereusedinthese « 

SS^oaD.RobbSj’A.O.Fldgerof The D.t^t g^^^ies are shown in figUTCS 1 and 2. The Space l^weenmner and outer bulb (^h- ^ ^ 

of the meiurements and determinations in- cdl Sbown in figure 1, designated aS Cell 1, WaU thickness of glass (milHmeters). 2 _ 

was designed to incorporate the fea- itmd2 heavily gold 

1. For all numbered references, see list at end of having the oil sample between plated, 

paper. 

1939, VoL. 58 Sticker, Thomas—Effect of Corona Discharge 709 


























Tz 


Rgure 1. Cell 1 for corona dischar^a and for 
power-factor and conductivity determinations 

A —^Active electrode 
D—Discharge chamber 
El—Graphited bombardment electrode 
El—^Silvered bombardment electrode 
—Connection to active electrode 
Eq —Connection to guard circuit 
Ejt—C onnection to high-potential electrode 
Gi, Gi—Parts of guard circuit 
H —High potential electrode 
Jii —Ground joints 
M —^Measuring chamber 
S —^Seal-off tube 
Ti —Top connecting chamber 
Ti—Bottom connecting tube 
V —^Stopcock 

Wi —^Support for measuring cell and connec¬ 
tion to high-voltage electrode 


Cell 1 was used in the prelitmnary tests 
on oils of which large amounts were 
available. Later, when hydrocarbons 
of which large amounts were not readily 
available were studied, the cell shown in 
figure 2 , designated as qdl 2 , was used. 
Its main parts are the cell for dectrical 
measurements E, the bombardmdit 


chamber Aj and the gas accommodation 
bulb jB. Incorporation of these three 
parts in one cell renders it self-contained 
to a high degree. The volume of the 
bombardment chamber is large compared 
with the volume of the oil sample; that 
is, all of the oil is in the bombardment 
diamber during the bombardment period, 
which renders superfluous any extra 
means for keeping the oil in circulation. 
The oil is transferred to the measuring 
cell by turning the whole cell upside 
down. The volume of the gas ac¬ 
commodation bulb is suflident to avoid 
pressure daanges of objectionable mag¬ 
nitude in the cell from gas produced dur¬ 
ing normal periods of bombardment. 
This makes unnecessary the removal of 
gas from the cdl during the bombard¬ 
ment period and enables omission of liquid 
air traps necessary in the line to the 
Sprengd pump used with the previous 
cell. Pertinent dimensions and constants 
of both test cells are given in table I. 

In the tests with cell 1, the samples were 
subjected to two bombardment periods, 
each of 6 V 2 hours duration. The gases 
evolved in the first one-half hour of each 
bombardment period were used to flush 
the entire vacuum system and then dis¬ 
carded; those evolved during the re¬ 
maining six hours were pumped off con¬ 
tinuously by means of a Sprengd pump 
and stored in a gas-collecting bottle. A 
Schering bridge was used for the power 
factor measurements which were made 
at 4,750 volts, 60 cycles (average stress of 
47.5 volts per mil).. In the tests with 
cell 2 , the samples were subjected to one 
bombardment period of four hours dura¬ 
tion. The evolved gases were accumu¬ 
lated in the cell and were pumped off 
after the bombardment period by means 
of a Toepler pump. A transformer bridge, 
similar to that described by Doyle and 
Salter,® was used for the power factor 
measurements which were made at 200 
volts, 60 cycles (stress 20 volts per mil). 
In a number of special test runs, the test 
conditions were changed to suit the par¬ 
ticular needs. Measurements of power 
factor, d-c resistance, and other electrical 
characteristics were made at various tem¬ 
peratures before bombardment and 
after each bombardment pmod. In some 
cases, attempts were made to measure 
the current in the corona discharge. 
Didectric strength determinations were 
also made in a few instances on samples 
before and after bombardment. The 
amount of gas liberated during bombard¬ 
ment and the composition of the gas were 
determined in the majority of all tests. 
In a number of cases, determinations 
were made, before and after bombard¬ 


ment, of iodine number, hy(kophil con¬ 
tent, and viscosity. 

Compounds Tested 
The materials studied were pure liquid 
paraffin oils, various cable oils, and ten 
hydrocarbons of known types of molecu¬ 
lar structure. The cable oils and cer¬ 
tain samples of the liquid paraffin were 
used as received, except for drying and 
degassing. The other compounds were 
procured as pure as possible, but some 
had to be treated chemically to purify 
them further; all were distilled in a good 
vacuum at low temperatures. Pertinent 
information regarding the samples is given 
in table II. After the samples were pre¬ 
pared for test, they were protected from 
coming into contact with tiie atmosphere 
by being transferred either directly into 
the highly evacuated test cell or into 





Figure 2. Cell 2 for corona discharge and for 
power-factor and conductivity determinations 

A —Discharge chamber 
B —Gas accommodation bulb 
E—Cell for electrical measurements 
F—Sample container 
5—-Main offtake tube 
T —^Sillimanite filter 
U—^Silvered bombardment electrode 
V'—Offtake for sample container 
W —Offtake for removal of gas 
X —Glass-enclosed magnetically operated 
hammer 

y—Seal-off tube 
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Table II. 011 Samples and Their Treatment Betore Test 


Samples 


Name of Deslg- Formula or 

Compound nation Base Source Initial 


Treatment 

Distillation 


Kind of Still Temperature Pressure Residue 


n-'hcxudecane 


n-hexadeccue 


A CieHa4 


B CuHaa 


Eastman Kodak None 
Co., Eastman 
grade 


Hickman 


Synthetic oil num* 
her 4530a (hydro> 
gennted 4530) 

Synthetic oil num¬ 
ber 4556a (hydro¬ 
genated 4656) 


Synthetic oil num- E\ 
her 4530 

Synthetic oil num- F 
her 4555 


Mixture of satu¬ 
rated branched 
chsun hydrocar¬ 
bons 


Synthesized from Treated with me- Hickman 
cetyl alcohol at tallic sodium 
University of 
Michigan 

Synthesized by 
hydrogenation of 
4630 and 4555 re¬ 
spectively at tem¬ 
peratures up to I None Hickman 

200 deg C and 
pressures up to 
200 atmospheres, 

Ni catalyst, at 
University of Wis¬ 
consin 


Liquid parafBn 


K Heavy, white min¬ 
eral oil 


Dega^^ng’Coil at Between 0.1 and Very small per- 

room tempera- 0.2 micron Hg centage 

tore 

Distilling column 
at Sa deg C 

> About same as n-hexadecane 


Removal dtiring distillation of small amounts of methyl- 
cydohexane introduced during hydrogenation process. 
Otherwise about the same as the corresponding un¬ 
hydrogenated mis. 


Mixture of unsatu¬ 
rated branched 
chain hydrocar¬ 
bons. Moleculcu* 
weight—610 for 
R; 944 for F 


Pecalin G CioHm 

Cdccahyd ronaphtha- 

leuc) 


Tttrpciittnc polymer H Mixture of unsatu- 
(synthetic) rated cyclic hy¬ 

drocarbons 


Alpha-methylnaph- I C 10 H 7 CH 1 
ihalene 


Tetratin J CjoHu 

(tetrabydronaphtha- 

Senc) 


Standsud Oil Co. None 
(Indiana) 


Eastman Kodak Several days over 
Co,, practical sodium,thencen- 
grade trifuged and fil¬ 

tered 

Turpentine polym- None 
erized with 
AICI3 


Hickman 


Conventional 
lugh-vaccum still 


Hickman 


Synthesized from 
alpha bromonaph- 
thalene, magne¬ 
sium and dimethyl- 
sulphate 

Eastman Kodak 
Co., practical 
grade 


Standard Oil Co. 
(Indiana) 


Fractionally 
crystallized to 
remove impitrity 
(naphthalene) 

Distilled over so¬ 
dium in low- 
vacuum still at 
elevated tempera¬ 
ture 
None 


Degassing coil be- ^ 
low 126 deg C 
Distilling column 
about 185 deg C 
Degassing coil be¬ 
low 150 deg C 
Distilling column 
^at 320 deg C 
Distillation bulb 
at room tempera¬ 
ture. 

Receiver at —80 
deg C 

Degasting. coil at 
room tempera¬ 
ture 

Distilling column 
at 100 deg C 

Conventional Distillation bulb 
high-vacuum still, at 70. deg C 
Sodium in dis- Receiver at —80 
dilation bulb deg C 

Conventional Distillation bulb 
lugh-vacuum still, at 40 deg C 
Sodium in dis- Receiver at -80 
dilation bulb deg C 


0.01 micron Hg 
gas pressure 


0.01 micron Hg 
gas pressure 


About 50 per cent 
of starting mate¬ 
rial 

About 20 per cent 
of starting mate¬ 
rial 

About 1 per cent 
of starting mate¬ 
rial 


Between 0.1 and About 20 per cent 
1.0 micron Hg very viscous resi¬ 
due 


0.01 micron Hg Very small per- 
gas pressure centage 


0.01 micron Hg 
gas pressure 


Very small per¬ 
centage 


Hickman 


DegMsIng c<mT at 0.01 micron Hg y)J)Out20p tf^ 
186 deg C ga» pressure starting mat*- 

Distilling colunm 
at 185 deg C 


Commercial cable L 
compound 
on number 107 


Oil number 100 


M 

N 


Highly refined \ 

paraffin 

Highly refined 

naphthene 
Paraffin blend 
Refined naphthene 


Cable manufac¬ 
turer 

Oils 107 to 113 
supplied by Doc¬ 
tor Whitehead, 
The Johns Hop¬ 
kins Univerrity 


Degassed and 
dried by spray¬ 
ing droplets of 
oil into high vac¬ 
uum 


-None of the cable oils were subjected to cdstillatioir 


highly evacuated sample containers pro- 
vided with thin glass windows, which 
could be broken at the proper time by 
means of a glass-enclosed iron hammer, 
operated by a magnet (see X, figure 2). 

Electrical Characteristics 

Power Factor 

During the preliminary tests on a liqmd 
paraffin and a cable compound, using 
cell 1, it was found that the power factor, 
of the test samples increased consider¬ 
ably due to bombardment under corona 
discharge. This can be seen from figure 
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3 and 4, which riiow power factor-tem¬ 
perature characteristics of the oils before 
bombardment and after each of two 
eVrhour bombardment periods. In all 
of the preliminary tests, the samples 
were simply dried and degassed before 
test and were forced' into an evacuated 
cdl of the type shown in figure 1 by means 
of dry-nitrogen pressure. The nitrogen 
was removed before the start of the bom¬ 
bardment, : which was carried out ,at a 
ges pressure of less than one millimeter of 
mercury. Nitrogen was not used in any 
of the other tests conducted with cell 1 or 
cell 2. 


It was found that by distilling the bom¬ 
barded liquid paraffin, a distillate is ob¬ 
tained, the power factor of which is of 
nearly the same value as that of the 
gam ple before bombardment. The con¬ 
stituents of the bombarded sample which 
are responsible for its high power factor 
remain in the residue. In these particu¬ 
lar tests, distillation was carried out at a 
temperature of about 180 degrees centi¬ 
grade in a high^vacuum still suggested 
by Hickman.*® In another p-oup of 
tests, the liquid paraffin was distilled m 
this manner before bombardmmt. A 
purer sample was thus obtained and it 


Sticker, Thomas—Effect of Corona Discharge 


711 






Fisure 3. Power factor-temperature charac¬ 
teristics of liquid paraffin. Average of three 
tests conducted with cell 1 


A — Before bombardment 

B—After 6 V 2 hours of bombardment 

C—^After 13 hours of bombardment 

was found that the removal of the less 
volatile fraction and, possibly, of impuri¬ 
ties resulted in lower initial power factor 
values and in a smaller magnitude of 
changes due to bombardment, but did not 
result in an domination of these changes. 
The power factor-temperature character¬ 
istics of one of these samples at various 
stages of the test are shown in figure 5. 
In this test, an entirely closed glass system 
was used in order to prevent any pos¬ 
sibility of contamination of the distilled 
liquid paraffin sample, and the sample 
was bombarded, the bombarded oil 
was distilled, and the distillate was re¬ 
bombarded without opening the system. 
An automatic Sprengel pump, included 


in the system, served to store a part of 
the evolved gas in a gas-collecting hottle 
for subsequent analysis and also to recir¬ 
culate the remainder of the gas through 
the oil in the bombardment chamber in 
order to support the movement of the 
oil from this part of the cell to the meas¬ 
uring chamber. 

At the time when these studies were 
started, there was a widespread belief 
that, since most pure hydrocarbons were 
known to have excdlent electrical charac¬ 
teristics, bombardment of a hydrocarbon 
sample would not result in changes of its 
electrical characteristics unless the bom¬ 
bardment occurred in the presence of 
oxygen or some other impurity. The 
test reported here showed, however, that 
despite the most rigid exclusion of con¬ 
taminants, increases of power factor were 
obtained due to bombardment and that 
material of higher boiling point which was 
produced by the bombardment was re¬ 
sponsible for this change. Since it could 
be concluded that the larger molecules 
formed in the discharge, by condensation 
or polymerization or both, were hydro¬ 
carbons which exerted a harmful effect 
on the power factor of the sample and 
since the structure of these larger mole¬ 
cules should depend on the structure of 
the starting material, a study of the effect 
of the molecular structure of a hydro¬ 
carbon on the power factor change due to 
bombardment was undertaken. 

Cell 2, which was designed for this 
study, was first tried on samples of dis¬ 
tilled liquid paraffin. In ^ese tests 
as well as in all others conducted with 
cell 2, the gas pressure in the cell at the 


start of the bombardment period was a 
small fraction of one micron of mercury. 
Results obtained in one-hour and four- 
hour bombardment periods are shown in 
figure 6. It is apparent from a compari¬ 
son of these results with those given in 
figure 5 that this cell is capable of produc¬ 
ing results considerably faster than the 
cell shown in figure 1. Ten hydrocar¬ 
bons of known type structure were 
studied with this cdl, and the results of 
determinations of power factor-tempera- 



Figure 4. Power factor-temperature charac¬ 
teristics of a cable compound. Average of 
three tests conducted with cell 1 


A — Before bombardment 
B — ^After 6 V 2 hours of bombardment 
C—-After 13 hours of bombardment 


ture characteristics are shown graphically 
in parts A to J of figure 7, each part de¬ 
picting characteristics of the individual 
hydrocarbon obtaining before and after 
four hours of bombardment. Since the 
power factor values cover a range from 
0.0001 to almost 1.0, a four-cycle logarith- 


Table III. Conductivities of Various Compounds at Several Temperatures Before and After Bombardment 


Compound 


Con- -:- 

ductiTity’*‘ 100®C 80^ C 


Before Bombardment 


After Bombardment 
100®C 80®C dO^C 50®C 


Hexadecane. 


. A-C. 0.066 . 

D-C.. 0.0002. 

A-C/D-C.830 

. A-C. 

D-C.. 

A-C/D-C..... 


. 0.033 . 0.013 . 

. 0.0001 . 0 , 0001 . 

330 .130 


5.04 .. 3.40 . 

0.859.. 0.335. 

5.87 .. 10.1 . 


Turpentbie polymer. 


Alpha-methyinaphtha- 
lene. 


. A-C. 1.29 .. 

D-C...... 0.884.. 

A-C/D-C... 1.46 .. 

A-C. 

. D-C. 

A-C/D-C. 


1.53.... 
2.23 .. 
0.124 .. 
18.0 .. 


0.162 

. 0.142 . 

. 0.107 . 


. 8.98 .. 9.63 

.. 5.46 . 

. 4.80 

0.0003 

. 0.0002. 

. 0.0001. 


. 0.062.. 0.048.. 0.029. 

. 0.017 

540 

.710 

.1070 


.144.8 ..200.5 

..188.2 . 

.287,6 


. 0.080 . 


4.44 . 

. 1.98 .. 1.48 . 

.. 0.19 



. 0.017 . 


2.39 . 

. 0.684.. 0.166. 

.. 0.031 



. 1.76 . 


. 1.86 . 

. 2.82 .. 8.91 . 

.. 6.14 


1:71 

. 1.26 . 

. 0.666 .. 


.212.3 ..115.0 

.. 66.4 . 

. 31.3 

0.097 

. 0.066 . 

. 0.038.., 


.44.2 .. 21.9 

..12.4 . 

. 4.67 

17.6 

.19.1 . 

. 20.2 .. 


. 4.80 .. 5.26 

.. 5.87 . 

. 6.85 


Number 107. 


Number 109. 


Number 111. 


Number 113.. 


. A-C.... 

. 0.344.. 

0.123 . 

. 0.064 . 

. 0.016 .. 


... 8.44 .. 3.13 . 

0,772.. 


.... 0.133 

D-C.... 

. 0.066.. 

0.025 . 

. 0.008 . 

...... 0.004 .. 


... 0.624.. 0.177. 

0.062.. 


.... 0.023 

A-C/D-C. 

.. 5.22 .. 

4.92 . 

. 6.75. 



...13.5 ..17.7 . 

12.5 .. 


.... 6.78 

. A-C.... 

. 0.626.. 

0.161 . 

. 0.074 . 



... 4.29 .. 1.71 . 

0.460.. 


.... 0.090 

D-C,... 

. 0.449.. 

0.096 . 

. 0,036 . 

. 0.018 .. 


... 0.603.. 0.127. 

0.037.. 


.... 0.010 

A-C/D-C. 

. 1.17 .. 

1.68 . 

. 2.05. 

. 2.31 .. 


... 8.53 ..18.5 . 

12.4 ... 


.... 9.00 

. A-C.... 

. 4.38 .. 

2.41 . 

. 1.04 . 



... 5.19 .. 2.52 . 

0.960... 


.... 0.255 

D-C..,. 

. 0.216.. 

0.068 . 

. 0.023 . 



... 0.211.. 0.065. 

0.026... 


.... 0.008 

A-C/D-C. 

.20.3 .. 

85.4 . 

. 45.2 . 

. 60.8 ... 


...24.6 ..38,8 . 

36.9 ... 


.... 31.9 

. A-C.... 

. 3.22 .. 

1.58 . 

. 0.664 . 



... 8.96 .. 4.69 .. 

1.97 ... 


.... 0.674 

D-a... 

. 1.42 .. 

0.784 . 

. . 0.377 . 



.... 0.462.. 0.129.. 

0.042... 


.... 0.017 

A-C/D-C. 

. 2.28 .. 

2.02 . 

. 1.76 . 

. 1.62 ... 


...19.4 ..86.4 .. 

47.0 ... 


.... 39.7 


♦ Conductivities given in mbos X lOw. A-c conductivity calculated from 60-cycle power factor values. D-c conductivity is oue-minute conductivity. 
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mic scale was used in order to enable tion of this paper under “Discussion.” 


the one-half-hour d-c application, the 


easy comparison of all ten compounds. 
These characteristics represent average 
values from two or more test runs except 
in the case of tetralin (/) in which only one 
test run is represented. This material, 
tetralin, attacked the glass of the bom¬ 
bardment chamber during bombard¬ 
ment, cliipping out small pieces from the 
glass wall. Similar experiences with 
tetralin were reported by Becker.® The 
initial power factors of a few of the com¬ 
pounds, namely, turpentine polymer (if), 
alpha-methylnaphthalene (I), and tetra¬ 
lin (/), were higher than was expected. 
It should be pointed out, however, that 
it is very difficult to obtain these hydro¬ 
carbons in a very pure state. The 
increases in .power factor were quite 
different for the various types of hydro¬ 
carbons. It will be noted that very large 
increases were obtained for the straight 
chain hydrocarbons, hexadecane (^4) 
and liexadccene (B), for the saturated 
cyclic hydrocarbon, decalin (G), for the 



Figure 5. Power factor-temperature charec- 
teristics of liquid paraffin distilled before test 
Test conducted with cell 1 in entirely closed 
glass system 

A —Before bombardment 
B —After 13 hours of bombardment 
(2 —After 39 hours of bombardment 
D—Distillate from C 
£—Bombarded distillate (13 hours) 


aromatic hydrocarbon, alpha-methyl- 
naphthalene (J), and for the cyclk'aro¬ 
matic-aliphatic hydrocarbon, tetralin (/). 
The smallest power factor increases were 
obtained for saturated and unsaturated 
branched chain hydrocarbons, oils num¬ 
ber 4665a (JD), number 4530 (E), and 
number 4555 (B), and for the unsaturated 
cyclic hydrocarbon, turpentine polymer 
(H). The power factor increase for the 
hydrogenated oil number 4630a (O 
was quite large, however. Considering 
both the initial power factor values and 
the increase of power factor values wiffi 
bombardment, it is found that certain 
members of the branched chain hydro¬ 
carbons gave the best results. This state¬ 
ment is modified, however, in a later sec- 
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In addition to the oils of known type 
molecular structure, four oils representa¬ 
tive of those offered to the cable trade 
were tested; for the latter, practically no 
information is available regarding their 
origins, refinement, or molecular struc¬ 
ture. These four oils were chosen from a 
number of oils kindly supplied by Doctor 
Whitdiead, who used them in other in¬ 
vestigations.^^*^® The oils tested were 
selected to indude some of high as well as 
some of low viscosity, and also to repre¬ 
sent paraffin-base and naphthene-base 
types. The power factor-temperature 
characteristics of these oils before and 
after bombardment are shoTO in figure 8. 

It will be noticed that tliee of the four 
samples suffered quite a power factor 
increase due to bombardment. The 
fourth sample, oil number 111 (0), a 
low-viscosity paraffin-base product 
showed a very small change. 

CoNDuenvixY 

In a number of test runs, determina¬ 
tions were made of one-minute d-c con¬ 
ductivity to learn how this characteristic 
of the oil was affected by corona dis¬ 
charge. Also, equivalent a-c conductivi¬ 
ties were calculated from the power- 
factor values to enable comparison be¬ 
tween a-c and d-c conductivites. A num¬ 
ber of typical results are listed in table III. 

It will be noted that in the case of 
the four hydrocarbons of known type 
molecular structure there were very large 
increases in d-c conductivity due to 
bombardment, whereas in the case of 
the cable compounds, changes were 
slight except for oil number 107 W- 
The ratios of 60-cycle a-c conductivity 
to one-minute d-c conductivity cover a 
wide range for the first group and a much 
smaller range for the second group. 

A few special test runs were conducted 
in which the changes in d-c and a-c 
conductivity as a function of time of 
direct-voltage application were studied. 
In one particular test, the sample con¬ 
sisted of the residue from bombarded 
decalin redispersed in the distillate, which 
had been distilled from the bombarded 

decalin earHer in the studies. The meas¬ 
urements were made at 60 degrees centi¬ 
grade and approximately 20 volts per 
mil. First, a number of power factor 
measurements were made without inter¬ 
vening d-c measurements, then direct 
voltage was applied for one-half hour, 
and after this, power factor values were 
again measured at 15-minute intervals 
for some time without intervening d-c 
measurements. The results were used in 
plotting the curves of figure 9. During 


d-c conductivity decreased quite rapidly 
at first and then more slowly; the power 
factor dropped from 0.1243 to 0.0380, 
and upon discontinuation of the direct 
voltage increased again at a rapidly 
diminishing rate, : Similar observations, 
but involving much smaller changes, have 
been made by Whitehead and Shevki^® 
on unbombarded cable impregnants. 

Bombardment Current 
In these studies an attempt was made 
to have test conditions closely parallel 
those encountered in commercial service. 
For this reason the bombardment voltage, 
rather than the current, was maintained 
constant; and measurements of the cur¬ 
rent involved in the discharge were made 
by means of a vacuum-thermocouple 
microammeter connected in the high- 
voltage circuit. Considerable difficulty 
was experienced in these measurements, 
particularly when the range of the meter 
had to be increased by means of external 
multipliers, because of the high-frequency 
components in the discharge current. 
An all-wave radio receiver, covering a 



Rgure 6. Power fador-tempefature charac 
teristics of liquid paraffin distilled before test 
Tesb conducted with cell 2 

/—Before bombardment (average of seven 
tests) 

B_After one hour of bombardment (average 
of four tests) 

£—^After four hours of bombardment (average 
of three tests) 
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range from 660 Mlocycles to 61 mega¬ 
cycles, indicated frequencies up to 40 
megacycles to be present in the dis¬ 
charge. 

Jin order to show the type of results 
obtained by the current measurements, 
figure 10 is included which shows typical 
bombardment current-time characteris¬ 
tics for the ten hydrocarbons of known 
type molecular structure. Because of 
some doubt as to the absolute values of 
the current, the current scale is in 
arbitrary units, but it should be men¬ 
tioned that the current ranged from about 
1,000 to 4,600 microamperes. It will be 
seen that here again large differences 
exist, in the behavior of the various 
hydrocarbons, but it also appears that 
certain compounds can be grouped to¬ 
gether. For instance, hexadecane (i4), 
hexadecene (B), alpha-methylnaphtha- 
lene (I), and tetralin (j) draw bombard¬ 
ment currents of slightly different mag¬ 
nitudes whidi remain nearly constant 
throughout the bombardment period. 
The current of decalin (G) starts at about 
the same value as that of these four com¬ 
pounds but continues to increase until 
the end of the bombardment period. The 
cuixents for turpentine polymer (JS) and 
hydrogenated, oil number 4656a (D) in¬ 
crease during the first 30 minutes of bom-r 
bardment, then decrease to the end of 
the bombardment period; the current 
for the unsaturated oil number 4566 (F) 
is somewhat similar. Bombardment cur¬ 
rents of the oil number 4530 (B) (un¬ 
saturated) and of the hydrogenated oil 
number 4630a (O increase rapidly during 
the first few minutes, remain at the 
maximum for a short time, and then 
decrease. When the imsaturated oil 


Rgure 7 (above). Power factor-temperature 
characteriitics of ten hydrocarbons of known 
type molecular structure 

1— Before bombardment 

2— ^After bombardment at 15 kv, 60 cycles, for 

four hours 

Letters A to J refer to desisnation of com¬ 
pounds (table II) 


Figure 8 (below). Power factor-temperature 
characteristics of four cable compounds 

1— Before bombardment 

2— ^After bombardment at 15 kv, 60 cycles, for 

four hours 

Letters M to P refer to designation of com¬ 
pounds (table II) 
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member 4530 (jS) was bombarded, it was 
found that during part of the bombard¬ 
ment period, the current was larger than 
the range of the microammeter and mul¬ 
tiplier (2,500 microamperes). During 
tests on the hydrogenated oil number 
4530a (C) another multiplier was used, 
approximately doubling the previous 
range; the values measured under this 
condition were not directly comparable 
with those measured on the other nine 
compounds since the exact multiplication 
factor of the multiplier was not known 
because of the error due to high fre¬ 
quencies. 

The bombardment currents encoun¬ 
tered in studying the commercial cable 
compounds numbers 109 (N), 111 (0), 
and 113 (P) were similar to those of the 
group of compounds including (-4), (B), 
(I), and (J) of figure 10. The current of 
compound number 107 (M) was also of 
the same magnitude as the above group 
of compounds during the first 30 to 45 
minutes of the bombardment period; 
after this the current was larger than the 
range of the microammeter and remained 
so until the end of the period. 


Figure 9. Effect of one«half-hour direct- 
voltage application on power factor and con¬ 
ductivity of bombarded decalin 

Measurements: 

Temperature, 50 desrees centigrade 
Alternating voltage, 200 volts, 60 cycles 
Direct voltage, 180 volts 
Electrode spacing, 0.010 inch 
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Dielectric Constant and 
Dielectric Strength 

The dielectric constants of the oil 
samples at various temperatures before 
and after bombardment were obtained 
for a large number of the-samples tested. 
There was practically no dhBference in 
the first three significant figures of the 
corresponding values of the dielectric 
constants before and after bombardment. 
These values were calculated from ca¬ 
pacity determinations which were inciden¬ 
tal to the power-factor measurements in 
the case of the cell containing oil, and 
which were obtained for the empty cell 
by means of a capacity bridge. The 
dielectric strength of a number of oil 
samples bombarded in cdl 1 was de¬ 
termined before and after bombardment, 
using test cups described in the ASTM 
Standard Method D117-36. In prac¬ 
tically all cases, the didectric strength 
of a sample after bombardment was 
lower than that before. For: instance, 
the average dielectric strength of samples 
from three test runs was 44.6 kv before 
and 30.5 kv after bombardment for the, 
liquid paraffin, and 33,3 kv and 27.1 
kv, respectively, for a commerdal cable 
compound. 

Other Characteristics 

Evolution and Gas Composition 

The evolution of gas from an oil under 
corona discharge is of considerable im¬ 
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portance in cable practice. Some have 
held that a large gas evolution would be 
beneficial because it would tend to in¬ 
crease the gas pressure in cable voids and 
would eventually bring about pressure 
conditions under which the discharge 
could not maintain itself. Others have 
reasoned that the gas evolution should be 
a minimum in order to prevent the gas 
from forming paths between existing 
voids and thereby hastening eventual 
breakdown. Whatever the particular 
requirements, it was considered impor¬ 
tant to know the gas evolution of various 
types of oils and the composition of the 
gases evolved. 

The amounts of gas evolved from ten 
hydrocarbons of known type molecular 
structure and from four commercial cable 
compotmds are shown graphically in 
figurCj 11. It is evident that the aromatic 
compound and unsaturated compounds of 
other types of molecular structure gave 
off smaller amounts of gas than did the 
saturated compotmds. It is also evident 
that of the four cable compounds, those 
of paraffinic base gave off more gas than 
did those of naphthenic base, and that 
’ the more highly refined oils gave off more 
gas than ffid the less refined oils. In 

Figure 10. Bombardment-current versus tlme- 
of-bombardmerit characteristics of ten hydro¬ 
carbons of known type molecular structure 

Letters A to J refer to designation of com¬ 
pounds (table 11) 
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Figure 11. Gas 
evolved during bom¬ 
bardment of ten 
hydrocarbons of 
known type molecu¬ 
lar structure and 
four cable com¬ 
pounds 

Bombardment of four 
hours at 15 kv, 60 
cycles. Letters refer 
to designation of 
compounds (table ll) 


this connection, it should be mentioned 
that the degree of refining is also an 
indication of the degree of saturation, 
since the refining process tends to elimi¬ 
nate unsaturates. Similar results were ob¬ 
tained by Schoepfle and Connell^ and by 
Schoepfle and Fellows^^ by using cathode- 
auy bombardment, and more recently by 
Nederbragt^® and by Berberich^® by 
means of corona discharge. 

The compositions of the evolved gases 
were determined by means of a method 
described by Fleiger.^^ The results are 
shown grapMcally in figure 12. It can be 
seen that the gas as removed from the test 
cell contained sizeable percentages of 
gases which condensed at —80 degrees 


The hydrophil test as described by 
Wyatt, Spring, and Fellows^® was used 
for this purpose. Results of hydrophil 
determinations made during the tests 
on the ten hydrocarbons of known type 
molecular structure are given in table 
IV, and it is evident from the results that 
there were no significant increases in 
hydrophil content. It should be pointed 
out, in fact, that decreases in hydrophil 
content were observed for two of the 
compounds tested. 

Viscosity 

The viscosity of an oil is another char¬ 
acteristic which is of importance in the 
manufacture of cables. It was expected 


that this characteristic would be affected 
by corona discharge and measurements 
of viscosity were made in the case of a 
few representative compounds. The re¬ 
sults are shown in parts .4 to / of figure 
13; the two curves of each part represent 
viscosity-temperature characteristics be¬ 
fore and after bombardment. It is 
quite evident that there are three groups 
of compounds with respect to the magni¬ 
tude of the viscosities. In the lowest 
viscosity group are hexadecane (i4), 
hexadecene (B), decalin (G), alpha- 
methylnaphthalene (i), and tetralin (7). 
In the medium viscosity group are the 
unsaturated and the hydrogenated oils 
number 4530 (E) and number 4530a (C), 
and also the turpentine polymer (H), 
In the highest viscosity group are the 
unsaturated and the hydrogenated oils 
number 4555 (F) and number 4555a (B). 
It is of interest to note that despite these 
differences in viscosity, nearly all com¬ 
pounds suffered a substantial increase in 
viscosity when subjected to corona dis¬ 
charge. The only exceptions were hexa¬ 
decane (.4) and decalin (G), Increases 
in viscosity were also obtained in the 
tests in which cable compounds were used. 

Miscellaneous 

A number of determinations other than 
those already mentioned were made on 
some of the compounds, particularly on 
decalin. This compound was singled out 
because it was particularly suitable for 
certain tests, and because it was expected 
that most of the findings regarding 
changes in decalin with bombardment 
would be capable of generalization with 
respect to other pure hydrocarbons. 


centigrade and at —180 degrees centi¬ 
grade, respectively. The portion of the 
ga5 condensed at —80 degrees centi¬ 
grade could contain lighter hydrocarbons 
down to butane and possibly some traces 
of carbon dioxide; that portion con¬ 
densed at —180 degrees centigrade could 
contain, in addition to these, hydrocar¬ 
bons from propane to ethane. The gas 
not condensed at —180 degrees centigrade 
was found to contain maiijdy hydrogen, 

methane, some carbon monoxide and _ 

' Figure IS. Compo- 

somemtrogen. sitlon of gs,evolved 


Hydrophil Content 

In these bombardment studies, it was 
of utihbst^uripbrtance to prevent bxida- 


during bombardment 
of ten hydrocarbons 
of known type mo¬ 
lecular structure and 


tion of the samples, particularly during four cable corn* 
ijie bombardment period. In order to pounds 


detect whether air had leaked into the Borabardmentof four 
cell during a bombardment period, the at 15 kv/60 

tbtal oxidation products in a ^mple be- cycles. 
fore and after bqnib^dment were de- to designation ' of 

termined in practically ah te»t runs; compounds (table II) 
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Iodine-number determinations were 
made in order to investigate changes in 
the degree of saturation due to corona 
discharge* It was found that the iodine 
number of decalin increased considerably 
with bombardment. In the prdiminary 
tests of the studies conducted with cell 
1 on a cable compound and on pure liquid 
paraffin, it was observed tliat the iodine 
and sulphuric-acid tests indicated an 
increase in the content of unsaturated 
components as a result of corona dis¬ 
charge. 

Since it was foimd that the bombarded 
hydrocarbons contained small amounts of 
compounds of high boiling points, and 
since the viscosity of the samples in¬ 
creased due to corona discharge, attempts 
were made to determine the molecular 
weight of these larger molecular aggre¬ 
gates. In the case of decalin, vacuum 
distillation at room temperature and at 
100 degrees centigrade, and selective 
solvation were resorted to. It was found 
tliat nearly all of the sample distilled at 


Table IV. Hydrophil Values of Various 
Hydrocarbons Before and After Bombard¬ 
ment 



Par Cent Hydrophite 


Before 

Bombard¬ 

ment 

After 

Bombard¬ 

ment 


...0.006 

0.031 

Hexadecene (B). 

4530 (hydrogenated) (O. 
4565 (hydrogenated) (B). 

{if\ . 

,...0.033.. 
...2.0 .. 

_0.005.. 

.. 

...0.20 

...0.96 

...0.021 

...1.9 

iw\ . 

_0.11 .. 

...0.14 


_0.002.. 

...0.026 

Turpentine polymer ( E) .0.16... 

Alpha-mcthylnaphthalene (i)..0.000... 

Tetralin </). 2*512 * 

Liquid paraffin (K).0.007.. 

...0.17 

...0.036 

...0.026 

...0.16 
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Rjure 13. Viscosity-temperature character¬ 
istics of ten hydrocarbons of known type 
molecular structure 

1— Before bombardment 

2— ^After bombardment at 15 IcV/ 60 cycles^ for 

Four hours 

Letters A to J refer to designation of com¬ 
pounds (table II) 


room temperature in a good vacuum; 
this material was composed primarily of 
decalin (molecular weight 138), but also 
contained some unsaturated products. 
The part of the residue which distilled 
at 100 degrees centigrade had an average 
molecular weight of 198. The inaterial 
remaining after this distillation was a 
viscous amber oil of an average molecular 
weight of 429. It is probable, however, 
that this residue consisted of a series of 
poly mft rft of different molecular weights. 
A portion of this residue was dissolved in 
benzene and precipitated with isopropyl 
alcohol. After several such treatoents, 
a white powder was obtained which had 
an average molecular weight of 1,600. 
Although it is probable that some of the 
residue is of a still higher order of poly¬ 
merization, it is noteworthy that most of 
the polymerized product which is formed 
from decalin by bombardment and whi(± 
seems to be responsible for the increase in 
power factor of decalin with bombard¬ 
ment is of so relatively low an order of 

pol 3 rmerization. 

Discussion 

Some of the characteristics of the oil 
samples which have been investigated 
are closely interrelated. An example of 
this is found in the effect of viscosity on 


the variation of power factor and conduce 
tivity of oils at different temperatures, 
and this effect cannot be ignored when oils 
of different viscosities are being compared. 

It is generally recognized that both power 
factor and conductivity depend not only 
on the number of ions present, but also on 
their mobility, which in turn is affected 
by the viscosity of the sample. In 
figure 14 are ^own power factor-kine¬ 
matic viscosity characteristics of a num¬ 
ber of samples before and after bombard¬ 
ment. It can he seen that in most cases 
these characteristics are neariy straight 
lines. With very few exceptions, the 
dope (power factor to viscoaty) of th^ 
lines is in the neighborhood of —1, in¬ 
dicating that the power factor values are 
nearly inversely proportional to the hhic* 
matic viscosity; that is, the change in 
power factor with temperature can be 
practically accounted for by the cor¬ 
responding change in viscosity. 

Having thus added to the power factor- 
temperature characteristics the more 
fundamental relation of pow» factor 
versus viscosity, a better criterion is 
available for comparing various oils with 
regard to their ability to withstand 
corona bombardment as judged by power 
factor change. It can now be seen that 
a group of six oils, namely, hydrogenated 
oil number 4530a (C,), liquid parafBn 
oil number 4530 (JE.), oil number 
4555 (fi'i). turpentine polymer (Hi), and 
the hydrogenated oil number 4555a 
(Pi) rate nearly the same before bom¬ 
bardment. After bombardment, how¬ 
ever, the turpentine pol 3 mia: (Hj) and 
the ofi number 4630 (Es) are considetably 
better than the temainii^ four oils of 
the group motioned. Sunilar attempts 
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to compare properties of various oils 
independent of the temperature were 
discussed in a paper by Whitehead^® in 
’ which he suggested the use of the product 
of viscosity and conductivity as a measure 
of the purity of an oil, since this product 
can be considered a measure of the free 
ions present. 

It can be assumed that viscosity in 
connection with surface tension has^ a 
decided influence on the bombardment 
current and the gas evolution of an oil 
under corona discharge, by affecting the 
size and number of gas bubbles in the oil 
in which the bombardment takes place. 
It is also recognized that the molecular 
structure of the hydrocarbon has a con¬ 
siderable influence on the amount of gas 
evolved- Discussing the generation and 
absorption of gas in insulating oils under 
the influence of an electric discharge, 
Nederbragt^® suggested the addition of 
ten per cent or less bf aromatics to cable 


Figure 14. Power factor-viscosity characteris¬ 
tics of iiquid paraffin and ten hydrocarbons of 
known type molecular structure 

1— Before bombardment 

2— ^After bombardment at 15 kv, 60 cycles, for 

four hours 

Letters A to K refer to designation of com¬ 
pounds (table li) 


oils in order to decrease their gas-pro¬ 
ducing tendency. In view of the results 
of the present studies it appears impor¬ 
tant, however, to ascertain to what extent 
this addition affects the other character¬ 
istics of the oil in rdation to corona dis¬ 
charge. It would be of importance, for 
instance, to know the effect of this ad¬ 
mixture on the power factor change of the 
oil with bombardment. 

Under the influence of corona dis- 
diarge, a great number of reactions take 
place in a hydrocarbon oil, the reaction 


products ranging from gases to liquids 
and solids. Similar observations were 
made by Lind and Glodder,*® Harkins 
and Gans,®^ Austin and Black,®* Sommer- 
man,*® and others. It appears from the 
present studies that some reaction prod¬ 
ucts are changing continually during 
bombardment and even for some time 
after the sample has been exposed to 
corona discharge, depending largely on 
the molecular structure of the oils. This 
fact, probably more than anything dse, 
seems to be responsible for an occasional 
lack of reproducibility of results ob¬ 
served in these corona-discharge studies. 

Summary 

1‘. A test cell suitable for use in bombard¬ 
ment studies on oils was developed. 

2. Pure liquid paraffin, various cable oils, 
and ten hydrocarbons of known type mo¬ 
lecular structure were studied, and it was 
found that a number of their characteristics 
are changed by corona discharge. 

3. The power factor of all samples in¬ 
creased with bombardment. 

4. The one-minute d-c conductivity of 
bombarded samples was in most instances 
considerably lower than the a-c conductivity 
calculated from power-factor values. 

6. Application of d-c potential to bom¬ 
barded decalin for extended periods showed 
that the power factor and conductivity of 
the samples were thereby decreased con¬ 
siderably, the improvement being main- 
t^ed only during and shortly after applica¬ 
tion of the potential. 

6. The material responsible for the changes 
in power factor and conductivity, and pro¬ 
duced during the bombardment, constitutes 
an extremely small portion of the bom¬ 
barded oil. It consists of material which 
remains as residue during distillation of the 
bombarded oils at the temperatures and 
pressures used in these studies. 

7. Currents resulting from application of 
identical a-c bombardment voltages to the 
cell were widely different for the various oils. 

8. The gas evolution of the various oils 
under bombardment was widely different, 
generally more gas being obtained from the 
saturated than from the unsaturated com¬ 
pounds. 

9. In practically all cases an increase in 
viscosity resulted from the bombardment 
of the oils. 
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Discussion 

L. J. Berberich (Westinghoase Electric and 
Manufaettuing Company, East Kttsburgh, 
Pa.): As the authdrs have pointed out, 
cable engineers have recognized for some 
20 years that corona discharge in cable 
voids affects oil-impregnated paper insula¬ 
tion. However, except for the formation of 
a waxy product which came to be known as 
**X wax'* or ^'cable cheese,** the nature of 
the reaction was not at all understood for a 
considerable length of time. It remained 
for the chemists, and loj^cally so because 
is largely a dbemical problem, to threw 
important light on the behavior of hydfo- 
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carbons when subjected to gaseous electric 
discharge. The paper by Schoepfle and 
Connell published in 1929 (reference 7 of 
the paper) was the first, I believe, to show 
conclusivdy that the saturated highly re¬ 
fined petroleum oils are more strongly af¬ 
fected by cathode rays as well as corona 
discharge than the lightly refined, un¬ 
saturated oils. This has been of great 
practical significance and was in general 
agreement with the results of an investiga¬ 
tion on a series of pure hydrocarbons 
given in a companion paper (Schoepfle and 
Fellows, Indttslrial and Engineering Chemis-^ 
try, volume 23, 1931). Apparently these 
two papers inspired much of the work that 
followed. 

More recently, Nederbragt (reference 16) 
and I (reference 16), working independently, 
have found that the addition of aromatic 
compounds to cable oils resulted in marked 
lowering of tbe gas evolution. Before the 
present paper appeared, the origin of the 
increase in power factor and dielectric lo^ in 
bombarded oils was completely obscure. 
The authors have presented excdlent evi¬ 
dence that the loss is caused by the high- 
molecular-weight polymerization products 
formed. This and the demonstration that 
these products are charged represent an 
important addition to our knowledge of this 
phenomenon. 

Most of the investigators of this problem 
have used the volume of gas evolved as 
criterion of stability. The authors have 
used this as well as power factor d^ge. 
There seems to be only a very approximate 
relationship between them. An important 
exception is found in alpha-methylnaphtha- 
lene which gave off the least gas yet showed 
a significant increase in power factor. I have 
observed in my work in a qualitative way 
that aromatic compounds, of which fidpha- 
methylnaphthalene is an example, give off 
little gas, but may produce considerable 
quantities of high-molecular-weight prod¬ 
ucts. Since the high-molecular-weight prod¬ 
ucts have been shown to be the cause of the 
power factor increase, perhaps this is the 
reason why aromatic compounds do not ap¬ 
pear to be very stable from the power-factor 
standpoint. I would appreciate the com¬ 
ments of the authors upon this point and 
would like to ask if any of the solid products 
isolated from a bombarded compound were 
added to an unbombarded oil or compound 
in order to determine the effect on power 
factor. . . .. 

The statement in the paper that viscosity 
in connection with surface tension influences 
the gas evolution is in agreement with my 
experience. The action of the discharge 
can take place only at the gas-oil interface. 
Viscosity and surface tension determine the 
size of the bubbles formed and hence the 
area of the effective corona. For this rea¬ 
son it is difficult to compare materials of 
widely different viscosities.. The surfac^ 
tension variations are usually small. This 
work perhaps would have been more valu¬ 
able if compounds and oils of the same vis¬ 
cosity had been chosen. The difficulty in 
doing this, however, is appreciated. 


Charles F* Hill (Westinghouse Electric and 
Manufacturing Coinpany, East Pittsburgh, 
Pa.); A rather interesting phase of the re¬ 
sults reported by Sticher and Thomas is 
found in table III and involves the ratios 


of a-c to d-c conductivities as affected by 
bombardment of oil. High initial ratios 
decrease appreciably while low ratios in¬ 
crease with bombardment. In most ^es 
the conductivities increased appreciably 
but one case involves no change in conduc¬ 
tivity (number 111 oil) and in the last case 
of the table for number 113 oil, the d-c 
conductivity decreased by ten times. It 
would appear that these data indicate pos¬ 
sibilities of investigating the nature of the 
electric carriers; that is, are they polar or 
electrolytic, etc. It occurs to me that the 
d-c carriers might be isolated by electrical 
conduction through porous membranes. 


Herman Halperin (Commonwealth Edison 
Company, Chicago, Ill.): This paper refers 
to the effects of corona discharge such as 
takes place frequently in solid-tirpe high- 
voltage cables. The measure of this dis¬ 
charge is known as ionization factor, that 
is, the increase in power factor in going 
from a given low stress to a given high 
stress, the latter being considerably above 
the operating stresses. In some accelerated 
aging tests in Chicago on three-conductor 
13-kv belted-type cable it was found for 
some cables that, whereas the ionization 
factor at room temperature after the cable 
had been heated to 100 or 115 depees centi¬ 
grade was 0.010 or 0.015, the ionization fac¬ 
tor after several subsequent heating cycles 
to a more normal value, that is, 60 degrees 
centigrade, was less than 0.006 in many 
cases. In other words, the distribution of 
compound seemed to change, with the result 
that there was considerable recuperation. 

When it became advisable in this coun^ 
about 18 years ago to change from rosin- 
impregnated cables to cables impregnated 
with lower-loss compounds, in many cases 
the utilities did not have to wait long to 
learn the quality of the cable because there 
were frequent failures. Examination of 
these failures showed some -wax formation 
and other signs of deterioration in many 
cases. Since that time the quality of cable 
insulation has improved very greatly. In 
the case of cable made, however, between 
1926 and 1930 we have found wax formation, 
and sometimes carbonization, in ^ble re¬ 
moved from normal service. This cable, 
however, has had an extremely low rate of 
failures attributable to the quality of the 
insulation. The question then arises: What 
is the life and reliability in service to be for 
such cable made in the past 12 years where 
some deterioration has already developed? 

It is interesting to note that the so-<^ed 
cable compound performed outstandingly 
well in the bombardment tests. 

Figure 12 indicates that in some cases 
five or ten per cent of the gas is carbon 
monoxide. In view of the precautions 
taken by the authors to prevent the pres¬ 
ence of oxygen in their t^t apparatus, the 
presence of carbon monoxide is inexplicable. 


F. M. Clark (General Electric Company, 
Pittsfield, Mass.): The paper by Sticher 
and Thomas is to be welcomed as demon¬ 
strating once more the great dependence of 
dielectric eUgmeering on the molecular and 
cheinical phmomena. One can no more 
sp«ak of the dielectric pr«q)erties of liquid 
inridation without dearly desmbing the 
fundaniental cheniical characteristics of 
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the liquid under discussion. In this re¬ 
spect it is unfortunate that a dear^ de¬ 
scription of the cable compounds used in the 
paper is not given. The reference to Doctor 
Whitehead's work helps but little for the 
compounds are not dearly described in the 
reference. Aside from the viscosity, and 
the other oil properties usually given, such 
as flash, fire, and pour points, the oils are 
merely described as highly refined or re¬ 
fined paraffin, naphthenic, or paraffin blend 
oil. In view of the loose usage of these 
terms during the past few years, this ter¬ 
minology yidds but little information. 
Whitehead, however, does dearly define 
the oils involved as specially prepared for 
the work described and not identical with 
the oils used in commerdal cable operation. 
The high pour-point values for the thin low- 
viscosity cable oils given by Whitehead 
(oils number 111 and number 113) dearly 
indicate a fundamental difference between 
those oils and those generally used com¬ 
mercially. 

The work in my own laboratory is in 
general agreement with the results of the 
present paper, as are the generally accepted 
ideas of the art. Bombardment of satu¬ 
rated paraffinic hydrocarbons evolves more 
gas than the bombardment of the aromatic 
and unsaturated hydrocarbons. The more 
volatile constituents of the bombarded 
material are characterized by better power 
factor properties than the nonvolatile resi¬ 
due. In most instances with which I am 
acquainted the effect is chiefly a pyrogenous 
decomposition. The more volatile com¬ 
ponents of the bombarded material are the 
saturated hydrocarbons of good didectric 
properties. The less volatile or nonvola¬ 
tile are the cracked and polymerized resi¬ 
dues. Tests with which I am acquainted 
tend to indicate that the final product of 
the bombardment, the X wax, is of good 
didectric properties. It is the intermediate 
series of products in various stages of poly¬ 
merization, especially of unsaturation, which 
contribute to the higher didectric losses re¬ 
ported by the authors. 

It must be remembered that except in a 
very general sense, there is no one chemical 
description that applies to the pyrolysis of 
organic compounds as varying in structure 
as those of this paper. In a general sense, 
the pyrolysis products are unsaturated 
and tend toward a deeper color than that 
of the parent molecule. This deepening in 
color normally is associated with changes 
in the structure of the hydrocarbons present 
which also are accompanied by higher di¬ 
dectric loss. The authors do not describe 
color changes but presumably they were 
present with an eflfident and decomposition- 
free distillation of the bombarded product, 
my own experience has been that the color- 
producing molecules accumulate in the still 
residue and contribute to its higher didectric 
losses as compared to the colorless distillate. 

I request from the authors a statement as to 
the color of their bombarded products and 
ask whether any refining or decolorization 
treatment was applied to remove these 
colored products. If so, what effect on the 
viscosity and dielectric loss was observed 
by this decolorization or refining treatment? 

The relation between viscosity and power 
factor as described in figure 14 is of interest 
and doubtless of significance within a single 
chemical class of pure organic compounds. 
The danger lies possibly in the effort to ex^ 


tend such an observation to include all 
classes of hydrocarbons and hydrocarbon 
derivatives. Such a step must be made 
with exceedingly great care. 

The authors have indicated that the 
greatest amount of gas comes from the 
bombardment of saturated hydrocarbons. 
Whether this is desirable or undesirable 
may be a debatable question, as pointed 
out by the authors, but it is true neverthe¬ 
less that the saturated water-repelling 
hydrocarbons are in practical experience 
generally looked upon as being more danger¬ 
ous or at least more difficult to handle suc¬ 
cessfully than the cyclic type of hydrocar¬ 
bon. But the authors show that in general 
the cyclic type of hydrocarbon tends to 
give ^e higher dielectric loss in the bom¬ 
barded sample. This is only a general 
observation, however, for from figure 7 it 
is to be observed that ^e turpentine pol 3 mier 
gives a power-factor characteristic of the 
same order as that observed for the hydro¬ 
carbons. This again brings out the im¬ 
portant fact that is repeatedly observed in 
chemico-dielectric studies, it is not safe to 
make broad generalizations at our present 
state of knowledge. The chemical struc¬ 
ture and peculiar chemical properties of 
individual compounds within the general 
classification usually are of an importance 
which cannot be ignored. 

It is true as clearly pointed out by the 
authors that oxidation effects appear to be 
eliminated from' the results of the present 
studies. However, bombardment effects 
produce products of a different chemical 
type from the parent substance. Aromatic 
and saturated molecules crack under bom¬ 
bardment and produce unsaturated com¬ 
pounds chiefly of the straight carbon ohflin 
type. Such compounds are easily suscep¬ 
tible to change in the dielectric field. Among 
such changes is a marked susceptibility to 
oxidation. The use of such products in 
continued commercial service constitutes 
a hazard which because of their concentra¬ 
tion in localized areas may equal the hazard 
generally associated with the use of an im¬ 
properly refined mineral oil. The degree 
of chemical unsaturation produced as a 
function of the molecular type bombarded 
and the chemical and dielectric stability of 
the bombarded products offer a fertile field 
for further investigation. 

The present paper is confined to a study 
of the behavior of insulating liquids under 
bombardment. It has always seemed to me 
that a problem of equal importance is the 
determination and comparison of the thresh¬ 
old point at which the gassing of ingulgLf i^ng 
liquids under voltage really begins. 

I ask whether the authors have made any 
attempt to determine the resistance of the 
various liquids to a chemical change under 
voltage which results in gas evolution lead¬ 
ing to the bombardment effects described in 
the paper. 


Hubert H. Race (General Electric Com¬ 
pany, Schenectady, N. Y.): First, it seems 
to me that the authors should be com¬ 
mended for the careful physical and chemi¬ 
cal techniques employed in work. 

Second, I should like to point out a physi¬ 
cal measurement which can be used to ar¬ 
range different liquids in order according 
to their chemical structure. This property 
is ''specific dispersion" and has the great 


advantage of being a quick and inexpensive 
measure of chemical structure in terms of 
differences in the proportion of aromatic 
ring and saturated compounds in a liquid 
hydrocarbon. The specific dispersions of 
five of the pure chemicals measured by 
Sticher and Thomas are given by Von 
Fuchs and Anderson {Industrial and En¬ 
gineering Chemistry, volume 29, 1937, page 


30] 


I- 

li 


20 


ii 


OIL! 


§ 

lij 

0 


ol 

40 























_ 












s. 


N 




fct 


'it 


roo 200 300 

, SPECIFIC DISPERSION , 
(VON FUCHS AND ANDERSON) 


Figure 1. Correlation between specific dis¬ 
persion and rate of gas evolution under corona 
bombardment 


319). For these materials I have plotted 
the correlation between rates of gas evolu¬ 
tion and specific dispersion as shown in 
figure 1. In general, liquids with higher 
specific dispersions show lower rates of gas 
evolution. Unpublished data on "stamp 
capacitor" life tests assembled by H. W. 
Bousman of our general engineering labora¬ 
tory indicate a similar correlation such 
that in general, liquids in the same vis¬ 
cosity range Imving higher specific dis¬ 
persions show longer life. It is also sig¬ 
nificant to point out that only one material 
{!) showed a lower rate of gas evolution than 
did oil (P), wWch is the nearest in structure 
to the oil which has had widest use in oil- 
filled cable in this country. 

It is suggested, therefore, that further 
studies along this line include measurements 
of "specific dispersion." 


Win. A. Del Mar (Phelps Dodge Copper 
Products Corporation, Yonkers, N. Y.): 
Our laboratories have been nnalring tests 
of oil stability with a modification of the 
bombardment cell described by G. W. 
Nederbragt in Journal lEE (London) 
volume 79, 1936, pages 282-90. 

The test is made by placing a sample of 
oil in an evacuated cell and producing, by 
means of a 60-cycle potential, a glow dis¬ 
charge in the gas remaining over the surface 
of the oil. The amount of gas evolved, the 
change in power factor, and the change in 
r^stivity are noted, the stability of the 
oil being gauged by these three characteris¬ 
tics. 

A dimensional drawing of the used 
for ^s test is shown in figure 2 of this dis¬ 
cussion. It consists of a glass cylinder 60 
millimeters external diameter and 260 
millimeters external length, with hemispheri¬ 
cal ^ds. The thickness of the glass is 1.6 
millimeters. It is equipped with external 
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electrodes in the form of tin-foil belts 
96 millimeters wide and 28 millimeters 
apart. A funnel and stopcock provide 
means for introducing a 20-gram sample of 
oil, A mercury manometer measures the 
gas evolution by indicating the change of 
pressure in the cell. Two such cells 
are used, in order that each oil may be 
tested, if desired, in comparison with some 
other oil. 

The electrical circuits are shown in 
figure 3 which shows two cells, each fed by 



Figure 2. Oil-stability test cell 



Figure 3. Electrical circuit of oil-stability test 
set 


a 16,000-volt 60-cycle gas-tube sign trans¬ 
former. A milliammeter is in each cell cir¬ 
cuit. An adjustable-ratio autotransformer 
is used to control the voltage fed to each 
step-up transformer, so as to enable eqtial 
currents to be passed through the two cells. 

A diagram of the oil-conditioning equip¬ 
ment is shown in figure 4. Oil is degasified 
in the cell by dropping slowly into a vacuum 
of less than 0.1 millimeter mercury from 


the funnel. The vacuum regulator is then 
set at an arbitrary value, usually 1 milli¬ 
meter and the oil left to '"condition” 
overnight at this pressure. Gas, usually 
CO 2 ; is admitted through an adjustable 
capillary leak and dried by passing through 
a P 20 » moisture trap. 

The following precautions have been 
found necessary to insure reproducible re¬ 
sults in comparing oils: 

1. The cells and their electrical equipment must 
be identical. 

2. Both the volume and surface area of the oil 
samples in the cells must be identical. 

3. The starting vacuum must be the same, 

4. Stopcock leakage must be carefully eliminated 
preferably by the use of a glycerin base lubricant, 
insoluble in oil. 

6. Milliammeters must be checked carefully be¬ 
fore each test The rectifier type of milliammeter 
does not retain its calibration in this service, due 
probably to high-frequency tranrients. Some help 
is obtained by shunting each ammeter permanently 
by a 0.5-microfarad capacitor and by employing a 
short-circuiting switch by means of which the nulli- 
ammeter may be kept out of circuit except when 
readings are being taken. Calibration may earily 
be made by means of a 100,000-ohm series resistor 
and a known alternating voltage. 

We have found that at 1.0 millimeter 
pressure approximately 12,000 volts are 
required to produce a current of 0.8 milh- 
ampere through the cell. Viscous oils 
(solid-t 3 rpe cable oils) seem to require about 
eight per cent lower voltage to maintain this 
current than the less viscous oils used in 
oil-filled cable. 

The test, carried out with the above pre¬ 
cautions, gives results which are reproduci¬ 
ble within about plus or minus five per cent. 
Blanks, that is, without voltage, show that 
no change of power factor, within the limits 
of accuracy of the Schering bridp, occurs 
as the result of transferring the oil between 
the Nederbragt bombardment cdl and the 
Berherich measuring cell. 

The cell used by Sticher and Thomas has 
the advantage of permitting continuous 
curves of gas evolution, power factor, and 
resistivity to be made, whereas the Neder¬ 
bragt cell is limited to continuous curves of 
gas evolution and merely "before and after” 
reading of power factor and resistivity. 

Some of the conclusions reached are as 
follows: 

1. This test produces two types of deterioration 
of oil. One type is evidenced by increase in gas 
pressure above the spedmen, believe^ to be caused 
by partial decomposition of the oil. The other 
type is evidenced by an increase in power factor and 
decrease in resistivity of the oil. These two t^es 
of deterioration do not necessarily go together. 
On the contrary, if we except blends containing 


certain grades of wood rosin, it is usual for oils hav¬ 
ing the better gassing characteristics to, have in¬ 
ferior power factor and reastivity characteristics, 
and vice versa. BSghly refined water-white oil 
was poor by both criteria. 

2. Oils of high viscosity (solid-type cable oils), in 
general, showed greatest deterioration by gasring. 
Oils of low viscosity (dl-filled-cable dls) produced 
less gas but showed greater power factor and re¬ 
sistivity changes. 

8. We confirm Nederbragt’s results on the value 
of added aromatics in redudng gas evolution, but 
find the practical application difficult. 



PER CENT ROSIN IN MIXTURE 


Figure 5. Oil-sUibillty tetts-gassing under 
glow discharge 

Run of 1,400 minutes 

Temperature = 30 degrees centigrade 

Initial pressure = 1.0 millimeter of carbon 
dioxide 

Sixty-cycle current = 0.80 milliampere 


4. The substitution of COt for air as the medium in 
the discharge cell has little or no effect on the results, 

5. ^scous oils as used in the solid-type cables are 
intermediate in gassing between water-white oil 
and dl-filled-cable oil. 

6. Power factor increases occur without increase 
of hydrophil number. 

7. There is little difference in gasring stability 
between rorin-free paraffin base and rosin-free 
naphthene base oils, as used in solid-type cables. 

8. Wood roritt added to paraffin base oil adds 
greatly to the gasring stability, as shown in figure 5 
of this discussion. 

9. The effect of wood rosin on power factor sta¬ 
bility is less easy to evaluate because there are four 
effects to conrider, as follows: 

(a). Effect of wood rosin on magnitude of power 
factor. 

(5). Effect of wood rosin on power-factor tempera¬ 
ture relation. 



(c) . Effect of wood rosin on each of above after 
bombardment in the Nederbragt cdl. 

(d) . Effect of degree of type or purity of wood rosin 

on each of above three. . . , . 

It is impossible in the space of this dis¬ 
cussion to report each of these four items, 
except in the briefest way. 

In’ general, wood rosin increases oil power 
factor, but whereas in some grad^ the ef¬ 
fect is very great, in others it is almost 
negligible. 

Borne grades of rosin increase and some 
decrease the rise of power factor with tem¬ 
perature. 

Rgurc 4. Vacuum Some grades of rosin increase and some 
$yitemo(oil-slability decrease the effect of bombardmeat on 

test set power factor. 
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The test has been exceedingly useful in 
enabling improved grades of rosin to be 
selected. 

We hope to be able to give more specific 
details of the various rosins at some later 
date. Acknowledgments are due to J. H. 
Palmer and E. T. Merrell for their assistance 
in the preparation of this material. 


Joseph Sticher and D. E. P. Thomas: The 
authors are grateful to the discussers for the 
interest which they have shown in thia 
pap^, and the various questions and sug¬ 
gestions are genuinely appreciated. 

It is perhaps best in this closure to begin 
with the questions regarding the evolution 
of gas by oils under corona discharge. The 
findings of Nederbragt and of Berberich re¬ 
garding the marked lowering of gas evolu¬ 
tion under corona bombardment resulting 
from addition of aromatic compounds to 
cable oils, referred to by Doctor Berberich, 
are in support of similar findings reported 
by The Detroit Edison Company in 1929.^ 
It was pointed out at that time that a 
method of controlling the quantity of gas 
liberated within cables in which gaseous 
electric discharge can occur suggested itself 
from results of experiments which showed 
that a mixture of parafiSns and aromatics 
under bombardment does not liberate as 
much gas as would be released by the paraf¬ 
fins alone. 


Peg^ding the relationship between power 
factor increase and gas evolution of oils un¬ 
der corona bombardment which was touched 
upon by Doctor Berberich, it can be stated 
^at a review of the information available 
in our files did not reveal such a relationship. 
This statement is essentially in agreement 
with the conclusion drawn by Doctor 
Berberich. 

The question by Mr. Halperin regarding 
the presence, in some cases, of five or ten 
p^ cent of carbon monoxide in the gas ob¬ 
tained from bombardment, as shown by 
figure 12, is very much appreciated since 
it provides an opportunity to include here a 
bit of information which might well have 
been given in the paper. It will be noted, 
by referring to figure 11, that in all cases 
in which the reported percentage of carbon 
monoxide was large, the total amounts of 
gases evolved were relatively small. 

It should be explained that there is a 
possibiHty that the extremely smaU amount 
of gas reported to be carbon monoxide may 
have been largely hydrogen which was not 
removed by the palladium tube diffusion 
method used to determine the amount of 
hydro^ in the gas sample. In the gas 
analysis method used in these tests and de- 
s^bed fuUy in reference 17 of the paper, 
the gas which is not removed by the pal- 
ladium tube is subsequently passed into a 


Meyer, and Connell, Minute# of the 
Meeting of the Association of 
Bdison lUununattng Companies, 1929, page 464. 


quartz tube containing cupric oxide at 
260 degrees centigrade. This step in the 
procedure determines the amount of car¬ 
bon monoxide in the gas sample. It is 
apparent that any traces of hydrogen not 
removed by the palladium tube will be 
burned in the cupric-oxide tube at 260 de¬ 
grees centigrade and will be reported as 
carbon monoxide. It will be appreciated 
that in analyses of very small gas samples a 
considerable percentage error is usually en- 
cotmtered. 

The correlation between specific disper¬ 
sion and rate of gas evolution under corona 
bombardment which is shown in figime 1 
of the discussion by Doctor Race is ex¬ 
tremely interesting. It would seem that, 
if this correlation could be substantiated by 
a great number of results from bombard¬ 
ment tests on pure hydrocarbons, such a 
relation should prove very helpful in the 
selection of oils for use in the manufacture 
of oil-impregnated paper-insulated cables. 

The tests of oil stability which Mr. Del 
Mar reported are of considerable interest, 
pai^cularly those in which the effects of 
rosin, added to oils, are discussed. With 
regard to bombarded oils, we have found 
that they exhibit an increased affinity for 
oxygen, and for this reason, as well as to 
prevent other possibilities of contamination, 
we considered it important in our tests to 
transfer test samples from the bombard¬ 
ment chamber to the power-factor cell, and 
vice versa, under vacuum. As a further 
precaution against possible contamination 
we refrained from the use of a mercury 
manometer on the bombardment chamber. 

A number of the questions raised in the 
discission were concerned with the material 
of higher molecular weight formed under 
corona discharge of oils and with the nature 
of the increased dielectric loss. A consider¬ 
able amount of experimental work on this 
phase of the problem has been conducted by 
The Detroit Edison Company. The inclu¬ 
sion of the results of that work was con¬ 
sidered as being beyond the scope of the 
present paper; these results were therefore 
scheduled to be the subject of a separate 
paper in the near future. The questions 
which have been raised, however, can best 
be answered as follows. 

In a numb^ of cases, bombarded oils 
were di^illed in order to concentrate the 
polymerized materials. In answer to Doc¬ 
tor Clark's question regarding color changes, 
it can be stated that in the cases in which 
water-white oils had been bombarded, the 
bombarded oils exhibited a more or less 
yellow tinge. Upon distillation, the dis¬ 
rate w^ again water white and the resi¬ 
due exhibited in some cases a dark amber 
color. In all cases, the distillate had ap¬ 
proximately the same power factor as the 
oil before bombardment. Visebsity deter- 
nunations were not made on the distillates 
mom bombarded oils. Indications were, 
however, that in other respects this distillate 


was closely the same as the material before 
test, and it can be expected that this is also 
true for the viscosity. 

The solid products (white powder) iso¬ 
lated from a bombarded compound, which 
Doctor Berberich inquired about, were 
added to unbombarded compound of the 
same kind from which the solid material 
was obtained. It was found that a very 
pronounced increase of power factor values 
resulted from this addition. While tests 
of this nature were not made on aromatic 
compounds, there seems to be good reason 
to concur in Doctor Berberich's suspicion 
that high-molecular-weight products are re¬ 
sponsible for the apparent instability of 
aromatic compounds from the power-factor 
standpoint. 

The problem of determining the nature 
of the material responsible for the increased 
dielectric loss of bombarded hydrocarbons 
has been attacked from various angles. 
This included a number of d-c experiments. 
The use of porous membranes, as suggested 
by Doctor Hill, should prove of value in at¬ 
tempts to reduce the number of possible 
explanations for the behavior of the bom¬ 
barded liquids. 

The question raised by Mr. Halperin re- 
^rtog the life expectancy and the re¬ 
liability in service of cable in which some 
deterioration has already developed is of 
considerable interest. A definite answer to 
that question is of course impossible, but the 
qu^tion does lead to an interesting specu¬ 
lation, particularly in view of Mr. Hal- 
perin's statement that the cable has had an 
extremely low rate of failures attributable to 
the quality of the insulation, in spite of some 
carbonization and of wax formation. This 
speculation can best be explained in the 
following manner. 

Wax in cables, resulting from ionization, 
is g^erally viewed with alarm, but this is 
possibly not the right attitude to take. 
Perhaps wax may be desirable, as it may be 
looked upon as the result of a natmal self- 
defense of a cable against ionization occur¬ 
ring or continuing within the cable. If 
wax is readily formed, a protective coating 
will be produced over all surfaces of the 
voids in a short time. This coating de¬ 
creases the volume of the voids, and with 
subsequent loading cycles additional poly¬ 
merization products will be formed which 
add to the amount of wax in the voids. 

In this manner, ionization and resulting 
waxing can eventually lead to a reduced size 
of the affected voids which will not allow 
any further ionization to occur. Whether 
or not a cable can save itself in this manner 
from the ravages of internal ionization may 
be expected to depend essentially on what 
might bt called “waxing ability” of the im¬ 
pregnating compound. If this waxing 
ability is low, the insulation might break 
down before sufficient wax can be formed to 
adequately reduce the size of the affected 
voids. 
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Sensitivity oF the Four-Arm Bridge 


unbalanced voltage e' produced by unit 
potential across the bridge or 

ZlZi — ^ 22^4 


A. C. SELETZKy 

MEMBER AIEE 
Deceased) 


T he rapid increase in the use of a-c 
bridges for the measurement of 
electrical and nonelectrical quantities 
desirable a critical analysis of tbe 
performance characteristics of various 
types of bridge structures. The litera¬ 
ture is replete with descriptions of multi¬ 
tudinous bridges and there is a great mass 
of analytical treatment and experimental 
data available concerning bridges de¬ 
signed for special purposes. The selec¬ 
tion of a particular type of bridge is 
dictated by many conditions, the more 
important of which are: 

(a). Sensitivity requirements 
(&). Accuracy requirements 

(c). Magnitude and characteristics of quan¬ 
tity to be measured 

(d). Voltage and current requirements 

(e). Frequency 

(/). Availability of bridge components 

Cases frequently arise when the last 
three considerations offer no obstacles 
and the selection of the bridge on the 
basis of the first three considerations is 
far from apparent. This is also true in 
the d^ign of the so-called “universal” 
bridges which are employed for the meas¬ 
urement of several quantities oyer a 
wide range of values. Hence, it is rec¬ 
ognized that different quantiti^ and 
different ranges are most expeditiously 
measured by different bridges, and switch¬ 
ing arrangements are incorporated for 
the transition from one type to another. 
An important question requiring a defi¬ 
nite answer in this connection is, at 
what value of the unknown shall one 
type of bridge be switched into another 
type? This often involves considerable 
computation over a wide range of valu^ 
and ratios before a satisfactory solution is 
obtained. A typical example of the 
amount of work necessary for a bridge 
design was presented to the Institute by 
Edwards and Herrington.^ 


Paper numlBer 39-23, recommended by the AIB£ 
committee on instruments and measurenwnts, and 
presented at the AIEE winter convenUon. New 
York, N. Y., January 23-27. 1989. Uwv^pt 
submitted October 19, 1988; made available for 
preprinting December 14, 193$. 

A. C. Sblbtzicy was associate professor of ^<^cal 
engineering at Case School of Appli^ 
Clmland, Ohio, at the time of hts death, May 11, 
1088; L. A. Zuhchbe is instructor m electricai 
engineering at the University of Kansas, Lawrence. 

1, For all numbered references, see list at end of 
paper. 
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ASSCXIATE AIEE 

The paucity of material treating sensi¬ 
tivity as related to the kind and magni¬ 
tude of quantity being measured is sur¬ 
prising. Fischer®’* has given a general 
treatment of the problem, but his results 
are not in a form conducive to convenient 
comparison of various types of bridges. 
The sensitivity studies of Schering* apply 
only to the Schering bridge. Several 
years ago the first of the authors* pre¬ 
sented a method whereby the locus of 
potential difference across the galva¬ 
nometer terminals could be conveniently 
plotted in the form of a circle or in more 
complicated cases as the sum of several 
circles. A subsequent publication* dem¬ 
onstrated the applicability of the same 
method to the determination of galva¬ 
nometer current. 

The present paper treats the general 
problem of the unbalanced voltage ap¬ 
pearing across the galvanometer terminals 
of any four-arm network as a function of 
the impedances of the arms in such a way 
as to show directly the effect of a slight 
cdiange off the balance point for any of 
the bridge arms. The determination of 
sensitivity in connection with the open- 
circuit potential difference across the 
galvanometer terminals will be considered 
in this presentation. This problem is of 
greater interest than that of galva¬ 
nometer current in view of the wide appli¬ 
cation of amplifiers operating into null 
detectors. Furthermore, the addition of 
a fifth arm involving galvanometer im¬ 
pedance brings in another variable which 
has no inherent rdationship to the bridge 
structure and to a certain extent com¬ 
plicates comparison of various types of 
bridges. 

General Four-Arm Bridge 

The general structure of a four-arm 
bridge network is given in figure 1. The 
impedance arms, Zi, Z 2 , Zs, Z 4 , are as¬ 
sumed to be Hnear and bilateral. No 
mutual reactions between arms are con¬ 
sidered to exist The appHed voltage E 
to the bridge is assumed to be constant 
The unbalanced voltage across the gal¬ 
vanometer terminals is e; this voltage is 
given by: 

ZlZl - Z2Z4 


e 

E 


(Zi + Z 2 )(Z, + Z4) 


( 2 ) 


The sensitivity of a bridge structure 
with reference to any particular arm is the 
unbalanced voltage produced across the 
galvanometer terminals when the balanc¬ 
ing arm is altered slightly from the true 
balance position. Any arm may be 
chosen as the balancing arm, say Za. 



Let Zs be the correct value of this arm for 
balance, and let it diange by a small 
amount to Zz 4* ^^8* The change in the 
denominator on accoimt of a slight varia¬ 
tion of Zz is negligible because it enters as 
a small part of a sum. Hence: 


ZvdZz 


(Zi -h Z 2 )(Zs + Z4) 


( 3 ) 


For a fair comparison of sensitivity of 
various bridges the slight unbalance in 
Zz should be expressed as a fraction of Zj. 
Let this fractional change be denoted by 


Zz 


(4) 


To render the equation more tractable 
let the complex ratio of Zi to Z 2 be A. 

A - ^ (5) 

^ Z 2 

Then at balance; 

^ A 

Zi Zt 

Introducing these substitutions the un¬ 
balanced voltage is: 


e' ■■ 


(y) 


, . __ (I) 

(Zi -b Z,)(Zi -i" Zi) 

It is more convenient to deal with the 
Sektgky, Zurcher— Four-Arm Bridie 


(1 + AY 

The convenience of this expression lies 
in the fact that it consists of two in¬ 
dependent factors. The first factor 
A/iX + A)* may be called the “bridge 
factor” in that it depends on the type of 
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0.25 



Figure 2. Magni¬ 
tude of bridse factor 

Curve of >4/(1 H-/1)® 
for ^ = 0 degrees 
A - Z,/Zj = \A\ /e 


bridge being used and is independent of 
the variable arm Zj. The second factor 
is independent of the type of bridge and 
merely represents the fractional change 
produced in the impedance arm Z» when 
some portion of thst aim is varied by a 
slight amount from the balance position. 
Thus, if the values of the function 
A/a + A)* are available over a sufficient 
range, likewise those for a', the deter¬ 
mination of the unbalanced voltage across 
any four-arm bridge is accomplished by 
liking up the values of these two func¬ 
tions and taking their product. 


The Function <r' 


occurs when ^ 0, Q = 0; where the 

impedance is a pure resistance. 

Likewise, the form for <r' in each case 
where the reactive component is varied is: 



<r*sm ^ /90® —a 


(9) 


Here the maximum value of cr' occurs 
when ^ « rfs 90 degrees, 0 - ®, where 
the impedance is a pure reactance. 

Obviously, the maximum value of o*' 
occurs where the direction of the change 
in impedance coincides with the imped¬ 
ance vector and this can only occur for 


pure reactance and for pure resistance 
arms. Inasmuch as the fractional upset 
off balance <r in the variable impedance 
arm expressed as a fraction of portion of 
the arm in which it occurs is usually 
taken at a small convenient value su(i 
as 0.001 or 0.0001, the determination of 
<r' is accomplished by merely multiplying 
the sine or cosine of the impedance phase 
angle by this fractional upset, a*. 


The Function A/(l + A)® 

“Resonant” Type Bridge 

The type of bridge is characterized by 
the “bridge factor” A/(l + Ay. Inas¬ 
much as is a complex ratio of two pas¬ 
sive impedances, its magnitude can vary 
from zero to infinity and its argument 
from =f 180 degrees to =**180 degrees. 
These limiting values of angle are ob¬ 
tained when the impedances are pure in¬ 
ductive and pure capacitive reactances 
respectively. Thus, if tlie bridge arms 
are alternately composed of inductive 
and capacitive impedances, the sensitiv¬ 
ity of the bridge approaches infinity as 


The function or' which represents the 
fractional variation of impedance in the 
arm which is upset slightly from the 
balance position depends upon the man¬ 
ner in which .this unbalance is produced. 
The more important cases arising in prac¬ 
tice are: 

(a). Series impedance arm 

1. Resistance and inductance 

2. Resistance and capacitance 
(W- Parallel impedance arm 

1. Resistance and capacitance 

In all these cases the ultimate variable 
to be considered is the variation of either 
in-phase or quadrature component. 
Hence, the function will be studied in 
terms of a variable <r which will be 
(dR)/(R), {dL)/(L), or (dC)/(C). In this 
way it is possible to obtain the fractional 
impedance variation a' as a function of a 
slight change in any one component of a 
bridge arm. To increase the generality 
of the results, Q will be used to represent 
the ratio of reactance to resistance of the 
impedance arm. The results for these 
combinations are given in table I. The 
form for <r' in each case when the resist¬ 
ance is varied is: 

. 

’ • R 

(8) 

e is the phase angle of the imped¬ 
ance arm. The maximum value of <r' 


Table I. The Funcdon <r' = dZ/Z for Various Impedances 
Resistance and Inductance in Series 


L 


2 ■» R + JwL Q ms fot/R « tan 6 


Variation of R, o- s ^ 
R 

v' increases as Q decreases 
* e* ■■ ~ at Q m* 0 

Resistance and Capacitance in Series 



Variation of L, «r « ^ 

" r ' -j/Q " 

O’' increases as Q increases 

/ dL 

O’ max » <r w at Q n » 


Z - R - j/wC Q « 1/wCR - -tan 0 


Variation of R, o- « — 

R 

j-~-'cosa^ 

«•' increases as Q decreases 

f dR 

tr max “o’--— at 0*0 
R 

Resistance and Capacitance in Parallel 

-^ 

Variation of R, * ~ 

R 

frcosd/^ 

V* increases as Q decreases 

, dR 

<rmiw“<r--g-at0-0 

Setetzky, lurcher—Four-Arm bridge 


Variation of C, o- « Si 
C 

■ r+j/Q -' 

o'^ increases as 0 increases 
/ dC 

O’ max “ —O' * — ^ at Q * co 

R/(l + jwCR) , Q «, wCR * -tan d 

Variation of C, ^ 

" r- jyQ “ ^ /90** - 6 

(t' increases as Q increases 
o^'mwc m - ^ ^ 

_ c 
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the arms are made more and more reac¬ 
tive and equal in value. 

Let 


Then: 


Ag 4" j^q 


(I-{-Ay {i + Ag+jA,y 


( 10 ) 


( 11 ) 


0.12 


0.10 


o.oe 


The function equals infinity when Ag « 
-1 and - 0 which is the condition 
described above. For lack of better name 
this type of bridge network may be called 
the “resonant” type and is characterized 
by having no finite limit to its sensitivity 
other the physical limitations of ob¬ 
taining purely reactive arms. The ap¬ 
plication of the resonant type of bridge 
has been described by Grover/ and is the 
only four-arm network which allows the 
ratio A to have a negative real compo¬ 
nent. 


; 0.06 


0.04 


0.02 



50 100 
VALUES OF |a| 


1000 


“Wheatstone” and “Qdadratxire” 
Types of Bridges 

The question of senativity may he 
further simplified by studying the limits 
of the function A/(l + -d)* as and 
Af approach zero separatdy. 



Fijurt 3B. Masnitud* of bridge factor 

Curves of //(I + A)* for various values of 6 
A - Zi/Zj - \A\ h 


When the ratio A is of such character 
that its quadrature component A^ may 
approach or become zero, the bridge may 
be said to bdong to the “Wheatstone” 
type. 

\Zi\/j^ |Zi| . . 

^ " Z, “ \Zt\/j^ “ \Z2\^— - - ^ 

where 0zi, and $Zi, are the phase angles 
of the respective impedance arms. For 
A to be real 


6zi - flzi = 0 degrees 


(13) 


The yigirimum sensitivity for the real 
type is obtained when Zi = Zj = Z» = 
Zi, and the maximum sensitivity becomes 


(1 + 1)* 


4 


(14) 


Rgure 3A. Magni¬ 
tude of bridge factor 

Curves of//(H-/i)’ 
for various values oftf 
A = Zi/Zt^\A\/0 
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This is the maximum sensitivity of the 
Wheatstone bridge, in terms of open- 
circuit potential difference across galva¬ 
nometer terminals, with constant applied 
voltage, and is one of the cases analyred 
by Fischer." The fractional unbalance 
factor in the case of the pure resistance 
bridgeis <r' = (dR)/(.R) andthemaximum 
sensitivity when all four arms are equal 
is (d2?)/(4R) volts per volt of applied 
voltage. It is for this reason that when a 
bridge is operated in such a manner that 
the ratio A is real, it may be said to be¬ 
long to the Wheatstone type. 

When the ratio A is such that its real 
component may approadi or beconie zero, 
the phase-angle relationship of adjoining 
impedances must be such as to allow ap¬ 
proach to, or attainment of, the limiting 
value 

ezi -9 z2’~ *00 degrees 

in this case the maximum sensitivity is 
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obtained when the magnitude oiA is unity 
and the angle of A is 90. That is, 


or twice the sensitivity of the preceding 
case. This bridge may be said to belong 
to the “quadrature*’ type. It is interest¬ 
ing to observe in this connection the fol¬ 
lowing practical considerations. 

For a bridge to operate as a Wheatstone 
type 

Bzi = dzi 

For a bridge to operate as a quadrature 
type 

^zi Bz 2 « 90 degrees 

Obviously, it is possible to have the 
same bridge satisfy both relationships if 
the arms are varied over a sufficiently 
wide range. For example, let Zi be a pure 
capacitance and Z 2 be a capacitance and 
resistance in series. Then as the resist¬ 
ance of Z 2 is reduced, dz^ approaches 
Bzi or 90 degrees and the bridge ap¬ 
proaches the Wheatstone type. On the 
other hand, as the resistance in Z 2 is 
increased dz^ approaches 0 degrees and 
the bridge approaches the quadrature 


bridge factor has been plotted semi- 
logarithmicaJly for a constant phase- 
angle of A, in this case 0 degrees. This 
simplifies considerably the plotting of a 
family of curves giving both the phase 
angle and magnitude of the bridge factor, 
against the magnitudes of A with the 
phase angle of A as the parameter. The 
magnitudes of the bridge factor are 
plotted in figures 3^4 and ZB over a range 
of 0.001 to 1000 at increments of ten 
degrees phase angle of A, The phase 
angle of the bridge factor has been plotted 
similarly in figure 4. With these curves 
at hand, the sensitivity of any four-arm 
bridge may be computed for a slight varia¬ 
tion of any component in any arm without 
resorting to computations involving com¬ 
plex quantities. Given the values of the 
impedance arms, it is necessary only to 
divide Zi by Z 2 or Z 4 by Z, to obtain A. 
The bridge factor is thus determined from 
the curves. Given the fractional upset 
in the variable arms, the factor <r' is ob¬ 
tained from the sine or cosine of the phase 
angle of the variable arms, according to 
equations 8 and 9 depending upon whether 
the resistive or reactive component is 
being changed. The product of this fac¬ 
tor <r' and the bridge factor then, gives 



Figure 4. Phase 
angle of bridge factor 

Curveo f//1/(1 -{-/y 
for various values of^ 
A = Z,/Z2 = \A\ /d 


type. This is one of the reasons why a 
particular bridge is more sensitive for the 
measurement of an impedance with a 
high Q and some other type of bridge* is 
more sensitive for the measurement of an 
impedance with a low Q. ' 

The “bridge factor” A/il + Ay is o, 
function of both the magnitude and phase 
angle of the complex ratio of impedance 
aims A* It is a symmetrical function on 
either side of ^4 » 1 , as may be seen from 
figure 2 , where the magnitude of the 
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the sensitivity in open-circuit volts across 
the galvanometer terminals for unit 
voltage applied to the bridge. 

Illustrative Analyses 

The following analyses are to illustrate 
the method of determining the sensitivity 
of a four-arm bridge network for a given 
set of balance readings. The subscript 
notation corresponds to that of the general 
four-arm bridge shown in figure 1 . 

SeUtzky, Zurcher — Fouf’-Arm Bridge 


First, a pure resistance or Wheatstone 
bridge is used to measure an unknown 
resistance, Ru The balance readings 
are: 

R 2 *=* 300 ohms 
Ri “ 733.8 ohms 
Ra » 600 ohms 

From the balance equation: 

RiRi = -^ 2 ^ 

Ri » (300)(600)/733.8 - 246.3 ohms and 
A =* ZilZz « 600/733.8 

The magnitude of the bridge factor is 
the same for \fA as for A, Therefore: 

1/A « 733.8/600 « 1.223 

The bridge factor from the curves in 
figure ZA is 0.2475. 

a' « cr « 0.1/733.8 « 0.000136 

Therefore: 

e' = (0.000136)(0.2475) = 33,7 microvolts 
per volt 

The application of this method to a 
general four-arm impedance bridge is 
illustrated, using the Maxwell bridge. 

A coil is measured on the Maxwell 
bridge (for diagram see table II, number 
6 ) at a frequency of 1,000 cycles. The final 
balance is secured by adjusting R^ and 
Cb. The balance readings are: 

R 2 - 300 ohms R 4 « 600 ohms 

Rs * 733.8 ohms Q » 0.6698 microfarad 

From the balance equation 

R1R9 Li/ Cz = RiRi 

Ri and Li as computed are: 

Ri = 245.3 Li ** 0.1187 henrys 

Q « wLi/Ri « (6283.2) (0.1187)/245.3 
» 3.040 


Using Z 4 and Za, the value of A is: 
^ ^ £4 ^ 1 ^ 4(1 -hjwCzRz) 

Zz R 2 


A 


600 (1 +7 3.040) 
733.8 


2.616 /71.8^ 


The bridge factor A /(1 -j- Ay from the 
curves is 

0.276 7-35.6° 

The balance readings indicate adjust¬ 
ments for balance were made in the fourth 
place. Then <r is the ratio of this varia¬ 
tion to the total value. 

Variation of R^: from table I for a 
variation of R 

^ <r cos $/$ 

0.1 

" 733!i 0.31233 
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Table II. Types oF Bridges 


and 


I. The Maxwell Bridge 
2| 



“ 0 ® 

Quadrature Type 

High Q K Bzi^ 90 deg flgi - flgi a 90 deg 

Wheatstone Type 

Low Q WL ^ R BziQtO deg Bzi — fiz* a 0 deg 


2. The Wien Bridge 



BZi “ 0 * 

Quadrature Type 

High Q 1/WC » R BziQi -90 deg Bzi - Bzi « -90 deg 
Wheatstone Type 

Low 0 1/WC « It Bzi^O deg 6zi — S 0 deg 


3. The Parallel Resistance Bridge 
C' 



BZt m O" 

Quadrature Type 

High Q 1/WC R Bz\^ —90 deg Bzi — BZi Si -90 deg 
Wheatstone Type 

Low Q 1/WC » R Bzi^O deg Bzi - dz* S 0 deg 


4. The Schering Bridge 

2, tia 



Ozi « -90 deg BZi « 0 deg 
Quadrature Type 

High Q 1/WC » R BZi& -90 deg Bzi - Bzi S -90 deg 
Wheatstone Type 

Low Q 1/WC « R tfzi « 0 deg Bzi - Bzi ^0 deg 


S. The Fleming and Dyke Bridge 



Bzi ■ -90 deg Bzi « -90 deg 
Quadrature Type 

Low Q 1/WC « R Bzi&O deg Bzi - Bzt « 90 deg 
Wheatstone Type 

High Q 1/WC » R Bzi& -90 deg Bzi - ®Za « 0 deg 


d* The Maxwell Bridge 



0Zt m 0 deg BZi ■ 0 deg 
Quadrature Type 

High 0 WL » R BziOi 90 deg Bzi - Bzt 90 deg 
Wheatstone Type 

Low Q WL « R flZi K 0 deg Bzi - tfza « 0 deg 



ezt ■ 0 deg Bz* ■ 0 deg 
Quadrature Type 

High 0 WL ^ R Bzi^ 90 deg Bzi — Bzt ^ 90 deg 
^^eatstone Type 

Low 0 WL « R flzi a 90 deg Bzi - Bzt ^ ^deg 


0. The Grover Bridge 




to-0 deg to-Odeg to-odeg to - 0 deg 
Wheatstone Type Only 


Any Value of Q 
^ 0^ ^ Bi ^ Bt 

Resonant Type 
Kind of Sensitivity at 
Zi^ Zi^ \z\ /+90 deg 
and 

Zt - Za fiS \Z\ /-90 deg is infimty 
Wheatstone Type 

TTi. «R. tosaOdeg to«0deg 

0Zi ^ Bzt 0 deg 
Quadrature Type 
For Bzi — Bzt •“ *90 deg 


»a, - - 90 deg to ■ 0 deg to - to - 90 deg 
Qua^ature Typt Only 


0.1 


(0.31233) /-71.8" 


733.8 
= 0.0000447-71.8° 


Therefore, 

A^(t' 


=» (0.276)(0.000044) /--35.6^ - 71.8° 

= 12.1 microvolts/volt /—107.4° 

Variation of Cs*. From table I for a 
variation of C 

«r' » -<r sin d /90° - 6 


<r * —^ sm 71.8° 
0.6597 


0.94997 


and 

= 2:^ (0.94997) /90° - 71.8° 


, 0.6597 
= 0.000144 /198.2° 
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Therefore, 

g' » (0.276)(0.000144) /l98.2° - 35.6° 
a* 39,7 microvolts/volt /162.6° 

It is to be remembered that this analy¬ 
sis is illustrative only. To make a 
thorough comparison of bridges and 
methods of balancing as applied to a 
given engineenng problem, the factors 
mentioned in the opening paragraph must 
be considered. 

The Method Applied to 
Ten Types of Bridges 

In table II is given a summary of the 
sensitivity analyses of ten types of four- 
ann bridges. Numbers 1, 2, 3, 4, 6, and 
7 will approach either the quadrature 
type or the Wheatstone type for values of 
high Q or low Q respecti^y. Numbea 5 
has the same type sensitivity except to 
high Q it is of the Wheatstone type and 
to low Q it is of the quadrature typ^ 
Number 8 is of the Wheatstone type only 
and number 10 is of the quadratic t^ 

only. Number 9, the Grover bndge. ^ 

theoretically an infinite range of semiriv- 
ity: not only may it become of tte 
resonance type, but it may ’ 
certain conditions, take on the other two 
types of sensitivity. 
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Discussion 

W. lUchter (A, 0. SmitH Corporation, 
Milwaukee, Wis.): This paper is an excel¬ 
lent contribution to our knowledge on a-c 
bridges and should prove very valuable to 
all those workers that are emploidng these. 
If the desired accuracy for the unknown is 
given, the tables published in the paper 
permit the quick determination of the un¬ 
balanced voltage due to a small change of 
any of the balancing resistors. A knowl¬ 
edge of the magnitude of this voltage on the 
other hand permits the proper choice of the 
null-detector, and the design of an amplifier, 
if needed. Knowing the input voltage for 
this amplifier will save time and effort, 
usu^ly wasted in trying to make it more 
sensitive than required for the problem on 
hand. 

The paper treats only the problem of 
toding the op^-circuit voltage of the 
bndge, that is, it assumes that a detector 
with infinite or at least very high impedance 
is employed. This assumption can safely 
be made for a-c bridges, since the usual 
detectors of former years, such as phones 
and a-c galvanometers, are now generally 
replaced by vacuum tubes, or at least, a 
vacuum tube is placed between the bridge 
^d the detector, thus imposing a negligible 
toad on the bridge. For d-c bridges this 
does not hold true however, since a simple 
and reliable amplifier for d-c voltages of the 
order of a few microvolts has not appeared 
yet. 

Between equations 13 and 14 the state- 
ment is made that for maximum sensitivity 
the four impedances should be alike. This 


statement, carried from one textbook to the 
next, is incorrect even for the case where 
iJie detector has finite impedance, but its 
incorrectness is particularly easily seen in 
the case treated in the paper under discus¬ 
sion. Equation 7 gives the unbalanced 
voltage e' in terms of A and u'. A is the 
ratio Z 1 /Z 2 which for balance must equal 
^ 4 /^ 8 * while cr' is the fractional chanve 

The egression (7) for s' becomes a maxi¬ 
mum for A *= 1 , that is, Zi « Z 2 and Z 4 = 
Zi, but evidently there is no need for Zi to 
be equal Z 4 and Z 2 to be equal Zs, since in 
the equation 7 appears only A, but not 
the actual values of the four arms. Even 
without reference to the equation 7 it is 
easily recognized that in case of infinite 
detector impedance the potentials of the 
two points to which the detector is con¬ 
nected are only functions of the impedance 
ratios of the two branches, that is, functions 
of Zi/Zj and Z 4 /Z 8 , but are independent of 
the actual values of these impedances. 

The paper does not assign any s 3 nnbol to 
the angle of the complex ratio A; in the 
second example, the angle of 71.8 degrees 
is as well the angle of A as of u'. This 
might prove somewhat confusing to the 
person reading the paper for the first time. 
It might have been helpful to point out that 
this coincidence is due to the fact that in 
this particular example of the Maxwell 
bridge the angle of A happens to be equal 
but of opposite sign to the angle of Z* be¬ 
cause the phase angle of Z4 is zero. 


L. A. Zurcher; W. Richter^s discussion is a 
v^uable contribution to thig paper. jMt. 
Richter is right that the statement ''The 
maximum sensitivity for the real type is 
obtained when Zi « Zj « Zs « Z4,” 
made in the paper between equations 13 
and 14, is incorrect. OHver Heaviside in 
his "Electrical Papers," volume 1, pages 
3-12, derived equations which apply to the 
present discussion. He specified the de¬ 
btor resistance by e and the battery re¬ 
sistance by /. Corresponding to the posi¬ 
tion of Zi, Z2, Zs, Z4 in this paper he had 
resistances of a, c, 6, and d, Heaviside's 
statement from page 4 is "and if only d, e 
and / are given, then for any value we give 
to c, there is a pair of values of a and b 
which constitutes the best arrangement for 
that value of c; and there will be a par¬ 


ticular value of c which, with the corre¬ 
sponding values of a and b, will be the best 
arrangement for the given values of d, e, 
and/." The result of this analysis is given 


on page 7 and is 


c - 

7 ^ d+J 

a = 

(9) 

(10) 


(11) 


Applying this to the present case where 
e is large and / small compared to a, b, c, 
and d we find that 


«- 

b = 

T d ‘jr ^ 


or for this case c « a and b ^ d» 

This corresponds to Mr. 3Richter's state¬ 
ment that e becomes a maximum for .4 **1, 
Further for the case where the detector 
has infinite resistance and the battery finite 
resistance the ratio of a to 1 ; is 


a 

c 


di ^ ^ ^d + e d 

^ d+f 



That is if the battery supplying voltage 
to the bridge contains an internal resistance, 
the condition for maximum sensitivity is 
that 



and also a and c should be as large as 
possible. 

B. Hague in his “Alternating Current 
Bndge Methods," page 63, shows that 
Heaviside's equations apply to the a-c case 
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Dcmand-Mctcr Time Periods 


P. M. LINCOLN 

fellow aiee 

T he “demand meter** has been 
used for approximately 40 years. 
The function of this device is to measure 
the “maximum demand** of the load 
taken by any user of electric service. 
This quantity, in turn, is used by most 
utilities in their rates for such service 
to their larger customers. 

Unfortunately, the time period over 
which this “demand** is measured has 
never been standardized. A one-minute 
“demand** is the minimum time the 
writer ever heard of actually being used 
and one hour is the maximum. Modern 
practice has crystallized generally on two 
time periods, 16 minutes and 30 minutes. 

When the demand meter used is of the 
“block interval** type, which measures 
the arithmetic average of the load used 
over the specified time period (16 minutes 
or 30 minutes as the case may be), there 
is no difficulty in getting a defimte and 
concrete idea of just what is meant by 
“maximum demand.** However, the 
Code for Electricity Meters, which is 
sponsored among others by the Edison 
Electric Institute, recognizes not only 
the “block interval** type but also puts ite 
stamp of approval on the type wher^n 
fiTnfi appears as an exponential function 
instead of an arithmetic function as it 
does in the “block interval** type. When 
time appears as an exponential function, 
the meaning of “maximum demand*’ is 
not so apparent as when it appears as an 
arithmetic function. It is the object of 
this brief discussion to point out the 
differences in indication of “maximum 
demand** when using these two types of 
demand meters, that is, an arithmetic 
average as compared to a logarithmic 
average. The authors also make a plea 
for standardization of the time period of 

all maximum demand measurements.^ ^ 

To quote from the Code for Electricity 
Meters: 

Class II. Integratbd-Uemand Meters 


R. R. SPROLE 

ASSOCIATE AIEE 

indication to reach the point corresponding 
to the value of the load. Two variants are 
recognized: 

(a). Those in which the speed of the indi¬ 
cator in moving up its scale under constant 
load, is constant, or at any load, is propor¬ 
tional to the load. 

(h). Those in which the speed diminishes 
with the time of the deflection. (The de¬ 
mand interval of class III6 meters is ordi¬ 
narily considered to be the time required 
for the instrument to indicate 90 per cent 
of the full value of a steady load which is 
thrown suddenly on it.) 

It should be particularly noted that the 
character of the quantity indicated by 
any of the “Class II. Integrated De¬ 
mand Meters** or the “Class III (<j)^ 
meters is quite different from that indi¬ 
cated by the “Class III—(6)’’ met^. 
To express in mathematical terms the in¬ 
dications of first two of the above types, 
it may be said: 

meter indication 
specified time (1) 

The Code for Electricity Meters recog- 
nizes that this quantity differs from the 
quantity indicated by the class IK5 
meters as is shown by the following 
quotation from the code: 

Practical Intbrprbtation op Maxuiot 
Demand 

19. In commercial practice the maximum 
of an installation or system is given 
by the record or indication of a demand 
meter of acceptable type, which is cor¬ 
rectly installed, properly adjusted, and 
none of the errors of which exceeds the hmits 
of commercial tolerance. 

In figure 1, the area rnmnn shows the 
extreme limits of the indications of de¬ 
mand meters of class 11 type when there 
is applied to such a meter any given 
amount of energy (kilowatt-houTs) of a 
time duration of less than three meter 
periods. The heavy line mm represents 
the indication that will obtain when 
uring the class HI® type in measuring 


short-time-duration loads. In neithCT 
of these cases does the meter distinguiOT 
between loads whose time of duration is 
less than one meter period. For in¬ 
stance, a 100-kw load for 30 minutes will 
give an indication no different from a 
200-kw load for 15 minutes, a 600-lcw 
load for 5 minutes, or a 3,000-kw load for 
one minute. The arithmetic average of 
ail these over a 30-muiute period is ex- 
actiy the same. 

■When we come to consider the indica¬ 
tions given by the dass III5 meters, 
(an exponential time function meter) 
we find quite a different situation. The 
indication of this type meter when re¬ 
sponding to a load having a given 
amount of energy in a given time may be 
mathematically as follows: 


meter indication ** 

watt-minutes 

t 


(1 - e-*‘) (2) 


average load over the 


where 

6 «“ base of Napierian logarithms 
t =« time (minutes) of load application 
iC =» an adjustable constant 

In figure 1, curves A, B, D, and E 
represent the indications of a class III5 
^^ATTianH meter when a given amount of 



16. An integrated-demand met^ consists 
of a device in a combination with an in¬ 
tegrating meter whereby the energy con¬ 
sumption as measured by the meter is rep- 
tered from time to time in such a way tiiat 
the maximum demand may be detemuned 
from the record. Two variants are recog¬ 
nized: .... 

Class III. TAGGBD7DBMAND Meters 

17. These are instrumeiits so constructed 
as to require a certain time interval for the 
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TIME-MSTER PERIODS 

Figure 1 

energy (kilowatt-hours) is applied dt^g 
auy time period from zero to three times 
the time period of the meter. The^ 
five curves are simply a plot of meter indi¬ 
cation against time as given by equation 2. 
These five curves differ only in the value 
oi K. UK - infinity, it is obvious that 
equation 2 reduces to indication = 
watts (curve A). If 2C = 4.605, we 
have curve 5; the indication vrill reach 
99 per cent in one time period. If X » 
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2.3026, we have curve C; the indication 
reaches 90 per cent-in one time period. 

— 1.66, we have curve D; the indi¬ 
cation reaches 81 per cent in one time 
period. If jK’ = 1, we have curve E; the 
indication reaches 63.2 per cent in one 
time period. 

The value of the constant K is adjust¬ 
able (by the maker or user) to any value 
desired within reason. The Code for 
Electricity Meters states that “ordi¬ 
narily” the time period of class III6 
meters shall be taken as the time to reach 
90 per cent of final value. This would 
mean curve C in figure 1. The authors 
would suggest that the word “ordinarily” 
be omitted from this section of the code. 
As the code stands at present, the meter 
user ’would be justified in assuming that 
he is at liberty to use some value of K 
other than 2.3026 which gives the 90 
per cent registration at full time. The 
writer happens to know that in some 
cases a value oi K ^ 4.605 has been 
used. As clearly indicated in figure 1, 
this value of K is apt to give an exces¬ 
sive overregistration when the time of 
load application is less than about 
99 per cent of one meter period. In ther¬ 
mal demand meters or in any other type 
wher^ time appears as an exponential 
function, the time period of the meter is a 
matter of definitipn. In the authom* 
opinion, the wording of the Code for Elec- 


meter performance. Class III6 demand 
meters may be made available in am¬ 
meters as well as wattmeters. The time 
to reach 90 per cent of finfll reading 
has nearly always been taken as the 
nominal time period of the ammeter 
as well as the wattmeter. It should be 
noted, however, that the ammeter has a 
scale of squares while the wattmeter scale 
is uniform. When an ammeter has 
reached 90 per cent of its final reading, 
it has reached only 81 per cent (90 per 
cent squared) of its final angular deflec¬ 
tion. Therefore, if we stick to 90 per cent 
of final reading as the proper definition 
of time period for both ammeters and 
wattmeters, it means that a given struc¬ 
ture cannot be used for both instruments. 
For instance, a structure which, when 
used as an ammeter will arrive at 90 
per cent of its final reading in 30 minutes, 
will, when used as a wattmeter, require 
approximately 42 minutes to arrive at 
90 per cent of its final reading. This 
is not a serious matter since adjustment 
of the time period is not difficult. But 
if it is considered desirable that a given 
structure may be available for use either 
as an ammeter or wattmeter without 
change, the definition of what consti¬ 
tutes the time period of either the watt¬ 
meter or the ammeter must be changed; 


urge on the part of the utility to adhere 
to a comparatively short time period for 
demand measurement. Many of the 
modern uses of electric service lead to large 
loads of a relatively short time duration— 
welding for instance. If a customer has a 
load of any character which has a high 
value for a time period of say five or ten 
minutes, the utility naturally wishes to 
obtain compensation for the duty of 
suppljring these high loads for relatively 
short time periods. If the utility has a 
choice between a 15-minute and a 30- 
minute demand period, the tendency will 
be to adopt the lower time period because 
of the desire to secure adequate com¬ 
pensation for supplying these short-time 
high-peak loads. If the demand meas¬ 
urements are made by means of the class 
III& type of demand meter, this tendency 
to choose the short time periods for de¬ 
mand measurement does not exist—or at 
least not to the same extent. Th^ 
class III5 demand meter automaticaU}^ 
recognizes the time of load duration. 
This is clearly shown by curves A, C, 
D, and E, of figure 1, These curves all 
show that the shorter the time during 
which a given amount of energy is used 
the higher will be the demand reading. 

Some experimental work which one of 
the authors has been carrying on during 
the last ten years may be of interest to 


tricity Meters should be such that it will 
be impossible to install a meter that 
amves at 90 per cent of its final indica¬ 
tion in 15 minutes and call it a 30-minute 
or a 60-mmute meter. Proper protection 
of the users of electric service demands at 
least this much. 

^ The value Z « 1 (curve E, figure 1) 
is obviously much too small a value. 
With E 1, the value of demand indi¬ 
cated by the class III5 demand meter 
can never be greater than that indicated 
by the block interval type—even for a 
load of 1,000 times for 0.001 of the time 
period—unl^s “peak splitting” takes 
place. Obviously, a load of 100,000 
kw for 1.8 seconds should pay more of a 
demand charge than a load of 100 kw 
for 30 minutes, although the energy 
contained in both these blocks of load is 
exactly the same. Since in the class IIK 
demand meter, the time period is a matter 
of definition, it seems to the authors that 
the code should leave no doubt concerning 
the percentage of final reading to be taken 
as the nominal time period of such a 
meter. In other words, the definition 
should be definite. 

The authors have induded curve D 
^ I«66) for the pu^ose of raising a 
question coheeniing ammeter versus watt- 



Flsure2 

either the wattmeter time period must be 
taken as the time to arrive at 81 per cent 
of final reading (curve D-figure 1) or the 
ammeter time period must be taken as the 
time to arrive at 95 per cent of its final 
reading. 

So long as “maximum demand” is 
measured by dass II or class Ilia de¬ 
mand meters, there wiU always be an 


to settle this question of the proper time 
period to adopt as standard for modern 
demand meters. Figure 2 shows dia- 
grammatically the setup with which he 
has been ^perimenting. In figure 2, 
1 is a reservoir containing an expansible 
liquid; 2 is a capillary tube which conveys 
this liquid to an indicating mechanism 
(not shown); 3 is a mass of insulating 
material (the experimenter is using 
bakelite), in one end of which are em¬ 
bedded resistances 4, 5, and 6; 7 is a 
mass of material, preferably metal, 
which is used for the purpose of storing 
the heat that is liberated in the resist- 
^ces 4, 5, or 6. If the heat generated 
in the resistances 4, 5, or 6 at a given 
constant rate is diffused instantly 
throughout the mass being heated, it can 
be proved mathematically that tern-* 
perature rise of the entire mass follows 
an exponential law. That is 


Ti (1 - 


where 
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» the temperature rise of the mass at 
any time 

» tile final temperature rise of the 
after the application of the constant 
heat rate for an infinite time 
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base of Napierian logarithms 
time 

> a constant 


However, it is well known that heat 
dots not and cannot diffuse instantly 
throuKlnmt any mass of matter that is 
being heated. Another phenomenon— 
liiffusivity—enters the picture. If the 
diffusivity of the materials making up 
the entire ma>ss being heated is known, the 
rate of teinijcrature rise of any particular 
part of the mass being heated may be 
calculated niathematically (see appendix). 
However, the mathematical solution so 
arrived at is rather complicated and the 
authors prefer to discuss results in words 
rather than in mathematical formulas. 

It is obvious that if the location of 
the heater is that shown as 4, figure 2, 
the heat generated therein is more quickly 
cimdncted to the mass 7 than to the heat- 
setisilive member L Such a location of 
the heater results in a meter perfonuance 
siitiilur to that shown as curve figure 3. 

In fact, curve A, figure 3 is the actual 
curve of performance of a thermal watt¬ 
meter fir.st prmluced in 1917. (For com¬ 
plete descrii)tion, see “The Character 
♦if the Thennal Sttiruge Demand Meter,*’ 
AIIHi Transactions, volume 37, 1918, 
pages lHO-2190 The heater location of 
the wattmeter described in the reference 
simulated that of 4 in figure 2 herein. 
The maximum deviation from the theo¬ 
retical response, assuming instantaneous 
diffusion, is nearly 30 per cent. If now 
the heater location he made that shown 
diagruminatically as 6 in figure 2 herein, 
it is obvious that the heat-sensitive 
tuenther 1 will be affected in advance of 
the remainder of the total mass being 
heuted. Location 6 in figure 2 herein 
results in a meter performance shown 
as curve B, figure 3. In this curve, the 
deviation from theoretical response, as¬ 
suming instantaneous diffusion, is about 
the same as in curve A^ figure 3, but now 
the deviation is above that for instan- 
taiienus heat diffusion instead of below, 
us it is in curve A, figure 3. If the heater 
Imuitiou IS that shown as 5, figure 2, 
the diffusion to 1 and 7 is very nearly 
ut the same rate and the resulting per¬ 
formance is close to the theoretical-- 
cuf%'e C, figure 3. By interposing addi- 
tioiial thennal resistance between the 
heater and the mass 7, curve B, figure 3, 
may be caused to rise still further dunng 
tiie early moments of load application if 

<ksired. ^ . 

The authors would like to point out 

that the actual curve of the heating of 
motors, transformers, and 


curve B of figure 3, than any of the other 
curves of this figure. The phenomenon of 
diffusivity occurs in actual electrical 
equipment even to a greater extent than 
in the structure shown in figure 2. The 
windings of any electrical equipment 
under load will heat up in advance of the 
equipment as a whole. Heat is dif¬ 
fused from the windings to the other 
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parts only after a lapse of time. Diffu¬ 
sion follows a law of nature which cannot 
be repealed. So long as we must necM- 
sarily depart from the assumption of in¬ 
stantaneous diffusion, the authors would 
suggest that the departure be in the direc¬ 
tion that we find in actual dectrical 
equipment, namely, curve B of figure 3. 

In view of the modified law of re¬ 
sponse that may be secured by the means 
described above, the authors would like 
to suggest the advisability of modifying 
the AviQting Code for Electridfy Met^ 
so that it calls for a definite time period 
for an demand meters. The rdative 
demand indications as ^ven by a thermal 
demand wattmeter as described above 
and a standard class II or class HIo de¬ 
mand meter of one-hour toe period may 
be seen from an inspection of figure 3. 
The horizontal line D of figure 3 giv^ 
the indication of a one-hour dass II 
or dass IHo demand meter, provided 
it does not “split the peak.” This com¬ 
pared with curve B gives the relatire 
indications of the two types. Dunng the 
first instant of load appHcation, the cto 
rm type wattmeter will register at a 
rate about three times that of dass II 
The rate of registration 


the lapse of 53 minutes the dass II or 
dass Ilia type meter indicates a higher 
value than the dass IID; provided there 
is no “peak splitting,” the maximum ex¬ 
cess of the former above the latter is ten 
per cent after exactly one hour of load 
application. After one hour, the differ¬ 
ence decreases and after about 2 V 2 
hours, the two types will read the same 
values. However, the above comparison 
is of little practical value since the num¬ 
ber of demand meters of the dass II or 
dass Ilia type in actual use having a 
one-hour time period is practically nil. 

A much more important comparison 
is one between a one-hour dass III5 
type and a 30-minute dass II or dass 
Ilia type. This is given in figure 3 by 
comparing curve B with the line JS, 
Comparing these, it will be noted that 
during the first instant of load applica¬ 
tion, the former registers at a rate ap- 
proximatdy 60 per cent higher than the 
latter and remains higher during the 
first 11 minutes of load application. 
From 11 minutes to 30 minutes of load 
application, the dass II or dass Ilia 
will indicate considerably higher values 
fhat\ the class III6— assuming no “peak 
splitting”—^the maximum excess of the 
former over the latter occurring after 30 
minutes and amounting to approximately 
47 per cent. After 30 minutes, the indi¬ 
cations of the two types approach each 
other rapidly and become the same after 
about 2 V 2 hours of load application. It 
is impossible to say which type would 
indicate the higher value. This will de¬ 
pend entirdy upon the character of the 
load during maximum and upon whether 
“peak splitting” occurs. It is the authors’ 
opinion that in general the two types 
will not be far apart in their indications. 

The line F, figure 3, compared to the 
curve B shows the relative indications of a 
15-minute dass II or dass Ilia to a one- 
hour dass III& demand meter. In this 
case, the former will always read higher 
than the latter, unless the time of load 
application is exceedingly short and “peak 
splitting” is at a maximum—a practically 
impossible combination. However, the 
authors consider that 15 minutes is too 
short a time period for demand measure¬ 
ment, no matter what type of demand 
meter is used. Even with this tme 
period, it will be noted that after 2 /2 
hours of load application the two types 
indicate the same value. 

The authors would urge that the utili¬ 
ties give serious consideration to adopt¬ 
ing uniformity of practice in the ime 
period over which maximum demand sh^ 
be measured. They hope 


iSintsTis 

loading conditions is more nearly hk PP 



them in the adoption of such a uni¬ 
formity of practice. 

It was not until after the manuscript 
for the foregoing paper on “Demand 
Meter Time Periods’’ had been sub¬ 
mitted that the writer learned that a 


the maximum amount by which the 
dotted-line performance may be per¬ 
mitted to depart from the solid-line 
performance. 

The advantage of being able to use a 
given structure either as an ammeter 


the consideration of Doctor Meyer’s 
committee; 

1. The adoption of the time to arrive at 
81 per cent of its final reading as the nominal 
time period of the thermal demand watt¬ 
meter. 


committee under the chairmflnjghi p of 
Doctor J, Franklin Meyer of the Bureau 
of Standards had been appointed to 
revise the Code for Electricity Meters. 
If the authors had known at the time of 
preparing the manuscript that the Code 
for Electricity Meters was coming up for 
revision, their recommendation would 
have been definitely to fix the timp 
period of the thermal demand watt¬ 
meter at the time required to arrive at 
81 per cent of final indications (K = 
1.66). The reason for this recom¬ 
mendation is that it reduces to probably 
a minimum the discrepancy between the 
indications of the two types of demand 
wattmeters. 

Commenting further, it is so obvious 
as to need no further discussions that the 
two types of demand wattmeters should 
indicate the same values as nearly as 
possible. The differing fundamental 
principles underl 3 dng the two types 
make it impossible that the two types 
should always indicate the sa me values. 
Figure 4 shows a comparison between 
the two types when K ^ 1.66 as well as 
when K ^ 1.151. Judging from this 
comparison, it is the authors’ opinion 
t^t the value K « 1.66 will probably 
give about as small a discrepancy be¬ 
tween the indications of the two types as 
any value that could be chosen. 

Figure 4 shows also the results of some 
tests recently made on a thermal watt¬ 
meter. The heavy soKd line marked K = 
1.66 represents the performance that 
would obtain if the diffusion of heat 
could be made instantaneous. The short 
dotted line represents the performance 
with diffusion to the mass at a normal 
rate. The long dotted line represents 
the performance that has been obtained 
by a design that involves a considerable 
reduction in the rate of diffusion to the 
mass. This long dotted line by no 
means shows the maximum departure 
from the solid line that can be obtained 
by reducing the rate of diffusion to the 
mass still further. 

It is obvious that a meter performance 
which foUows the long dotted line would 
overregister on short-time high-peak 
loads—such as a spot welder. The rate 
of heat diffusion cannot be made infinite. 
Diffusion cannot be made instantaneous, 
but it can be controlled by proper design. 
The authors consider it to be a part of the 
duty of Doctor Meyer’s committee to fix 



2. The adoption of the time to arrive 
at 90 per cent of its final reading as the 
nominal time period of the thermal de¬ 
mand ammeter. 

3. That 30 minutes shall be adopted 
as the time period for all demand meters, 
thermal and otherwise. 

4. That Doctor Meyer’s committee 
shall fix the maximum allowable departure 
to be permitted between the actual curve 
of response of thermal demand meters and 
the curve of response which would obtain 
under the assumption of 

diffusion of heat and that the value so fixed 
shall become a part of the revised code. 


Appendix 

^ The equation of temperature rise versus 
time (equation 3) given in the paper assumes 
instantaneous diffusion of heat throughout 
the mass. As pointed out, this assumption 
introduces an erroneous concept in regard 
to the heating and cooling of mass. How- 


vious as to need no further comments. 
If the same percentage of final reading 
is used to define the time periods of 
both ammeters and wattmeters, where 
time appears as an exponential function, 
as has been the general practice of the 
p^t, it means essentially that there is 
discrimination amounting to approxi¬ 
mately 40 per cent of the ammeter time 
period between electric - service users 


ev^, the mathematical expression so ob¬ 
tained can conveniently be handled in cal¬ 
culating approximate values. 

In an effort to broaden this concept of 
temperature rise throughout a mass by in¬ 
troducing the diffusivity factor, reference is 
made to Ingersoll and Zobel in their book, 
“Mathematical Theory of Heat Conduc¬ 
tion,” and also the text, “Heat Transmis¬ 
sion” by William H. McAdams. Both 
texts refer to Fourier’s expression of ther¬ 
mal conductivity and derive from it the 
partial rate of temperature rise in a given 
direction as; 


whose maximu m demand is measured 
by the thermal ammeter and those whose 
maximum demand is measured by the 
thermal wattmeter. The thermal de¬ 
mand ammeter antedates the thermal 
demand wattmeter by many years 
(Wright system, Brighton, England, 
about 1896). Wright adopted 90 per 
cent of final indication as his definition 
of time period for his demand ammeter. 
In the authors’ opinion, this was a re- 


pcj,\bzy W 

Applying equation 4 to a slab of mass of 
thickness 2 R having negligible surface re¬ 
sistance, McAdams shows the tempera¬ 
ture rise as a function of time to be: 




markably astute choice since it gives 
about as small a discrepancy between the 
“arithmetic” and the “logarithmic” aver¬ 
ages as any value that could be chosen. 

With the advent of the thermal demand 
wattoeto in 1917, the authors see no 
justification for continuing the dis¬ 
crimination between the ammeter user 
and the wattmeter user that was brought 
about by adopting the same percentage 
of final^ reading for both instruments. 

In view of the foregoing discussion, 
th^efore, the authors respectfully sub¬ 
mit the following recommendations for 


^ The boundary condition of equation 6 
IS the same as that for the expression given 
is, ^ e at s « 0 and 
s - 2ie; ^ » Pj at 0; and ^ = 9 at 

t ^ co« 

Equation 4 may be expressed in the 
form of a general solution for the particu¬ 
lar problem given by 3\4cAdams as: 
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It is to be noted in equations 5 and 6 that 0 
for a given mass, the value of ^ will de¬ 
pend upon the location of that particular 
point within the mass where the tempera¬ 
ture rise is to be measured. Therefore, 
there exists for each point within the mass, 
a separate and slightly different exponential 
expression. 

The mathematical series of equations 5 
and 6 converges rapidly, and for large 
values of t, equation 5, approaches the 
expression given in the paper. The diffu¬ 
sion factor becomes less dominant in the 
solution as t increases, being negligible for 
values of t when 6 is as small as 70 per cent 

e. 

Thermal demand metering has in general 
been accepted as being a logical method 
for the measurement of demand due to the 
fact that the indication of these meters, 
and the heating of electrical equipment are 
both a function of the fundamental laws of 
heating and cooling. However, to set forth 
a specific temperature response curve for 
thermal meters to follow based upon the 
heating and cooling curves of electrical 
equipment would be quite impractical as a 
variety of thermal curves would result for 
different equipment, and in addition a wide 
family of curves would be obtained for any 
given equipment depending upon the point 
within the equipment where temperature 
was being measured. 

It is important, however, that all ther¬ 
mal meters of a given classification follow 
the same exponential curve. Otherwise, 
thermal meters built by various manu¬ 
facturers will not agree in their indication 
on rapid load variations, although it is 
true that they will register the same on a 
continuous applied constant load regard¬ 
less of the exponential curve followed by the 
individual meters. 

In taking steps to standardize on an ex¬ 
ponential curve, the paper points out that in 
referring to the heating and cooling of 
electrical equipment, one can be guided by 
the fact that in general the conductors 
buried in the surrounding insulation have a 
more rapid temperature variation than the 
surrounding mass upon load variations. 

This statement bears considerable weight 
in deciding whether or not a thermal meter 
should have an initial rapid, or slow rise in 
indication upon load application. The 
authors refer to the exponential equation 
as a reference datum and to this extent 
the equation becomes quite useful. 

Whatever the standardized exponential 
curve shall be, it inevitably must be one 
arbitrarily deduced and biased to some ex¬ 
tent by the range over which present 
thermal-meter manufacturers can control 
their response. With the variety of ex¬ 
ponential curves resulting from the most 
simple application of Fourier’s equation, as 
illustrated in this appendix, there certainly 
must exist a curve that can be made satis¬ 
factory to all concerned and still be classi¬ 
fied as an exponential curve. 

0 = temperature at time t 

01 = temperature at time t = 0 

t — time 

K = conductivity 

p — density 

Cj, = specific heat 

Z distance along Z axis 


= ultimate temperature of mass ar¬ 
rived at when ^=00 under condi¬ 
tions of constant heat application 


= odd integers 



= main thermal path or distance 
from the source of heat to the mid¬ 
plane, the midplane being the plane 
across which no heat passes 
= mean thermal path or distance 
from source of heat to point at 
which temperature is being meas¬ 
ured. In the thermal meter the 
source of heat is considered to be 
the resistors, and temperature is 
measured within the liquid of the 
reservoirs 

f{x) = function of heat applied to mass 
corresponding to time x 
€ = 2.718 


Discussion 

Sidney Withington (New York, New Haven, 
and Hartford Railroad Company, New 
Haven, Conn.): This interesting paper 
illustrates clearly many of the problems in 
design and utilization of demand meters, 
and is a valuable addition to the literature 
on the subject. 

While the recommendation of the 30- 
minute time period for all demand meters 
is of interest, and in some respects logical, 
it is suggested that in certain services at 
least, this period is shorter than is desir¬ 
able, in view of the characteristics of the 
services involved and the design char¬ 
acteristics of the supply and utilization 
equipment, and for this reason one-hour 
periods would be in many ways more 
logical than shorter periods, as standard. 
In this connection, the one-hour integrated 
demand period might be correlated with the 
clock-hour in the interest of simplification. 


H. M. Witherow (General Electric Com¬ 
pany, Lynn, Mass.): We agree with Dr. 
Lincoln as to the desirability of standardiz¬ 
ing time interval and characteristics of de¬ 
mand meters. Such standardization would 
ultimately benefit both the utilities and 
the manufacturers. However, in arriving 
at standardized characteristics there are 
many factors which must be studied and 
given their proper value. Characteristics 
should be fixed only after a thorough study 
of these factors has been made and conclu¬ 
sions discussed with manufacturers and 
users of demand meters. 

In most discussions regarding the agree¬ 
ment or lack of agreement between block 
interval and logarithmic demand meters a 
great deal of emphasis is placed upon the 
difference in registration on loads of short 
duration. These differences have been 
given much too much importance since any 
demand meter measures only approxi¬ 
mately the many variables entering into the 
cost to serve. In considering standardiza¬ 


tion, short period characteristics should be 
considered of secondary importance. 

Welding loads which call for large 
amounts of power for intervals of only a few 
seconds cannot be properly measured by 
any of the ordinary demand devices. Bill¬ 
ing for this type of load which will reflect 
the cost to serve will ultimately be made on 
some other basis or at least on some mea¬ 
surement which is suitable for this type of 
load and which is quite different from the 
ordinary demand measurement. 

The intermittent loads usually found 
which may have peaks of a few minutes 
duration might be considered a real prob¬ 
lem if one central station served one custo¬ 
mer. Where one central station and dis¬ 
tribution system serves many customers 
these more usual short-time peaks have 
little or no effect on the system since the 
individual peaks are small compared to the 
capacity of the system and time diversity 
of the many customers tends to minimize 
their effect. Demand measurement may 
be considered as a method of reducing the 
combined sustained peaks rather than a 
means of penalizing the individual customer 
who may have a high peak of short dura¬ 
tion. Many rate engineers now think of 
demand measurement in terms of promo¬ 
tional rates rather than in terms of penalty 
rates, and it is entirely proper that demand 
charges should be so considered. 

In considering standardization of char¬ 
acteristics, most importance should be 
given to reasonable agreement on the more 
usual types of loads where peaks are 
normally sustained for longer periods. 
From the standpoint of promotional rates 
the time interval should be made as long 
as is consistent with the short-time rating of 
generating and distribution equipment. 

There is little justification for a differ¬ 
ence in the characteristics of logarithmic 
wattmeters and ammeters. The only rea¬ 
son for such a difference is convenience to 
the manufacturer, which usually has not 
been considered a sound basis of definition. 
If some certain characteristic can be de¬ 
fined as most suitable for measurement of 
demand in watts, this same characteristic 
should be just as desirable for the measure¬ 
ment of demand in amperes, volt-amperes, 
or any other unit. 

In fixing the time interval for the char¬ 
acteristic of logarithmic meters, practical as 
well as theoretical considerations should be 
properly evaluated. For example, the time 
required for testing demand meters is 
quite important to the larger utilities. 
Within the past few years very satisfactory 
means have been developed for testing 
block-interval mechanisms whereby a com 
plete check can be made within a few min 
utes regardless of the rated interval of the 
device. To my knowledge, no comparable 
method is available for testing thermal 
meters and if the ideal logarithmic meter is 
one reaching 81 per cent of its final indica¬ 
tion in 30 minutes, the time required for 
test would be greatly increased over that 
required for testing similar meters now on 
the market. It is probable that such a 
meter would require about two hours to 
reach its final indication on steady load 
and an equal period would be required for 
it to cool off in order to check a second point. 

Whenever logarithmic demand meters 
are discussed it seems to be taken for granted 
that one should point out that block-inter- 
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val meters may split peaks of short duration 
and^ thus arrive at different indications for 
eqmv^ent loads, depending upon where the 
feed interval begins. This is a characterise 
tic of the block-interval meter which is well 
recogmzed and which may cause some 
variation in reading on certain types of 
loads, but which, in general has little 
sigmffc^ce in demand measurement. In 
papers in which this possible variability is 
pven prominence, the inference is that the 
logarithmic meter is perfect in this respect 
and that it will always give the same indica¬ 
tion for equivalent loads. This is true if 
we assume that these equivalent loads are 
always applied in the same order. For 
^ample, let us assume that a customer 
has just two loads, one of which is three 
times the other, and that once in each 30- 
minute period they are applied in sequence 
for some short interval such as 6 minutes 
each. If the larger load always follows 
the smaller load then the logarithmic meter 
will repeat. However, if we reverse the 
sequence, quite different results are ob¬ 
tained. Recent tests on such a load showed 
a difference of over 20 per cent in the indica¬ 
tion of a logarithmic meter, merely by 
reversing the order in which the loads were 
applied. Practically, this is just as im¬ 
portant and has just as little significance 
as the split peaks of block interval meters. 

I would like to suggest that in future dis¬ 
cussions these characteristics be given a 
place comparable to their sig^ficance so 
that the real point of the discussion will not 
be lost. 


Albert J. Allen (Consolidated Edison Com¬ 
pany of New York, Inc., New York): 
I want to congratulate Doctor Lincoln 
for^ his clear exposition of the tnantiAr in 
which the load-time curve of thermal- 
demand meters may be controlled. 

In recommending a particular load-time 
curve as a single standard for thermal- 
demand meters, however, I believe that a 
peater step has been taken than is justified 
by the evidence at hand. In any event, the 
mclusion of this single standard, in the Code 
for Electricity Meters would set up restric¬ 
tive clauses of a nature that have always 
be^, and should remain, foreign to the 
main purpose of the code. 

In my opinion, the code should remain 
broad enough to cover all acceptable types 
of demmid met^ns, and as long as any su^ 
type is cl^ly described, and made subject 
to a sufficient number of tests to determine 
that representative samples of that type 
^1 perform in accordance with its stated 
characteristics, the purpose of the code is 
accomplished. 

Any further step is now, and should re¬ 
main, in the hands of the rate engineer. 
It is for him to decide which among the 
various types of demand measurement 
available best represents the cost of service. 
The code can be of great value in outlining 
what kinds of demand meters are available 
for use and in setting up tests to determine 
which manufacturer’s types best perform 
m accordance with stated characteristics, 
but it would do a disservice if it restricted 
the use of any type of demand meter to a 
particular demand interval, without regard 
to the charact^tics of the system on which 
it is to be used, or the load which it is to 
measure. 


The difference in load measurement be¬ 
tween lagged-demand meters as a class and 
integrated-demand meters as a class, both 
of which would remain as acceptable types, 
is much more pronounced than the differ¬ 
ence between two lagged-demaad meters 
havinjg different characteristic curves, one 
reaching 81 per cent and the other 90 per 
cent of final indication in a demand interval. 
This, I believe, weakens the case for select¬ 
ing either of these particular load-time 
curves as a single standard for lagged-de¬ 
mand meters. 


P. M. Lincoln: Mr. Withington’s sugges¬ 
tion for adopting one hour instead of 30 
minutes as the standard time period for 
dem^d measurement is, in the writer’s 
opinion, a step in the right direction. 
However, the writer believes that such a 
move is premature. The first step is the 
elimination of the 15-minute time period 
now quite ^dely used. If and when all 
demand periods have become 30 minutes, 
the next logical step would be to increase 
the time period for demand measurement 
to one hour. 

The writer believes that the utilities 
would hesitate to take such a step so long as 
''block-interval” meters are used for demand 
measurement. In many of the modem 
uses of electric service, the average of the 
maxmum 15-minute or 30-minute period 
within the maximum one hour would be 
materially higher than the average for the 
whole hour. Such a step would therefore 
mean essentially a reduction in rates. This 
is a question for each utility to consider on 
its own merits. The thermal demand watt¬ 
meter would recognize the higher rate of 
use of service during fractions of the maxi¬ 
mum how and with this method of measur¬ 
ing maximum demand, the writer sees no 
objection to the use of a one-hour time 
period. 

Mr. Witherow deplores the emphasis 
placed on the difference in indication be¬ 
tween the "block-interval” and the "loga¬ 
rithmic” types of demand meters. In view 
of the differing fundamental principles 
underlying the two types, it is not difficult 
for a utility to explain a difference in the 
indication of the two types to a user of serv¬ 
ice. Mr. Witherow does not suggest any 
logical explanation that the utility can 
give to a service user who finds a difference 
in indication of 5 per cent to 16 per cent (a 
possible 60 per cent) in the indications of 
two identical "block-interval” meters meas¬ 
uring the sdfne load. Nor does he suggest 
any means by which the utilities may meet 
the situation when knowledge of the in¬ 
herent inaccuracy of the "block-interval” 
demand meter has become generally known 
to the users of electric service. 

In discussing the difference in registration 
on short-time loads between the "block- 
interval” and the thermal types of demand 
meters, Mr. Witherow states, "These 
differences’ have been given much too much 
importance since any demand meter meas¬ 
ures only approximately the many vari¬ 
ables entering into the cost to serve.” 

In this, the writer disagrees with Mr. 
Witherow. The demand measurement is 
intended to assess the service user an 
amount which will reimburse the utility 
for its fixed chkrges (int^est, depreciation, 
taxes, and insurance) and these in turn 


amount to approximately one-half of the 
total costs of rendering electric service. 
In the writer’s opinion, it is impossible to 
give "too much importance” to obtaining an 
accurate measure of demand. 

Mr. Witherow also intimates that billing 
for short-time loads—such as a spot 
welder—^should be made "on some other 
basis or at least on some measurement 
which is suitable for this type of load and 
which is quite different from the ordinary 
dem^d measurement. In using the term 
"ordinary demand measurement,” Mr, 
Witherow undoubtedly has in mind the 
block-interval demand meter. The writer 
would remind Mr. Witherow that the 
thermal-demand meter is not an "ordinary 
demand measurement.” The thermal-de¬ 
mand meter recognizes the heating effect 
of any load, no matter what is its value or 
its tune of duration. If all loads were 
steady, demand measurement would be 
simple; any sort of a wattmeter would effect 
an accurate measurement. It is only when 
load peaks occur that demand measure¬ 
ment calfs for something more. That 
"something more” is the thermal-demand 
meter which the writer is advocating. 

The writer notes with satisfaction Mr. 
Witherow’s comment that "There is little 
justification for a difference in the char¬ 
acteristics of logarithmic wattmeters and 
ammeters.” Presumably, therefore, he ap¬ 
proves the writer’s recommendation that 
the demand wattmeter’s time period shall 
be defined as the square of the percentage of 
final value of the demand ammeter time 
period. 

In commenting on the time required to 
test thermal demand meters as compared 
to the "block-int^al” type, Mr. Witherow 
makes a real point. The writer has con¬ 
sidered this difficulty at some length. In 
his opinion, the methods of testing this 
type meter should be somewhat modified to 
meet the very point that Mr. Witherow has 
rafeed. The writer would suggest that the 
utilities have on hand at all times a reason¬ 
able stock of thermal demand meters known 
to be correct. If suspicion arises concern¬ 
ing the accuracy of any meter in service, 
one of these test meters may be placed in 
series with it. Within two hours, at the 
utmost, the test meter should be reading 
correctly the load passing. If the tester 
cannot wait the necessary time, he may re¬ 
turn the next day or the observations may 
be taken on the occasion of the inspector’s 
next regular visit. If the two meters read 
the same values—^no matter what that 
yalue—the subscriber’s meter is correct; 
if there is a difference, the subscriber’s 
meter may readily be adjusted to be cor¬ 
rect. 

And while we are on the subject of testing, 
the writer would like to point out that the 
Code for Electricity Meters recommends 
the periodic testing of all class I and class IL 
demand meters at intervals of one year. 
For class III6 demand meters, the recom¬ 
mended test period is "not to exceed five 
years.” It also may be of interest to ob¬ 
serve that in Canada where the thermal 
demand meter has been standard since 
1923, these meters are sealed by the Cana¬ 
dian Government for a period of six years. 
The simplicity of the thermal demand meter 
and the absence of any complicated mecha¬ 
nism have proved this practice to be satis¬ 
factory in Canada. 
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Subharmonics in Circuits Containins 
Iron-Cored Inductors—II 

IRVEN TRAVIS 


associate aiee 


Synopsis: This paper is ,an extension of 

the work reported in a paper of the same 
title by the writer and C. N. Weygandt. 

The production of subharmonic oscilla¬ 
tions in a series circuit consisting of a capa- 
citor and an iron-cored inductor is studied 
by the method of matching boundai^ con¬ 
ditions. The calculations are carried out 
by means of a new mechanical calculating 
device, and are verified by differential- 
analyzer solutions. 

A sufficient, but not necessary, critenon 
for stability is deduced. Some considera¬ 
tion is giv^ to the effect of resistance in the 
circuit. 


1. latroductioii 

I T IS aggiirned that the reader is famil¬ 
iar with reference 1. It will be re¬ 
called that the method of matching 
boundary conditions was used in that 
paper. The method was idealized to 
a considerable extent in order ttat 
^rtain mathematical difficulties might 
be avoided. This resulted in an analysis 
which was convenient in those cases 
in which it applied, but which was of 


very limited scope. The idealizing as¬ 
sumptions were: 

1. The winding resistance of the inductor 
was taken equal to zero. 

2. All hysteresis effects in the inductor 
core were neglected. 

3. Eddy currents in the inductor core were 
neglected. 

4 _ jt vvas assumed that the saturation 
curve of the iron could be represented by 
the three straight lines shown in figure 1. 

6 The analysis was restricted to those 
cases in which the effect of capacitance 
during operation in the saturated region could 
be neglected. 

Of these assumptions the fifth imposed 
the most serious limitation. The valu» 
of parameters ordinarily encountered in 
series capacitor installations in trans¬ 
mission systems, and in many other 
practical cases, fall outside the rrage over 
which this assumption is valid. The 
assumption 4 represents the actual 
phenomenon with satisfactory accuracy; 
the assumption that the current is zero 


over the unsattuated region introduces 
no great error inasmu«ffi as the u^ 
saturated inductance is usually abou^ 
times the saturated inductance, 
first three assumptions remove au <hs- 
sipation from the circuit. Although tto 
may affect the stabiUty of various modes 
of oscillation, it is felt that the effect upon 
wave form is slight. In this paper M- 
sumptions 1 to 4 are retained but the 
effect of capacitance in the saturated 
region is conadered. 


n. Excursion in 

the Saturated Region • 


Since the analysis is to include the 
effect of capacitance during op^tion in 
the saturated re^on, the equation which 
holds in that region is 


2,^3 i , B sin (/ -h /3»)* 

** C 

subject to the boundary conditions 

t - 0 T, « “ 0* (2) 

at 

In equations 1 and 2, the symbols have 
the same significance as in reference 1. 

The solutions of equation 1 for charge 
and current, after inserting boundary 
conditions, are: 


The writer disagrees completely with Mn 
Witherow’s contention that two loads ^h 
of five minutes duration, one three times 
the other in value, first in one sequence and 
then in the other, are ^'equivalent loads. 
They most decidedly are not "equivalent 
loads. The best possible means of provi^ 
this lack of equivalence is to examine the 
temperature rise of the equipment that 
carries such loads. The rising sequence 
will invariably cause a higher temperature 
rise in the equipment carrying such loads 
than win the falling sequence. The writer 
considers it to be one of the outstanding 
merits of the thermal demand wattmeter 
that it thus recognizes the lack of equiva¬ 
lence of two such loads as Mr. Witherow has 
described. The thermal demand meto 
recognizes this lack of equivalence by the 
same fundamental law of nature as does the 
equipment that carries the load. 

Commenting now on Mr. Allen’s contribu¬ 
tion the writer quite agrees with Mr. Allen 
when he says, "The difference in load meas¬ 
urement between lagged-d^and meters 
as a and integrated-demand met^s as 
a class, both of which would remain as 
acceptable types, is much more pronounced 
the difference between two lagged- 
demand meters having different characteris¬ 
tic curves, one reaching 81 per cent and the 
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other 90 per cent of final indication in the 
demand interval,” , 

However, Mr. Allen seems to have missed 
one of the main points in the writer’s paper. 
The writer considers it of the utmost im¬ 
portance that the Code for Electricity 
Meters shall recognize the inherent differ¬ 
ence between the thermal demand watt¬ 
meter and the thermal demand ammeter. 
To recognize this iidierwit diff^ence, the 
time period of the wattmeter must be de¬ 
fined as the square of the time for the ther¬ 
mal demand ammeter to arrive at any given 
percentage of final value. The fundamental 
laws of nature dictate at least this mu^. 
The exact percentage of final value by which 
to define time and just what this time shall 
be are matters which are in the hands of the 
lately appointed committee to revise the 
Code for Electricity Meters. But what¬ 
ever time is adopted or whatever percentage 
is adopted, the percentage of the watt¬ 
meter time period must be the sguare of the 
ammeter time period. . 

The writer still adheres to his recom¬ 
mendation that 30 minutes be adopted as 
the time period for all demand measure¬ 
ments. Comparisons between the rates 
of various utilities are thereby made much 
simpler and confusion will be avoided. 
However, the writer does not consider this 
toh^2XiesseniiaU 
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These equations hold throughout opera- 
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tion m the saturated region, that is, until 
the flux linkage in the reactor has been 
reduced again to the value it had when 
operation started in the saturated region. 

current at a transition from one 
region of operation to the next is alwa 3 rs 
zero, hence the conditions which obtain at 
the instant 4, at which equations 3 and 
4 cease to hold, are: 

n i A 


an excursion in the saturated region may 
be described by the equation:* 

Qk+i */s(Qft) (7) 

where /, denotes the functional relation¬ 
ship given by equations 5 and 6. Figure 
2 shows examples of contours in the Q* 
plane and the corresponding contours in 
the 0*+i plane. A discussion of these 
contours and the nature of the function 
fs is given in appendix I. 


CE^/lc cos . th 

-1 Vie 


CE 


iC- 1 


0 = cos jSj cos • 


sin (/* + /3*) (5) 


X 


VZc Vlc 


«»(<» +/St) (6) 


m. Excursion in 
the Uhsatnrated Region 


From reference 1, equation 21, the flux 
linkages during operation in the un¬ 
saturated region aore given by 

= - £ cos i ^ £ cos To -t- 


QtiTj 

C 


( 8 ) 


in which Q|.+i is the charge at the end 
of operation in the saturated region. 

+ r and are the values which must be 
t^d as boundary conditions in the solu¬ 
tion of the differential equation for the 
next traverse of the unsaturated region. 
The time 4 must be determined from 
equation 6; then may be deter- 


in which is To is the angle of the 
electromotive force at the instant of 
entering the region, and Qt is the charge 
at entering. Denote by and /J„ the 
cliarge and angle at entering the un¬ 
saturated region, then the charge and 
angle at leaving are (2„+i and /9„+j. 
These values are given by 



Figure 1. Idealized saturation curve 

^ed from equation 5. Note that h 
is the smallest angle greater than zero 
which satisfies equation 6. 

Shice the current is alwajrs zero at a 
transition point, the charge and the phase 
angle of the electromotive force at transi¬ 
tion are sufficient boundary conditions. 
If the saturated region is entered with a 
charge Q. and an electromotive force 
having the phase angle /J», then the 
saturated region will be left when the 
charge has dhanged to and the 
phase angle has become /S»+i = pj. ^ 
4- Let us associate corresponding 
charges and phase angles to form com¬ 
plex numbers. Denote Q»+iZj8»+i by 
and denote QcZ/S* by Then 
the effect on the boundary conditions of 


Qm*l — Qm 


(9) 


cos 4 - g = cos /V H- 
Qm . 


( 10 ) 


where » has the -ralue +2'^JE when the 
transition is from the upper to the lower 
saturated region, the value when 

the transition is from the lower to the 
upper saturated region, and the value 0 
when re-enters the region from which it 
came. 

The effect on the boundary conditions 
of an excursion in the unsaturated region 
may be described by the equation 


<?m+l - /««?») (H) 

in which the complex numbers represent 
diarge and phase angle of electromotive 


There is one point in connection with this method 
of expressing the problem which requires amplifica- 
hon. The charge Q* may be negative. Since the 
modulus of a complex number cannot be negative, 
the question arises as to whether or not it is per¬ 
missible to represent such a negative sign by a 
phase angle of 180 degrees in the usual way for 
complex numbers. Suppose 0* - where A 
is positive, and Let the resulting value of 

Q*+i « B and of djb +i - i^ow if the com¬ 

ply number A /gg + 180° is used to represent Qjb, 
it is readily seen from equations 6 and 6 that 
vilues of and Ojb+i are 

gft + 180 and — B; but these would be represented 
by the complex number B/Jh which agrees with the 
previous result. MathemalicaUy, therefore, the 
^i^e works; it is useful providing the duality 
of physteal interpretation can be rendered particular 
by other consideration s. That this can be done will 
presently become apparent. 



force ent^ng and leaving the region, and 
/„ denotes the functional relationship 
given by (9) and (10). The footnote dis¬ 
cussing equation 7 applies equally well to 
equation 11. 

IV* Recurrent Boundary Conditions 

A subharmonic exists when the bound¬ 
ary conditions after a given succession of 
traverses of the ^ versus i characteristic 
are found to be substantially recurrent. 
The term substantially is used because it 
is believed that, except in unusual cir¬ 
cumstances, an oscillation which over 
short intervals seems to be recurrent 
actually has superimposed upon it a per¬ 
turbation. The superimposed perturba¬ 
tion may be of much lower frequency than 
the approximately recurrent phenomenon, 
or indeed may not be periodic at all. 

Disregarding minor deviations due to 
the above mentioned perturbation, we 
may express the condition for a sub¬ 
harmonic oscillation mathematically by 
the equation 

Q^fsfu fefnfsfnQ (12) 

that is, if, by operating successively and 
alt^ately with the functions/« and/,, 
a given complex number transforms into 
itself, then that complex number gives 
the charge and phase angle of electro¬ 
motive force for a subharmonic oscilla¬ 
tion. 

The operation indicated in equation 12 
cannot be carried out analytically since 
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there is no practicable analytical method 
for solving the transcendental equations 6 
and 10. Graphical methods could be 
used but these are time consuming. A 
mechanical calculating device has been 
developed for this purpose which is ex¬ 
tremely rapid in operation and is suffi¬ 
ciently accurate for all ordinary engineer- 
itig purposes. The machine is shown in 
figure 3. A schematic diagram for pur¬ 
pose of explanation is given in figure 4. 
The theory of operation is given in appen¬ 
dix If. 

V* Charts for Matching 
Boundary Conditions 

Given charts of the functions fs and 
/„ for a particular idealized circuit, all 
information about the behavior of that 
circuit in producing subharmonics can be 
obtained by carrying out graphically the 
operation indicated in equation 12. In 
onlcr that such diarts may present the 
required information in terms of the 
smallest possible number of parameters, 
a per-unit system^ will he used. The base 
values for this system are: 


Figure 3. Mechanical device for evaluating 
6 in the equation tlnd + X sin (ktf -f ^) - Y 

cos + QmAn+i “ COS 0rn + 

QmPm =*= 2^3. 0 {16) 

From these equations it is evident that 
the function fs depends upon the single 
parameter w and that the function 
depends upon the single parameter ^ 5 . 
The parameter «, the per-unit angular 
velocity, is the ratio of the “saturated 
natural frequency** to the impressed 
frequency. The parameter the per- 
imit value of flux linkages at the knee of 
the saturation curve, is the ratio of the 
reactor voltage at normal frequency when 
operating at the knee of the curve to the 
impressed voltage. 

Figures 6 and 6 give the functions /, 
and/„ respectively. In figure 5, o) has the 
value 1/2.5 = 0.63. In figure 6 , has the 
value 1.16. In figure 6 , the contotirs are 
plotted in rectangular co-ordinates to 
give greater accuracy in reading p when 
Q is small than could he obtained in a 
polar plot; this method of plotting also 


discontinuities so that they appear in 
three or more sheets. Of these sheets aU 
except those inside the region marked out 
in the heavy shidd-shaped area have 
positive slope with All points on 
curves with positive slopes represent 
transitions from to —or vice versa. 
Points on curves having negative slopes 
(those within the shidd-shaped area) 
represent a return to after having left 
it without crossing over to the opposite 
saturated region. 

VI. Stability of Subhannonic 
Oscillations 

If, after a certain sequence of transi¬ 
tions from region to region, the boundary 
conditions for a given subharmonic os¬ 
cillation are recurrent as expressed by 
equation 12 , then in the succeeding inter¬ 
val of time the same ^quence of transi¬ 
tions from region to region should occur. 
Suppose that in the course of such osdlla- 
tion some small disturbing influence 
should occur. Mathematically this may 
be expressed by replacing Q by Q + aQ 
and phy p+ AP. Then after a complete 
period we have 

Q -I- AiQ / ^ + Ai/3 » 

... fJMu (Q + AQ /g + M 

If the increments AiQ and AiP are 
greater than the increments aQ and Ap 
the effect of the disturbing influence 'mil 
grow with each successive excursion over 
the sequence of values constituting a 
period, until ultimately the periodic 


Base lime * seconds per radian of the im- Fisure 4. ^ Me- 
prcHsed sinusoid. clianlcal device for 

Base angular velocity = 2ir times the fre- evaluating e in the 
queticy of the impressed sinusoid. equation sin ^ -|- X 

Base quantity of electricity « circuit capa- sin (kd + <^) •* Y 

citance in farads times the maximum value 
of the impressed sinusoid in volts. ^ 

Base flux linkages « maximum value of the 
impressed sinusoid in volts multiplied by 
base time. 

To effect a further simplification in 
notation, let 1 /VTc be replaced by a, 
then in the above unit system equations 
5,6, 9 , and 10 become 



/ ^ . <•)* sin Pt\ M 


COCOS Pjt . 


sin CO - 


. sin (tjb + Pk) (I^) 


1 CO* " 1-0* 

0 cos Pk cos o /jfc — 

„ ~ ^ Q* + sin /9» ^ sin 0 . <» - 

COS (tk + fik) (1^) 
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allows the physical interpretation to be 
stressed by making a distinction between 
negative modulus (negative charge) and 
a phase shift to 180 degrees. In figure 6 
versus iS„ is shown for a range of 
vsdues of Qm- Since = Qm fh®se 
curves completely determine the function 

^ The curves of gm+i versus An l^®^® 
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nature of the phenomenon is destroyed. 
If, however, AiQ and AiP are smaller than 
the disturbances producing them the 
effect diminishes from period to period; 
in this case the osdllation is stable. 

The condition for stability is the ana¬ 
lytical equivalent of the conditionfear cot- 
va-gence of the successive appreahnation 
solution of equation 12. This equation 
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Fisur# 5. Chart of tha funeUen WQk) 

Contours sive loci of 0*+i /^, for O* 
- constant and /J» =» constant CLC - 2.5) 


represents a functional relationship which 
must be satisfied by a certain number-pair 
The rdationship could equally 
well be written 


Q “ 

P = <Q.P) 



ated in any particular case by graphical 
methods, however, with relatively little 
difiSculty. 

The solid curves of figure 7 show a 
differential analyzer solution for the 
charge and flux linkage* in a circuit in 
which u = 0.63 and f, = 1.16. 

After the first few qrdes the charge 
seems to be essentially periodic. The 
wave form from cycle to cycle changes 


slightly but the general nature of the 
oscillation is the same. Although the 
current is not shown it is evident that 
thare are two current pulses of the same 
sign and approximately equal magnitude 
for each half cyde of the subharmonic 
oscillation. This wave form is charac¬ 
teristic of the oscillations commonly 
encountered in actual electric circuits. 
The dotted ctqve shows values of charge 


A suffident condition that the method 
of successive approximations sTinll yfdd 
a convergent solution when applied to 
these equations is devdoped in appendix 
HI* In terms of charge and phase angle 
the set of conditions for stability of a 
subharmonic oscillation is evpi-Rs.^^ in 
terms of a set of restrictions on the partial 
derivatives &&+:/&&, bQW&iSt. 

The labor of carryiiig out a compre- 
bensi^^ analytical investigation of the 
b^avior of these partial derivatives 
would be prohibitive. They can be evalu- 

linkage curye are due to 
T an^yzer setup the saturated 

mth the the ratio of ^ to i in this region being 
maintained by means of gears. The cwU ther J 
fore represents flux Knkage only for values of 0 
less It 18 included for convenience in de¬ 

termining phase relationships. 
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Pisurts 6. Chart for th« function fu(Qm) 


The contours shown are curves of ^fn+i versus for values of Qm 
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and angle calculated from the charts of 
fs and starting with the boundary 
conditions given by the analyzer at point 

1. The two methods check well for the 
first period after this point, less well for 
the next period, and poorly for the third 
succeeding period. If the criterion for 


value greater than dnity. Therefore the 
oscillation shown in figure 7 is unstable. 
This agrees with the fact that the wave 
form calculated by the graphical method 
of this paper departs from that given by 
the differential analyzer. It is believed 
that had the analyzer record been of 


opinion may be colored by the fact that 
throughout this analysis resistance has 
been neglected. Whether any given 
harmonic which fulfills the condition of 
recurrent boundary conditions is stable 
and therefore will be sustained is a ciues- 
tion which probably cannot be answered 



stability were satisfied the two methods 
should check well; if the phenomenon 
were unstable the result obtained would 
be expected, that is, the less accurate 
method (the graphical one) would cause 
the instability to become apparent in 
fewer periods than the more accurate 
method. A tabulation of the partial 
derivatives throughout the first cycle is 
shown in table I. 

From these partial derivatives it is 
possible to calculate the values of bu/bQ, 
bu/ 5^, bv/ bQf bv/ d/9. These values are 
functions of the derivatives 5Q*+i/dQifc, 
^Qk+i/bhi etc., similar to the poly¬ 
nomials Af B, C, D in equations 29 if n 
of equations 29 is made to correspond to 
the number of transitions involved in one 
period of the subharmonic. The values 
calculated for a half-period (since the 
two half-periods are alike the stability 
criterion should apply equally well to a 


half or a whole period) are: 

bu 

bv 



bu 

bv 

M - 

- 0.93 
d/S 


It is obvious that the sufficient condition 
for s^ility is violated; note that this 
condition is not necessary, A considera¬ 
tion of the polynomials A, B, C, D shows 
^at a sufficient condition for instability 
is that all partial derivatives have the 
same sign and that at least one of the 
derivatives bu/ dQ, bv/ d/9 be in absolute 
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Figure 7. Comparison of graphical calcula¬ 
tion with differential analyzer solution 


sufficient duration the charge wave would 
have drifted into a different mode of 
oscillation. Experience has shown that 
the duration of analyzer record required 
to accomplish this is quite great (a matter 
of days at the rate of five minutes per 
cycle of impressed voltage) hence the 
analyzer is not particularly suited to 
investigations of this type. 

Vn* Conclusions 

L Subharmonic oscillations, if stable, 
can be calculated with good accuracy 
by Ihe method of matching boundary 
conditions providing the circuit is such as 
to admit of the idealizing assumptions 1 
to 4 given in the introduction. The labor 
of carrj^mg out such calculations is not 
prohibitive if the solution of the tran¬ 
scendental equations involved is done by 
mechanical means. If the oscillation is 
unstable it does not seem probable that 
any analytic method can be developed 
which will reproduce experimentally ob¬ 
served wave forms. 

2. The theory developed in appendix 
III provides a means for investigating the 
stability of a given mode of subharmonic 
osdllation. The application of criteria 
arismg from this theory to specific 
examples leads to the belief that stable 
subharmonic oscillations are rare. This 
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completely by any analysis which neg¬ 
lects dissipation. 

3. The effect of resistance on stability 
is of greatest importance in the region of 
saturation. It is shown in appendix IV 
that a resistance of sufficient size to damp 
out the oscillation due to its effect in the 
unsaturated region alone, would so limit 
the current in the saturated region that 
it is doubtful that the oscillation would 
be initiated. The modification of the 
function to include dissipation should 
generalize the method of this paper suffi¬ 
ciently to render it capable of determining 
wave form and stability in any circuit 
commonly encountered. The addition 
of exponential cams to vary tlic radius 
EG of the mechanical device described in 
appendix II would make this extension 
possible. 

4. Throughout this analysis the satu¬ 
ration curve has been approximated by 
two straight lines. This approximation 
does not introduce appreciable errors in 
wave form for the first cycle after any 
given set of boundary conditions. It 
cannot be stated conclusively however 
that ^is approximation has no effect on 
stability. At least one example can be 
pointed out (equation 3 of reference 1) 
in which the stable subharmonic depends 
upon a particular shape of saturation 
curve. In this example, however, the 
two straight lines would not represent a 
good approximation to the curve and 
therefore would not be expected to pro¬ 
duce the same character of oscillation. 
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Appendix I 

Nature of the Function f. 

Consider the equation 4. If, at ^ * 0, 
di/di is positive, we have a condition cor¬ 
responding to entrance into the positive 
saturation region. If, on the other hand, 
di/dl is negative, the condition corresponds 
to that which obtains at entrance into the 
nef^itlive saturated region. 

If di/dt = 0, we have the limiting condi¬ 
tion at which a saturated value is 
just reached but not entered so that no 
change in charge results. From equation 1 
it is evident that for di/dt — 0 when t — 
0 I he following relation holds: 

« CJSsin^A: (W) 

Since this represents a condition of contact 
with a saturated region, but zero time of 
operation in the saturated region, the cor- 
rcBponding values of Qk^ i and are 

Qkii Qk 

(hM - 

hence 


and AD have been rotated in a clockwise By application of the mean value theorem 
direction from the center line Ci. a is the we have: 
angle' through which the arms EG and FH 

have been rotated in a counterclockwise di- a 2 — ai = u{au 0i) — «(ao, ^o) = 

rection from the center line C^. It is evi- dwT b«"| 

dent from the geometry that gjjj — ao) + “ W 


.X - BC sin e 

(21) 

y — EG sin a 

(22) 


5 is a scale carried on EF extended, the zero 
of the scale being located at a distance from 
E equal to the distance between the center 
lines Cl and C 2 . Since the scale moves to 
the left and the bar CD moves to the right, 
the reading R of the bar on the scale is the 
sum of the displacements x and y. 

+ BCsin0 -h ECsin a (23) 

The protractor P which is used to measure 

6 is belted to a pulley of equal diameter to 
which is pinned a gear having Ti teeth. 
This , gear meshes with a gear having r 2 
teeth which is attached to the arm EG* 
It is evident that a could be set equal to 
zero and 0 assigned any arbitrary value jS 
before the gears are meshed. Then we have 


aa — a2 = u(a2t P 2 ) “ u{au ^i) *= 

(a.-«o + rl (ft-ft) 

oxj oiM oyj at,ht 


<xo< ai < ai 
iSo < 


ai < ^2 < 

< &2 < Pi 


^2 “ /5i = v{au Pi) - »(ao, Po) = 






(ai — ao) + 




(Pi - Po) 


Pz Pi — v(a 2 , Pi) — v(otu Pi) 


oxj 


cii) + ^1 (^2 — Pi) 


ctQ < ai^ < ai oti< <h^< oti 

po < hi^ < Pi pi< < pi 


= CE sin Pk + 1 


( 20 ) 


that is, the circle in the Qk plane given by 
equation 19 transforms into the circle in the 
Qjtn plane given by equation 20. A 
point Qk which satisfies (19) represents a 
point of contact with the positive saturated 
region when the curve of current versus 
time is concave down. This is the case 
providing dH/dl^ is negative or, from 
equation 19, providing cos Pk < 0. A 
point representing such a contact with the 
positive saturated region may also be re¬ 
garded a.s a limiting condition of operation 
in the negative saturated region. In this 
case it represents the angle which for a given 
charge Qk produces the longest possible 
ext^itrsion in the negative saturated region. 

All contours in the Qk plane crossing the 
contour Qk * CE sin Pk yield contours in 
the Qk \ i plane which are discontinuous 
at the contour Qjt+i at values of ^*+1 
in the range 90 degrees < < 270 de¬ 

grees correspond to operation in the posi¬ 
tive saturated regfion. Those contours ter¬ 
minating on that contour at values of + i 
ill the range —90 degrees < Pk^-i < 20 
degrees correspond to operation in the nega¬ 
tive saturated region. Since the circle 
Q CE sin P is traced over twice as P 
varies through 360 degrees all points have 
dual physical interpretations. 

The above is illustrated in figure 2. In 
this figure three contours in the Qk plane, 
the circle Q, - CE sin Pt. the «rcle 
Ok - 2, the straight line pk ** 120 ne- 

Brccs for 4.S2 > <?* > T"’ "r 
The constants of the circuit are i - 0.6, 
C ^ 5.0, and E •• l-O- 


Appendix II 

IVEecliftitical Solution of a 
Trigonometric Equation 

Referring to figure 4, ABCD and BFGH 
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Pj Let us suppose that the region under con- 

a « — (^ - ^) (24) sideration is sufaciently small that partial 

^ ® derivative may be assumed to be constant. 


or substituting in (23) 

sinfl + gsm^g9-|;d)-= (25) 

BC is 10 centimeters, EG is adjustable on a 
centimeter scale, R is read on a centimeter 
scale, and the gear ratio ri:T ’2 is adjustable. 
Hence we may set up the equation 

sin 6 X sin (kd -|- ^) — F (26) 

by first setting X, k, and and then moving 
the mechanism as a whole until Y is r^d 
on the scale S. The corresponding reading 
of the protractor is B, 


Appendix III 


bu • dw 

bi ■ by 


Vy, 


— 

bx 




by 


= Vv 
(28) 


From the above it is possible to express 
{an - on-i) and (ft, - ft,-i) in terms of 
(ai - o!o) and (/3i “ /*»). example 


(ft ~ ft) — (“1 ~ “•) (^»*^* 

UnVnVy + VxVy*) + (ft - ft) + 

2VyVnVy + V/) 


In general we have: 

(«» - Oa-i) = (on - ao)d + (ft - ft)5 
(/3« - ft-0 = («> - “»)^ + (ft - ft)£, 


On the Solutiou of a Pair of Equations 
by the Method of Successive 
Approximations 

Given the two equations 

X » tt(3ff,y) I (27) 

y =s v(x,y) ) 


in which A, B, C, and P are all homogeneous 
polynomials in Ux* Uy, Vx, Vy\ each of 
degree (» - 1) and each contai^g 2“ ‘ 
terms. Let the greatest term m any of 
these polynomials be 


If/ If/ V/ V/ = 

M" (« + 6 + e + <l — ** 


- 1) (30) 


then we have 


two sequences of numbers ao, ai, a 2 ... 
and ft, ft, ft. •• ft. may defined by the 

scheme 


cii « u(aoy po) 
= tr(ao, po) 
ct 2 =* w(ai. Pi) 
p 2 v(oii, pi) 


^ St l^(an — ii - i) 

ft = »(“«-1. - j) 

Travis—Subharmonics 


(a i — «o) + (ft ~ ft) 

On - “n-i < 2 ^ ' 

(«,-a.)+(ft-.ft!)(aj^«-. 

On Pn~i ^ o 


Lim 

On — _ 1 

n-*- ® 


0 


Lim 


Pn - 1 


0 


M< 


(31) 


Hence the sequence ao, a,... «« approaches 
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a limit and the sequence fin like¬ 

wise approaches a limit providing M <\ 

Let the limits be respectively X and F. 
Then 

X ^ u{X,Y) 

Y = v(X,Y) 


It follows therefore that, assuming any 
arbitrary initial values ao, j 8 o, the equations 
27 may be solved by successive approxi¬ 
mations providing 

* 

Ibdff 

g jfa+s+<!+<l^ M<^ (32) 

for all a, 6 , c, d. 

Clearly this condition is satisfied if 


^ 

dy 


bu 

a 

bx 



bu ® 
by 


bu^ 

dxj 


< 


M. 


by 


< M, 


< M, 


< M 
(33) 


Note that Ux and Vy are dimensionless and 
are therefore independent of the units in 
which the quantities x and y are expressed, 
whereas TJy and Vx are dependent upon the 
units. An investigation of the polynomials 
A, B, Cf D shows that in any term in which 
dther IFy or Vx occurs the degree of the term 
in Vx is equal to the degree in Uy or to that 
degree plus or minus one. Hence in the ap¬ 
plication of the theorem to physical prob¬ 
lems in which scale factors enter, the cri¬ 
terion can be rendered independent of units 
by requiring that 


by 


bx\ 


< ilf* 


(34) 


If it is desired to apply the criterion in 
the form in which it appears in the inequali¬ 
ties (33), it is necessary first to put the 
physical equations in such form that the 
variables themselves are dimensionless. 


Appendix IV 

Effect of Resistance on Stability 

With an initial charge on the capacitor 
or with a switching angle such as to swing 
^ beyond saturation the phenomenon will 
always start. Since in the unsaturated 
region the charge is trapped, the flux link¬ 
ages will have a component approximately 
equal to — In order for the phenomenon 

to stop it would be necessary for a current 
pulse completely to eliminate the charge 
on the capacitor and at the same time for 
the^ angle of Mergence from the saturated 
region to correspond to a voltage peak, or 
for the attenuation due to resistance in the 
unsaturated region to be such as to reduce 
^ to a size less in absolute value than 

Consider the possibility of the latter case. 
Referring to figure 6 in reference 1 it is 


seen that at the instant the charge 
is — 0jfc. If instead of assuming infinite 
inductance along the unsaturated portion 
of the characteristic, an inductance L is 
assumed, we have a current at the instant 
Tjt^i equal to — ^,/L. The equation which 
holds for the succeeding interval of time is 


d^q dq 1 

This equation is subject to the initial con¬ 
ditions 

t — Tk^i “ 2r7r + 7 g *=» —Q* 



Let us change the origin of time to the 
instant of leaving the negative saturated 
region. Then the electromotive force is E 
sin (/ 4* 7 ) and f = 0 initially. Since the 
inductance L is very large, the steady-state 
current may be taken as (^E/L) cos /, 
hence the total charge and current are 


q =« i4€“^sin ((at + 0 ) - sin ( / + 7 ) (36) 

JLt 

i ^ sin ((at -h ^) + 

E 

6)^4 €“* cos ((at + ^) — -— cos (/ -h 7 ) ( 37 ) 

JLi 

where 

r* 1 

since — < < — 
4L* LC 

We have the boundary conditions 


/ * 0 


-Q ,•= -L. 


(38) 


which when substituted in (36) and (37) 
yield 


^ £ sin 7 - LQ 

B = sin-1- i^ 

LA 


(39) 




X 


\/£2 — 2JB(^a cos 7 + XQsin 7) -|- -f- 

(40) 

Equation 40 is subject to the condition 


which is justifiable because in normal cir¬ 
cuits 


Since if/ ^ Li we have 


}f/ = LA^^ [(cK sin 6 <j3 cos O') cos (at 4“ 

(a cos d — w sin B) sin (at] — 

E cos (/ 4- 7 ) (41) 

The denominator in equation 39 is a large 
quantity; let us neglect sin to a first ap¬ 
proximation, then 


if’ - Vlcy. _ 

•\/£»—aE(if’,cos7'+L0sin’y)+if’»*+.Z-*0* X 
e-k[_^sm<o< + ;^cosw]- 
E cos (t 4- 7 ) (42) 


It is evident that for subharmonics having 
long periods the resistance has greater ef¬ 
fect in the unsaturated region than for os¬ 
cillations of short periods. Let us calculate 
the value of resistance which would make 
impossible all oscillations having periods 
greater than lOv. The following numerical 
values represent a typical circuit: 

/ *= 3ir (approximately) C =» 6 L « 40 
cos (/ 4- 7 ) “ — 1 (approximately) Q « 1 
ypn “ 1.16 

These yield the transcendental equation 

1.15 « 209e“*®*”’'’[-0.0077r + 0.056] + 1 

(43) 

Solving (43), we have r = 7.1, a value so 
great that l^e oscillation would be elimi¬ 
nated due to attenuation in the current flow 
interval long before this limit were reached. 
This suggests that for oscillations of com- 
parativdy short period the damping in the 
saturated region is far more important than 
that in the unsaturated region. Hence the 
inclusion of the effect of resistance in the 
charts for the function fs(Qit) might lead 
to values of partial derivatives which fulfill 
stability criteria. 

A small resistance would eliminate very 
long periods due to damping in the un¬ 
saturated region and very short periods due 
to reduction of the current pulse during 
operation in the saturated region. It ap¬ 
pears that as the i*esistance increases there 
may be one intermediate harmonic which 
would be last diminated, the subharmonics 
on dther side being successivdy cut off. 
'This may mean that there is a most stable 
mode of oscillation for a given circuit, and 
that, although theoretical cbnsideratioii^ 
thus far presented indicate infinitdy many 
steady states, there is one subharmonic 
oscillation most likdy to be produced re¬ 
gardless of varying boundary conditions. 
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The Generalized Solution for the Critical 
Conditions of the Ferroresonant Parallel 

Circuit 


WILLIAM T. THOMSON 

ASSOCIATE AIEE 


Synopsis: In a .recent paper “Similitude 
of Critical Conditions in Ferroresonant 
Circuits,’*** a generalized solution for the 
critical conditions of the series circuit was 
given. The same type of generalized treat¬ 
ment when applied to the parallel circuit 
yields a number of interesting conclusions 
to siippleniehl those found for the series 
circuit. 

Characteristics of the 
Parallel Circuit 

F igure l represents the typical 
volt-ampere relation of the parallel 
circuit. Unlike the series circuit with its 
voltage-sensitive characteristics, the par¬ 
allel circuit is known to be current sen¬ 
sitive****® in the critical region. 

It is noted here that the critical current 
is greatly dependent on the value of Xc 
used, and as in the series circuit, this 
current increases with a decrease of Xc^ 
Also, the critical voltage increases with a 
decrease of Xc» The effect of varying 
the resistance is most noticeable in the 
critical region, the reduction of this re¬ 
sistance increasing the current dip found 
in such circuits. 

Generalized Treatment 
of the Parallel Circuit 

The circuit referred to in this investi¬ 
gation is shown in figure 2. The critical 
conditions are defined by the following 
equation: 


dip 

dE 


0 


( 1 ) 


where io represents the total line current. 
Referring again to figure 1, it should be 
apparent that with a resistance less than 
the critical value, the above relation is 


satisfied by two values of current and 
voltage, while with a critical resistance in 
the circuit these two values of current 
and voltage approach a single value. 

Rewriting equation 1, 


dui dit 
dE dtij dE 


( 2 ) 


Since diJdE can never become zero, 
dk/dii, = 0 will satisfy the above relation. 
Generalizing, the critical points will be 
defined by the following equation: 




(3) 


Table I. Data for Reactor 5 

n - 800 (nA) - 760 

A * 0.95 square inch “ 83,400 

/ 7.3 inches Ct) ** 109.7 
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Standard Circuit 
(Ri - 0; Ra - 
104 ohms) 

New Circuit 
(Ri 104 ohms; 

Ra - 0) 

B 

lo 

E 

lo 

63. 

...0.20 . 

. 58... 

.0.20 

94 

0 80 . 

. 87... 

.0.30 

120 

0 35 . 

.106... 

.0.35 

142 

..0,40 . 

.124... 

.0.40 

156 

...6.41 . 

.160... 

.0.46 

185 

1 0.415. 

.182... 

.•.0.46 

100 

..0,416. 

.200... 

.0.46 

205 

.,0.42 . 

;..,,210... 

.0.47 

214 

.0.45 . 

.229... 

.0.60 

oon 

n SO _ 

.265... 

.0.60 

229.0.60 

Critical stable values 

E - 185 

JS 

100 

/o 

» 0.415 

lo * 

0.46 

Xl 

-> 0.847 

IL 

0.345 

R 

- 104 

R 

104 

Xc 

- 268 

Xc « 

268 

& 

0.243 

(^)- 

0.260 

(a) 

45.5 

(t)“ 

50.5 


1 88.0 

(x‘)- 

37.9 


0.00125 

(?)' 

0.00125 

\ f ) 
(X.\ 

1 

Vt; 

0.00321 

(#■ 

0.00321 


It is now necessary to express nio/l 
in terms of Using the same nota¬ 

tion as that of the series circuit, the re¬ 
actance and the apparent resistance of 
the reactor can be expressed as follows 
(reference 24, equations 5 and 6): 


Thomson—Ferroresonant Circuit 


Y - ^ ^ 

II ii \ ^ / 


(4) 


^LR 

h 


nAa (n^A\ a 


where; 


Eix ** reactive component of the reactor 
voltage 

Fir — in-phase component of the reactor 
voltage 

n = number of turns on the reactor 

A cross-section area of the magnetic 

path 

I = length of the magnetic path 

P - X 10"' = a function of 

{nih/D 

7 «= form factor 


(f) 


iH 

’Kt) 


a function of {nijl) 


watts per pound of iron 


a) 


density of iron used 


K = ii/h fundamental to 

effective current 


Since 

. . Zl+Z2 


nto »*i „ 

T“ I ^ 


( 6 ) 




nto 

T 


' ^ /«*A\ a 

ie. + i?, + (— 


i4\ 

Vi /. 
_ 


V 


Rl* + 
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Differentiation and equating it to zero, 


<t) 



Therefore, 


and 



can be drawn with 



as 


the independent variable. This generalized 
curve for the standard circuit can then be 
used to calculate the critical stable values of 



for the case where Ri is not 


equal to zero by means of the two equations 
briow. 







( 8 ) 


It is investing to note that equation 
8 is essentially identical to equation 9 of 
the series circuit (see equation 9, refer¬ 
ence 24). 

The generalized voltage is obtained by 
the following equation: 



The Principle of Sixnilitude of 
Parallel Circuits 


3. Since the only resistance term appearing 
in equation 8 is as far as the 


critical value 


.“f ) 


is concerned, it mat- 


ters not whether the resistance is placed all 
in one branch or divided between the two 
branches. 

4. When Ri « 0, equations 8 and 9 indicate 
that the critical stable value of de¬ 


pend only on the value of / -— 




6. Using J?i « 0 as a standard parallel cir¬ 
cuit, a generalized curve for/ ^ 


r/ -S \ 

^ V 


/AV ^ /AY + 

/ Ris^O « 0 



Equation 10 is obtained directly from 
equation 7 while equation 11 is obtained 
from equation 9 by assuming a to be 
negligible in comparison to 

Experimental Verification of 
Derived Conclusions 

Critical stable values for parallel 
circuits were obtained experimentally 
and tabulated in table II. Reactors 
1, 2, and 3 used for this purpose were 
made from the same grade of iron and 
are the same reactors used in the previous 
investigation of the series circuit. 

The tabulated values of table II are 
plotted in figure 3 representing the gen¬ 
eralized curves for the standard parallel 
circuit. For comparative purposes the 


From equations 7, 8, and 9 a number 
of conclusions can be drawn. The follow¬ 
ing apply to the critical stable condition. 

1. Comparison of equation 8 with the 
co^esponding equation for the series cir¬ 
cuit (equation 9 in reference 24) indicates 
that the mtical stable value of nii/l and 
/^L-IIlAN are equal to those of the series 

It) 

circuit. 

2. From equation 8 it is possible to state 
that two different circuits with equal values 

of /A-\will have equal values of/AzlAA 

w) ■ , ( 7 ) 

and the ampere turns per inch of the reactor 
branch for the critical stable condition will 
be equal. 
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Rsurc 1. Charac¬ 
teristics of the paral¬ 
lel circuit 
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Table II. Critical Stable Values tor the Parallel Circuit 

(Tabulated Values—Fisure 3) 


Figure 2. Ferroresonant parallel circuit 


values of 


(=r) 


and / of the series 

t ) 

circnil (see reference 24, figure 4) for the 
same grade cjf iron are superimposed in 
dotted lines. It is apparent from these 
curves that couclusitms 1, 2, and 4 are 
in fairly goofl agreemeut. 

In order to verify conclusions 3 and 5, 
the data in table I were taken. The grade 
(d iron used for reactor 5 is unknown; 
however, I his is innnaterial for this veri¬ 
fication. 

It is noted that the critical stable 
cotulition is obtained in both cases with 
R 104 olnns, regardless of whether the 
resistance is placed in the reactor branch 
the capacitor branch. As indicated 

ill (S), till! viilucs (if ^'-“^arcfwundtolK: 


Xc £ 

lo 

Il 

Rs 

Xc_ 

n^A 

1 

nA 

nio 

1 

1 

n^A 

1 

Reactor 1 

188.335... 

..1.17... 

..0.74... 

..110.., 

...0.00411... 

..0.246... 

..39.3... 

..24.8... 

..0.0024 

272.320... 

,..0.75... 

..0.57... 


...0.00696... 

...0.236... 

...26.1.,. 

..19.1 

..0.00338 

360.310... 

...0.65... 

..0.48... 

..154.. 

...0.00765... 

...0.228... 

..18.4... 

..16.1... 

4(10.290... 

...0.36... 

..0.37... 


...0.0100 ... 

...0.213... 

, ..12.1... 

..12.4 


Reactor 2 

93.150.., 

.. .1.02... 

..0.73... 

.. 49.. 

...0.00636.. 

...0.248.. 

...29.3... 

..21.0.. 

. ..0.00280 

184.130.. 

...0.40... 

...0.43... 

,.. 65.. 

...0.0106 .. 

...0.215... 

...11.5... 

..12.3.. 

...0.00374 

Reactor 3 

272.320.. 

...0.78.. 

...0.53.. 

...160.. 

...0.0039 .. 

...0.264.. 

...44.8.. 

...30.4., 

...0.0023 

305.313.. 

...0.66.. 

...0.46.. 


...0.00437.. 

...0.269.. 

. ..37.9.. 

.. .26.4 



(Sec reference 24, table I, for reactor dimension.) 

Using the values obtained for the 
standard circuit and applying equations 
10 and 11, 


= 45. 

\ i /l?i«104 
i 25 s = 0 

V 


\w4/Ri 


ko.0 0125)^ + (O.QQ321)» ^ 
(0.00321)2 

45.6(1.072) == 48.8 
Experimental value = 50.5 


equal for botli circuits. 

'flic two terms differing in the two 
circiiits arc (win//) and (e/hA). The 
following predetermination will illus¬ 
trate the use of equations 10 and 11 and 
indicate the validity of conclusion 5. 

Figure 3. Gcnerailxed curves for the parallel 
circuit 

Allegheny dynamo-grade iron 


104 

Ri^O _ 

V(0.243)2 -h (38.0 X 0.00125)2 « 

\/o. 06126 = 0.248 
Experimental value = 0.250 

The two curves used for this investiga¬ 
tion are plotted in figure 4. 

Applications of the Parallel Circuit 

Although the applications of the paral¬ 
lel circuit are rather limited compared 
to those of the series circuit, the two 



examples below are worth mentioning. 

The constant-current characteristics 
of the parallel circuit in the critical region 
can be utilized in a number of places 
where it is necessary to maintain a con¬ 
stant voltage in spite of the line-voltage 
fluctuation. This constant voltage can 
be obtained by placing a constant imped¬ 
ance in series with the parallel circuit 
tuned to the critical stable condition. 
Figure 5 represents the characteristics 
of such a circuit using a resistance for the 
series impedance. It is noted here that 
the line voltage may fluctuate as much as 
60 volts without affecting the voltage 
across the resistor. This resistor may 
represent an instrument or any other 
device which must be kept at a constant 
voltage. 

If the resistance m the parallel 
circuit is reduced to zero, the negative- 
slope characteristics of the parallel circuit 
can be utilized to advantage when ap¬ 
plied to a resistance thermometer. The 
resistance thermometer in this case is 
placed in series with the parallel circuit. 
With this negative-slope characteristic, 
a reduction in the thermometer resistance 
is accompanied by a reduction in the cur¬ 
rent through it instead of an increase, 
thereby, producing a greater change in the 
voltage across the thermometer for a 
giv6ii change in the resistance. 
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Figure 4. Characteristics of the parallel 
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Discussion 

Paul H. Odessey (Heyer Products Com¬ 
pany, Belleville, N. J.): Mr. Thomson's 
interpretation of critical conditions through 
principles of similitude is of noteworthy 
engineering value. This method of ap- 
proa^ happily overcomes the difficulty of 
dealing with harmonics although the analy¬ 
sis is formulated on the basis of fundamen¬ 
tal frequency. The application of simili¬ 
tude principles is, however, dependent 
upon experimental results and, therefore, 
constitutes a point-to-point comparison 
between ferroresonant circuits employing 
the same ^ade iron. In wider application, 
it is essential to obtain by experiment with a 
standard circuit, a complete set of data 
covering the entire range of critical values, 
both stable and unstable before the con¬ 
stats of an unknown circuit can be deter¬ 
mined for any condition. This limitation 
is, however, not objectionable for the re¬ 
sults have proved to be uncommonly ac¬ 
curate, although not particularly descrip¬ 
tive of the phenomena in general. 

As an implement of study, equation 8 is 
r^trictive in form and application, not¬ 
withstanding important conclusions that 
are deduced from it. This derivative type 
of equation is, properly speaking, not a solu¬ 
tion since it does not explicitly define a re¬ 
lation between the dependent and independ¬ 
ent variables, nor does it characterize the 
influ^ce of circuit parameters on critical 
conditions. ^ Equation 8 merely expresses 
a relationship of interdependent parameters 
existing under critical conditions. A pro¬ 
gressive interpretation of critical conditions 
therefore, is not feasible by means of this 
equation. Accordingly, the application of 
eqimtion 8 is limited to problems solvable by 
similitude principles. 

Mr. Thomson’s conclusions are highly 
si^ficant, particularly the identity of 
critical conditions in corresponding series 
and parallel ferroresonant circuits. This 
fact discloses a new approach to problems 


Figure 5. Constanl-voltage circuit 


in critical conditions and embodies an ana¬ 
lytical basis for further interpretation of 
the phenomena. 


William T. Thomson: At present there is 
no exact solution to the ferroresonant 
problem. Every method developed so far 
is an approximation, and regardless of the 
method used recourse must be had to experi¬ 
mental results. For instance, the mag¬ 
netization curve upon which all previous 
methods are based must be obtained ex¬ 
perimentally and expressed mathematically 
or used in the graphical form. 

The weaknesses of previous methods are 
twofold: (1) It is necessary to build the 
reactor first to obtain its characteristics be¬ 
fore calculations for its critical points are 
possible. (2) The treatment is limited to 
the specific circuit under consideration, 
from which it is not possible to predict 
quantitatively the behavior of other cir¬ 
cuits. 

The type of information which is of great¬ 
est value must necessarily be of generalized 
character where the combined effect of vary- 
the circuit parameters is capable of 
simple analysis. The generalized treatment 
iwth the principle of similitude makes pos¬ 
sible this analysis. 

This type of analysis is subject to criti¬ 
cism in that similar relations must exist in 
the two circuits to be compared. However, 
the generalization of any problem is subject 
to the same criticism. The accuracy of pre¬ 
determination will, of course, depend on the 
de^ee of similarity obtained in the two cir¬ 
cuits. This similarity is not as difficult to 
obtain as one might preassume, as shown by 
the agreement of values from the circuits 
analyzed in the two papers; and with rea¬ 
sonable care, accuracy acceptable for. such 
calculations can be obtained easily. 

In conclusion it may be pointed out that 
the solution of problems by the use of the 
principle of similitude is not uncommon. 
In the fields of hydrodynamics, aerod 3 rnam- 
ics, and heat transfer most problems are 
handled by such methods. In problems of 
flood control important conclusions are ob- 
t^ed by building models and applying the 
similitude principle in developing the model 
laws. The similitude principle is a power¬ 
ful tool in handling engineering problems 
and the use of such methods should be en¬ 
couraged in the various engineering fields. 
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required in the design to provide for the 
cooling and confinement of these gases. 

Fault currents have been known to 
flow in building steel and in control 
wiring with diastrous results. This flow 
of current has even caused the short- 
circuiting of other sound circuits with 


T Hb:Kl‘: are luutiy tyfics and characters 
(if switch houses on a power system, 
a at! their importutice varies through wide 
liinils. Many features which are of great 
ini|)(»rtance atul value iu one type of 
installation cannot be justified in others. 
Pri)bably tlu? most important switching 
theater is that of a generating station 
Im'uteil near the center of a loud area. 
Ill snch a station continuity of service is 
nC muxinuun inii)(jrtance. A complete 
♦^huUUiwn of such u plant affects a great 
munher tif power users of all classes and 
the ilannige cun be very great physically, 
eimuiiereially, an<l politically. This paper 
will be confined to a discussion of the 
means which have been used, or are 
availal)le, to impmve the reliability of 
tins type of station. 

KcUabilily of operation involves several 
fact* irs. The possitiility of the occurrence 
a fault must be reduced to a miniiiiuin, 
tilt* physical damage produced by a fault 
must be kept to a minimum, the spread 
f=f the futdt must he prevented, and as 
fur as possible an interrujdion of service 
tfi any consumer must be prevetited. 

The prohUmi involves the physical de¬ 
sign of the apparatus and its parts, the 
tdcctrieul arrangement of the gear and of 
the system, auxiliary equipment to cure 
ailments if they do occur, and the co- 
tirdination of all into one coherent whole, 
All electrical failures on a t^ower system 
are caust^d by the application of a voltage 
taaween conducting materials in excess 
f»f the dielectric strength of the insula¬ 
tion lietween them. This may come 
about by the appearance of an abnormal 
voltage on the system whcjsc value ex¬ 
ceeds that of the insulation stren^h 
ilccmed necessary, or by the reduction 
iff the strength below the voltages 
lUfmialiy exfiected on the system. Eco- 
Uffimeally sound voltage levels have been 
established by experience. The general 
level having been established, it is 
t'cccssury to co-ordinate several factors 
to obtain a proper balance between all 
parts. 
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Each conductor on a three-phase sys¬ 
tem has a voltage between it and the 
other two phase conductors and ground. 

It is desirable, of course, to eliminate all 
types of faults but there is a gradation 
ill this desirability. As will be pointed 
out later, faults involving two or more 
phases are usually more to be avoided 
than a single-phase-to-ground fault. 

If the established-level insulation 
strength is obtained and maintained, 
then a failure is the result of some con¬ 
ducting element or an abnormal voltage 
entering the structure. The design of 
the structure must, therefore, prevent all 
conducting bodies, such as rats and other 
small animals, from reaching or approach¬ 
ing any live conductor. 

Abnonnal voltages are possible due 
to lightning, series resonance, or transient 
oscillations caused by the abrupt change 
of system conditions, such as the making 
or breaking of a circuit. These possi¬ 
bilities must be considered in the station 
design and steps taken to keep tlie voltAge 
within reasonable limits. 

Even though extreme care is used to 
obtain good insulation characteristics 
and to prevent foreign bodies and high 
voltages, it will be admitted by all that 
faults will occur. Therefore, the next 
consideration is to design the gear to 
minimize the damage which can result. 
A fault can cause physical damage by 
burning at the point of fault, by starting 
faults at other points, and by causing a 
flow of current in conducting material 
not designed to handle the flow. Burn¬ 
ing at the point of fault is a function of 
current magnitude, its duration, and the 
character of the surrounding material. 
Trouble may be communicated from point 
to point by solid material thrown by an 
explosion, by vaporized metal, and by 
gases, which are the products of com¬ 
bustion. Consideration must then be 
given to the prevention of explosions 
and the confining of their effects if tMs 
is impossible. Metallic vapors are easily 
condensed but care must be used that 
they be confined until condensation is 
accomplished. Incandescent gases can 
be carried in a smoke cloud for consider¬ 
able distances before the screen of smoke 
weakens and lets oxygen unite with the 
gas to start combustion. The doud can 
deposit on insulators and reduce dielectric 
strength. Therefore, some attention is 


fturther damage and a further spread of 
the fault. So the prevention of this 
straying of fault current from suitable 
paths is worthy of considerable study in 
designing an adequate switchgear. 

Care in the design of physied structure 
can accomplish a great deal in minimizing 
faults and damage due to a fault but if a 
fault can seriously disrupt service, then 
the care taken has been largely wasted. 

In order to complete the picture it is 
necessary to examine the electrical con¬ 
nections of the system to see what hap¬ 
pens to the system. Provision for isolat¬ 
ing the fault must, of course, be provided. 
This isolation must not cause a serious 
service interruption and it must be of a 
nature that system stability is not 
affected. Therefore, protective equip¬ 
ment and system design must be so co¬ 
ordinated that a fault cannot cause a 
severe system “shake-up” nor directly 
disconnect any important load. 

Physical Structure 

There have been many instances where 
switching stations have grown in capacity 
far beyond that contemplated in their 
original design. Such cases' demand a 
serious reconsideration of their basic 
design and layout in order to accomplish 
objectives which become more clearly de¬ 
fined as a result of such growth. 

The program for modernization of an 
existing switching structure is most com¬ 
monly based on a desire to obtain one or 
more of the following: 

1. Increased interrupting ability of oil 
circuit breakers. 

2. Faster (deration of oil dreuit breakers. 

3. Reductioii in volume of oil. 

4. Additional safety to operators. 

5. Higher insulation level and phase segre¬ 
gation. 

6. Greater reliability. 

Inteirupting Ability 

Overstressed circuit breakers are com¬ 
monly the first problem to be solved, 
either by substitution of entirdy new 
breakers or, if of reasonably recent vin¬ 
tage, by modernization. Fortunately, new 
high-capadty breakers affording higher 
speed of operation, higher insulation 
level, and greater rdiability are now avail¬ 
able, requiring little if any mOre space 
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than that occupied by old breakers to be 
replaced. In many cases these may be 
installed in cells already available. 

Methods of modernizing oil circuit 
breakers have been widely discussed 
and will not be repeated here. The test 
of time and experience has proved that 
the proper application of arc control de* 



Figure 1. Cross section, metal-enclosed gear 
CT—Current .transformer 


vices to most old-style breakers will re¬ 
sult in greatly improved operation. In 
general, such changes increase inter¬ 
rupting ability, and because of shortened 
arcing time, greatly reduced contact 
burning and oil deterioration for any 
given service. This, of course, permits 
lengthening the period between neces¬ 
sary overhauls with a resultant decrease 
in maintenance expense. In most cases 
such changes can be made without alter¬ 
ing the size of the structures in which the 
breakers are located, if only this one addi¬ 
tional feature is required. 

Speed of Operation 

Circumstances under which a very 
short duration of the fault is most de¬ 
sirable will be discussed l^ter. From the 
standpoint of circuit breaker operation, 
the element of time is broken down into 
two parts: 

(а) . Arcing time. 

(б) . Dead time. 

With the addition of proper arc-control 
devices discussed above, tninifniim ardng 
time may be expected. Many old-style 
mechanisms are adequate to operate 
modernized breaker contacts, but have a 
dead time (defined as the interval from 


energizing the trip coil until contacts 
part) of several times the new arcing 
time. Marked reductions in dead time 
may usually be obtained by relatively 
simple modifications to the trip mecha¬ 
nisms, but these changes rarely permit 
reaching the minimum dead time pro¬ 
vided by new mechanisms. Since most 
such old breakers were operated by non- 
trip-free mechanisms, modernization, par¬ 
ticularly of higher-capacity circuit break¬ 
ers, almost universally includes the addi¬ 
tion of new high-speed trip-free mecha¬ 
nisms in order to secure maximum bene¬ 
fits. The performance which may be 
anticipated from a breaker modernized 
in this manner is practically the equiva¬ 
lent of that of a completely new breaker. 

Reduction of Oil Hazard 

The relation of oil quantity to fire 
hazard is a popular subject for discussion 
among those connected with the electrical 
industry and it is the general consensus 
of opinion that the search should con¬ 
tinue for a noninflammable material for 
circuit-breaker use. A proper evalua¬ 
tion of the fire hazard in a station will 
by no means result in oil breakers rightly 
being singled out for criticism. The 
use and location of all combustible in¬ 
sulation material in the station or appa¬ 
ratus design and construction should 
receive equally careful attention. Under 
certain conditions the products of com¬ 
bustion of such materials may more 
seriously reduce the level of nearby in¬ 
sulation than those from oil itself. 

Moderate - voltage low - oil - content 
breakers of high interrupting ability 
have been regularly used in large switch¬ 
ing stations for many years, and have 
established a high level of performance 
and reliability. Since they are as eco¬ 
nomical of space as of oil, they find ap¬ 
plication in many cases of station moderni¬ 
zation where it is necessary to scrap ob¬ 
solete equipment, particularly where space 
is limited. 

Development work is progressing rap¬ 
idly on several types of Ifigh-capacity 
drcuitbreakersrequiringnooil. Breakers 
of the same general configuration as the 
low-oil-content type in which water in¬ 
stead of oil acts as the interrupting 
medium, have been developed in ratings 
up to 1,500,000 kva at 15,000 volts. 
Tests have shown the same speed of 
operation and reliability of interruption 
as the low-oil-content brewer. Trial 
installations have been in service for 
several months, establishing a very satis¬ 
factory operating record. These break¬ 
ers win fit into the same space as the low- 


oil-content type breakers referred to above 
and are favored by some users as a means 
of modernizing old breakers of that class. 

Safety in Personnel 

As long as those entrusted with the 
job of controlling the production and 
distribution of electrical energy are 
human beings, we may expect occasional 
cases of erratic and unexplainable per¬ 
formance. The examples of this limita¬ 
tion which come to attention most fre¬ 
quently involve the operation of the 
wrong disconnecting switches. At times 



Figure 2. Metal-enclosed unit 


these result in nothing more serious than 
tripping out one machine, or bus section, 
but too frequently in serious personal 
injury and considerable damage to nearby 
electrical equipment. A recent investi¬ 
gation of several cases disclosed the fact 
that in a majority of instances, the person 
involved was suffering from some kind 
of temporary emotional disturbance which 
apparently interferred with the mental 
processes accompanying even calm rou¬ 
tine action to which he was accustomed. 
This is a condition which is definitely 
beyond the control of any employer, and 
from experience has been shown to affect 
even the higher-grade workers who are 
expected to think for themselves. It, 
therefore, appears obvious that a re¬ 
duction in troubles of this kind can be 
expected only to the degree to which 
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fdolpronf niechiiiiiciil safeguards are pro¬ 
vided to assist the human mind when 
necessary, in making correct decisions. 
The application of interlocks to eii- 
siirc operati<.»n of correct disconnecting 
switches is by no means new. However, 
it has reached an all-time high for sim- 
]ilicity and elTeetivencss in modern metal- 
enclosed switchgear where six disconnect¬ 
ing switches are operated from one 
mechanism. This type of gear provides 
a simple, positive, and foolproof means 
of inlerhiekiug switches with the circuit 
breaker, to ensure proper sequence of 
operations, (^ang operation safeguards 
against pulling two switches in one 
circuit and one in another. Cell-door 
interlocks prevent access to the circuit 
breaker until the switches are fully open 
and everything in the cell dead. And, 
fu lall}', the operator is at all times 
siquirated from the switches which he is 
operating by a steel barrier. 

h'tgure 1 is a cross section of such an 
ciiuiinnent, showing the inctal-cnclosed 
I Hisses, circuit breakers, disconnecting 
switches, and current transformers. 

Insulation Level 

Until recent years, the insulation 
U*st most commonly used for generator- 
voltage switching stations with an operat- 
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Protection 

Protection may be divided into two 
classifications, preventive and curative. 
The whole physical design as already dis¬ 
cussed is bound up in preventive pro¬ 
tection, but in addition other factors ex¬ 
ternal to the gear must be considered. 

The control of voltages due to lightning 
has received much study and as the litera¬ 
ture has much regarding the treatment of 
this problem it will not be further dis¬ 
cussed here.^ 

Prevention of serious overvoltages 
from other causes is a problem of the 
design of electrical connections and will 
be discussed later. 

The application of curative protection 
is a function of the importance of the sta¬ 
tion. In an important station, such as is 
being considered, continuity of service 
is of utmost importance and therefore it 
is almost universal practice to use only 
such protection as can definitely dis¬ 
tinguish between troubles in the protected 
area which must be cleared and those out¬ 
side which must not be allowed to disturb 
anything in the area. Fast action is 
desirable in clearing a fault in that the 
damage to the gear and the probability 
of communication to other parts of the 
gear is reduced. If a study of the system 
shows tliat instability can occur if the 
fault duration is excessive, then fast 
clearing is imperative for loss of stability 
may mean an extremdiy serious disruption 
of service. 

One of the simplest schemes in prin¬ 
ciple is the fault bus which, unforto- 
natdy, is . one of the most difficult to in¬ 
stall properly to obtain the desired re¬ 
sults. Every dement of the switching 
structure is insulated from ground and 
sections are insulated from each other. 
Each section is then provided with a 
ground through a current relay. If the 
structure is so designed that any fault 
must start as a Hne-to-ground fault, 
then the fault current must flow through 
the ground-current rday which causes 
the opening of the switches necessary to 
isolate the section in trouble. Very fast 
and reliable relays are available for this 
application so that fatdts can be cleared 
very rapidly with no danger of ever 


great as practically to eliminate it from 
consideration on a modernization pro¬ 
gram. Even if the structure is yet to be 
built, the difficulties are great and the 
apparatus is subject to accidental grounds 
on the structure which may by-pass the 
relay, making it inoperative. Therefore, 
the use of this apparently fine scheme 
has been rather limited. 

The most common bus protection in 
use is the differential system, which may 
take any of several forms. Fundamen¬ 
tally the scheme consists of the addition 
of currents in all conductors connected 
to a bus section, as illustrated in figure 3. 
If a fault occurs outside of the section 
the incoming currents equal the outgoing, 
so the net sum is zero. A fault inside of 
the section causes a balance of current 
flow inward and the sum registered is 
equal to the fault current. The sum¬ 
mation current is caused to flow through 
a relay which can trip all breakers feed¬ 
ing that section. All types of faults are 
covered by this type of protection, as 
each phase is treated independently. If 
the line-to-ground fault current is held 
to a low value a more sensitive relay can 
be used in a zero-sequence circuit for 
better ground protection. The major 
difficulty encountered in the applica¬ 
tion of this type of protection is that of 
obtaining accurate current transformers. 
At any given burden and primary cur¬ 
rent, duplicate transformers wiE all have 
about the same current ratio, but if 
different currents flow the ratios will 
vary, even with the same burden on eax^ 
transformer. This variation in ratio 
will cause a net current to flow in the 
relay circuit during a fault outside of the 


ing voltage in the 15 kv class was the 36 
kv. More recently the trend has been 
toward a higher level, usually 64 kv, or 
the test value corresponding to the next 
higher voltage rating. Proper co-ordi¬ 
nation of the insulation strength of vari¬ 
ous pieces of apparatus is most readily 
obtained in a complete metal-enclosed 

equipment. In many cases, the use of ^ppjng'^at any but the right time. It 
such steel construction has made it shown that voltages of dangerous 

possible to secure the greater clearances can be obtained on the ground 

frsi’ fiir* liiffher insulation level and everything connected to it when 

a fault occurs. By the use of propeily 
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necessary for the higher insulation level 
without re(iuiring additional over-all 
space. Complete phase segregation by 
means of steel barriers throughout pro¬ 
vides the maximum in safety, and permits 
application with maximum benefits of 
the various protective means to be dis¬ 
cussed later. 


a, J.CI.U.AV -- A j. jA. 

proportioned capacitors to ground at the 
right points the voltage can held to a 
safe value. The practical difficulties of 
insulating an existing structure are so 

1. For numbered reference, see end of paper. 


feeders 


ngwe 4. Straight bus 

protected area and if the variation is 
great enough the relay will operate. 
Therefore, if a simple overcurrent relay 
is used in the differaitial dreuit care must 
be f-airpn to usc cuireut transformem 
which maintain a nearly uniform ratio 
for the fun range of possible currents. 

Inasmuch as the current transformers 
in a bus differential instanation wffl not 
an be working at the same vdue m 
primary current in the event of a through 
fault, a certain amount of differential cur- 
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rent will flow through the relay circuit 
in such a case. The magnitude of this 
current will, of course, vary with the 
current transformers used, the amount 
of primary current encountered, and will 
be further influenced by whether or not 
an offset wave having a d-c component is 
present. The effect of this undesirable 
differential current upon the operation 
of the protective equipment can be elimi¬ 
nated in several ways, depending upon 
the requirements of the problem. In 
many cases it has proved satisfactory 
to use a plain overcurrent relay with a 
relatively high setting. Other cases 
can use percentage differential relays 
similar to those in common use for trans¬ 
former and generator protection obtaining 
restraint from proper grouping of the 
various current-transformer secondaries. 
Where high-speed protection is a requisite 
and neither of the two previously men¬ 
tioned arrangements is deemed entirely 
adequate, there is available the harmonic- 
current-restrained relay which prevents 
relay operation in the case of current- 
transformer breakdown on a through 
fault, because of the distorted wave form 
of the current in the differential circuit. 
This current is made up of a difference in 
the exciting components required for the 
different current transformers and is 
rich in second and third harmonics 
which are used by means of a filter circuit 
to prevent relay operation. 

Errors can be introduced in current 
transformers by the dose proxiniity of 
other conductors canying heavy currents 
which may cause false tripping when a 
simple overcurrent relay is used or may 
cause a long blocking interval on a har- 
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monic-restraint rday to prevent ite 
proper operation. This difficulty can 
be overcome by proper current-trans¬ 
former design, by wider spacings, or by 
magnetic shidding. 

If every feeder , circuit is equipped with 
a current-limiting reactor it is often 
possible to apply an impedance relay 
for bus protection, Current transformers 
are used only in the drcuits which pro¬ 


vide the major part of the short-circuit 
current and the secondary currents are 
added together and the sum passed 
through the current coil of an impedance 
relay. The relay is adjusted to operate 
if the equivalent impedance to the fault 
is less tiian the minimum possible im¬ 
pedance to a fault outside of the pro¬ 
tected area. If the indicated fault im¬ 
pedance exceeds this value the fault is 
an external one and the rday does not 
dose its contacts. High-speed opera¬ 
tion can be obtained with this method of 
relaying. Current transformer errors can¬ 
not cause false operation on feeder faults 
but may on faults on a circuit from 
which ciurent is taken for the relay. 
Careful consideration of each application 
is necessary on this point. 

A system of protection which seems 
to have great possibilities consists of 
photoelectric relays so placed that any 
possible arc will tiirow light on a photo¬ 
electric tube. Usually there will be a large 
differential between ^e normal light level 
and the light produced by a short-circuit¬ 
ing arc and this difference can be used to 
differentiate a fault condition from 
normal conditions. 

When the light of the arc falls on the 
tube all breakers on the affected bus sec¬ 
tion are tripped. This system can be 
made to operate fast and tests indicate 
it to be very effective in its selection of 
faiUlts. Its prindpal disadvantage seems 
to be the lack of experience with its use on 
an actual system. 

Electrical Connections 

The design of electrical connections 
of a generating station can be such as 
further to limit the. physical damage due 
to a short circuit, to simplify relay ap¬ 
plication, and what is more important, 
to reduce or eliminate service outages. 

Short circuits in a switching equip¬ 
ment usually start line to ground. The 
magnitude of fault current for this type 
of short circuit can be reduced without 
disturbing the normal operation of the 
station by the use of a neutral impedance. 
This reduction is desirable in that it 
reduces the damage at the point of fault, 
reduces the probability of spreading the 
damage to other points, and reduces 
the strain on the switching equipment. 

The most common neutral impedance 
in use is a pure resistance of a moderate 
value. The use of a high resistance ap¬ 
proaches a condition of isolated-neutral 
operation which is known to produce 
dangerous over-voltages when a con¬ 
siderable transmission system is con¬ 
nected to the bus at generator voltage. 


This should be considered in the selection 
of a grounding resistor. 

Reactors have been used and if of a 
low ohmic value are very successful and 
are more economical than an equivalent 
resistor. If the fault current is reduced 
to less than 26 per cent of the three-phase 
short-circuit current serious overvoltages 
can be expected even though no trans¬ 
mission circuits are connected directly to 
the bus. 

If the zero-sequence network is limited 
to the station, that is, if all feeders are 
connected to the bus through trans¬ 
formers, it may be satisfactory to operate 
with an isolated neutral. Some stations 
have been operating in this manner for 
many years with great success. It is 
known that with low values of capacitance 
to ground and moderate values of neutral 
reactance voltage troubles can occur. 
It is also evident from limited experience 
that if the impedance approaches in¬ 
finity that successful operation has been 
obtained. The limiting conditions are 
not very well known and, therefore, the 
initiation of such operation should be 
considered as experimental with a high 
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Figure 6. Modification of ring bus 


degree of probability of successful opera¬ 
tion. The results of successful operation 
with isolated neutral are a practical 
elimination of damage and spread of 
damage from a ground fault and a possi¬ 
bility of continued operation during the 
fault and until it is convenient to isolate 
the affected spot. 

It is usually desirable and sometimes 
necessary to reduce the short-circuit cur¬ 
rent in faults involving more than one 
phase. It is also desirable to so set up 
the bus that any fault can be isolated 
without materially disturbing service. 
These ends are both approached by use 
of a sectionalized bus. There are three 
general methods of arranging a sectional¬ 
ized bus which are known as straight bus, 
ring bus, and star bus. 

The straight bus is, as the name im¬ 
plies, a series of bus sections with re¬ 
actors and breakers to coimect them, as 
shown in figure 4. If the power supply 
is well distributed between bus sections 
and if all major loads are tapped off of at 
least two sections a bus fault properly 
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relayed will not cause a serious loss of in figure 6 which prevents the total loss sections to minimize the effect on the 

either power supply or load. That is, of any power supply when a bus section system of the loss of one section, 

service would not be materially dis- is lost. All large transformers are built It has been pointed out that reactors 

turbed* If the affected section is any with two low-voltage windings and con- are often necessary to reduce the short- 

but an end section the isolation of the nected to two bus sections. Each gen- circuit current to a reasonable value, 

fault will split the station so that parts erator is built with a double winding or Bus-tie reactors are also desirable to 

of it are connected only at the load. A supplied with a duplex reactor. This increase ^e transient regulation between 

careful study should be made to be sure is an economical arrangement for a steam bus sections and thereby mimmize the 

effect of that fault on one section on 
other sections and on the load voltage. 
Rgure 7. Star bus desirable to ride through a fault 

without tripping undervoltage rdeases 
on any motors. Balanced against these 
desirable characteristics are the unde¬ 
sirable ones of increased normal regula¬ 
tion and decreased stability factors. The 
FEEDERS ability of two machines or group of ma¬ 

chines to maintain a stable connection 



that this does not cause instability be¬ 
tween units of the same station. 

Frequently a station operating with 
this type of bus is supplied with a dupli¬ 
cate bus to be connected in case of failure 
on the main bus. When good bus relay¬ 
ing is used it seems desirable to put the 
reserve bus in regular service to increase 
the number of bus sections and decrease 
the probability of an outage when a fault 
occurs. It is usually a simple matter to 
connect a main and reserve bus together 
with reactors to make a ring bus. 

The ring bus is a series of bus sections 
connected together to form a con¬ 
tinuous ring as shown in figure 5. 
With this arrangement the station is not 
split by the loss of one bus section. It 
is desirable to arrange the load so that as 
nearly as is possible each bus section has 
equal load and power supply. As this 
usually cannot be accomplished com¬ 
pletely a transfer between bus sections 
is obtained and if reactor ties are used, 
there will be a variation in voltage on 
different bus sections. This regulation 
is less on a ring bus than on a straight bus, 
as there are two paths of power flow be¬ 
tween any two points. 

A modification of the ring bus is shown 


plant, as generator reactors are usually 
used due to the low machine reactance 
and one reactor serves for both machine 
and bus tie. 

The star or synchronizing-bus arrange¬ 
ment is illustrated in figure 7. The sta¬ 
tion is divided into independent sections 
which are each connected to a s 3 niichroniz- 


varies inversely with the impedance be¬ 
tween them. A careful study should be 
made to co-ordinate bus connections, 
system connections, and reloying to en¬ 
sure against loss of stability and resultant 
outages to power users. 

Conclusion 


ing bus through a reactor which is usually 
of a fairly high value. Loss of one sec¬ 
tion is equivalent to the loss of a section 
of a simple ring bus in that the genera¬ 
tion and load on that section only are 
lost. If all load centers are connected 
to at least two sections no load is lost. 
The station is not split even if more than 
one section is lost. The loss of the syn¬ 
chronizing bus, however, splits the sta¬ 
tion into small units and the short-circuit 
current on this bus is apt to be very high. 
The regulation between sections of the 
star bus is often greater than it would be 
with the ring bus but under some condi¬ 
tions it may be less. 

Most recent installations or moderniza¬ 
tions have made use of either the ring^ or 
.star bus arrangements and the decision 
of which to use has rested on local condi¬ 
tions and requirements. The trend in 
either case is to use a greater number of 


The modernization or construction of 
any large switch house should take into 
consideration not only the physical struc¬ 
ture with a view to minimize faults but 
also system connections and auxihary 
equipment with a view to prevent serious 
outages to power users. Equipment and 
knowledge is available to design the ap¬ 
paratus and system to successfully meet 
any set of conditions which may be en¬ 
countered. 
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Modernization of Switch-House Design, 
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of New York, Inc. 
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I N THE past two or three years the 
question of modernization of generat¬ 
ing stations and station equipment h^s 
been discussed liberally in the technical 
literature and in technical committees. 
It is the purpose of this paper to review 
the principal features of a modernization 
program undertaken by the Consolidated 
Edison Company of New York and its 
associated companies. 

In introducing this subject a brief his¬ 
torical sketch of the development of such 
a program should prove of interest to 
those faced with the problem of system 
modernization. 

Historical 

The Consolidated Edison system fur¬ 
nishes electric service to all of Greater 
New York, with the exception of Staten 
Island, and to most of Westchester 
Coimty. 

It serves a population of 8,000,000 in 
an area of approximately 600 square miles. 

Its nine generating stations have an 
installed capacity of 2,400,000 kw and 
produce annually approximately 6 V 2 
billion kilowatt-hours, with a peak load 
estimated for the year 1939 at 1,715,000 
kw. 

Approximately 70 per cent of the total 
generating capacity supplies a 60-cycle 
load which consists largely of residential, 
commercial, small power, and traction. 

The remaining generating capacity 
supplies, at 25 cydes, a large traction 
load which includes all of New York City 
trunk line railroads and, through rotary- 
converter substations, supplies a resi¬ 
dential and commercial d-c load, mostly 
in Manhattan. 

^ Obviously, in a system of such mag¬ 
nitude, there are to be found generating 
stations which vary considerably in age, 
size, type of design, and function. 

Figure 1 shows the location, size, and the 
period in whidhi the various stations of 
the New York system were originallv 
built. 

The first active planning for station 
modernization was undertaken in 1934 


when it became necessary to make pro¬ 
vision for the growing Manhattan 60- 
cycle load, and it was decided to install 
60-cycle high-pressure topping units in 
Waterside No. 2 , a 30-year-old station 
which had accumulated an excess of 25- 
cycle capacity due to the gradual replace¬ 
ment of 25-cycle load by 60-cycle load. 
Rebuilding of the Waterside No. 2 
switch galleries was started in 1935 and 
will be completed in 1940. 

Planning for the modernization of the 
Sherman Creek station was begun in 



Figure 1. Generating stations owned by the 
Consolidated Edison system 


1935 and construction work for the re¬ 
building of the switch galleries was started 
in 1937, this being the first step in a pro¬ 
gram which includes the rebuilding of 
40,000 kw of 25-cycle generators for 
operation at 60 cycles and the installa¬ 
tion of 60-cycle topping units. 
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Similar plans have been under consid¬ 
eration for the eventual revamping of the 
Gold Street, 66 th Street, and Glenwood 
generating stations. 

At the Hell Gate station, plans for the 
installation of bus differential protection 
and for the reinforcing of the station 
grounding system were started in 1934 
and construction work on these improve¬ 
ments was in progress when the bus 
failure of January 1936 occurred. 

As a result of this experience, the Hell 
Gate switch galleries are being completely 
revamped and minor improvements have 
been made to the Hudson Avenue station 
switch galleries. 

General Design Features 

In each station the type of design which 
has been adopted for the modcniization 
of the switch galleries has been influenced 
not only by physical limitations of exist¬ 
ing structures and existing types of de¬ 
sign, but also by the necessity of main¬ 
taining the highest possible degree of 
station safety and service reliability while 
rebuilding operations were in progress. 

In all cases, however, it may be said 
that as a result of past experience and tlie 
advancement in the art since the various 
stations of the Consolidated Edison 
system were built, the major objective 
has been that of securing a greater sec- 
tionalization of the switching equipment 
than previously existed. 

The most important of the various 
steps which have been taken in order 
more effectively to confine to a relatively 
small section of the switch galleries the 
damages caused by equipment failures 
may be summarized as follows: 

1. Improved physical sectionalization by 
means of fire walls and fire doors. The 
switch galleries have been divided in sec¬ 
tions and, whoever possible, direct passage 
between sections has been eliminated. 
Switching equipment which is normally 
open has been provided on opposite sides 
of the fire walls between sections so that 
failure in one section is not likely to spread 
to the next. 

2. Extensive electrical sectionalization of 
the main busses. This has resulted in a 
greater number of bus sections being avail¬ 
able^ in a given station. Generator con¬ 
nections to the bus sections have been re¬ 
arranged whenever necessary to secure a 
bett» balance between feeder and generates 
capacities. The loss of any one bus section 
will not s^ously affect the station generat¬ 
ing capacity and will result in a minimum 
feeder outage with no serious effects insofar 
as a given load area is concerned. 

3. Use of the single-bus arrangement in 
preference to the double bus which had been 
more generally used in the past. This 
arrangement has made it possible to secure 
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a greater sectionalization of the equipment 
within the various sections and has greatly 
reduced the number of oil circuit breakers 
required. Wherever possible, the high- 
duty circuit breakers which connect di¬ 
rectly to the busses and which, in general, 
contain relatively large quantities of oil 
have been segregated into small groups, in 
separate rooms, thereby reducing and lo¬ 
calizing the fire hazard. 


What follows is a brief description of 
the modernization plans as developed for 
the individual stations. 

Waterside No. 2 Station 

This station was originally designed for 
ten turbogenerators and an ultimate 


been made to the switching equipment in 
order to meet the higher voltage require¬ 
ments and the increased duty imposed 
upon the breakers, the main features of 
the original design had been maintained. 

The original auxiliary power and excita¬ 
tion systems were stiH in existence and 
consisted of separate 250-volt d-c power 


Although oil-circuit-breaker performances 
have been generally satisfactory, some con¬ 
sideration is now being given to the possible 
use, in the future, of oilless breakers so as 
to reduce still further the fire hazard. 

4, Metal-enclosed equipment of the group- 
phase type of construction, with each phase 
in a separate housing, has been used wher¬ 
ever possible. 
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5. Bus differential protection and high¬ 
speed relaying have been provided as addi¬ 
tional means of localizing station faults and 
reducing to a minimum the destruction 
caused by such faults. In some cases the 
station grounding systems have been im¬ 
proved. 

0. Ventilating systems have been im¬ 
proved so as to maintain proper isolation 
between sections and to facilitate the clear¬ 
ing of smoke and fumes In the event of fire. 
In some cases a water-spray system of fire 
protection has been provided for the better 
control of and to localize oil fires. 

7. Power-supply systems for station auxil¬ 
iaries and for generator excitation have been 
sectionalized in order to reduce to a mini¬ 
mum the hazard of a serious station shut¬ 
down resulting from failures in these sys¬ 
tems. 


station capacity of approximately 106,000 
kw at 6,600 volts, 25 cydes. 

The switching equipment was of the 
double-bus group-phase arrangement and 

masonry compartments wereused through¬ 
out. Connections to the main and auxil¬ 
iary busses were of the familiar H-type 
design, each feeder group consisting of two 
selector oil circuit breakers, a short stub 
bus, and two feeder breakers, one for each 
of two feeders. 

By 1934 the installed turbogenerator 
capacity had been increased to 152,000 
kw and the 25-cycle voltage had been 
changed from 6,600 volts to 11,400 volts. 

Although various improvements had 


Figure 3. Waterside No. 2—typical feeder 
floor 


and exdtation busses supplied from motor 
generator sets and motor-driven exciters, 
respectivdy, with separate d-c station 
ties and standby batteries as back-up 
protection. 

In accordance with present plans, the 
switch galleries are being completely re¬ 
built for operation at 13,200 volts, 60 
cycles. The ultimate station capacity 
will be approximately 312,000 kw and 
will consist of seven or eight generators, 
four of which will be topping units of 





53,000 kw or larger, and the balance will 
be existing low-pressure 25-cycle units 
rebuilt for 60-cycle operation. 

Bus Arrangbment 

The scheme of connections adopted for 
the 60-cycle equipment is a modified type 
of main and S 3 mclironizing bus arrange¬ 
ment in which the generators are con¬ 
nected directly to the main busses. 

The main bus is divided in 12 feeder- 
bus sections and the S3mchronizing bus 
is divided in two sections as shown on 
figure 2. 

During peak-load conditions the feeder- 
bus sections are to be tied in pairs through 
automatic bus-tie breakers, thus operat¬ 
ing as a six-bus-section station and the 
synchronizing bus is to be operated in 
two sections. Under these conditions, 
each bus section will be supplied from 
three independent sources: a generator, 
an interstation tie, and the synchronizing 
bus. During off-peak load conditions 
the feeder busses may be tied in groups of 
four, thus operating as a three-bus-sec- 
tion station. Under the same conditions, 
the synchronizing bus will be operated in 
one section. 

The station ties, being connected to the 
S 3 aichronizing ties between the main bus¬ 
ses and the sjmchronizing bus, offer a 
means of transferring power between 
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generating stations independently of the 
feeder busses and offer the additional 
advantage of rendering all station ties 
available to any feeder-bus section with¬ 
out impairing the sectionalization of the 
main busses. 

Each feeder-bus section suppKes four 
outgoing distribution feeders arranged in 
two feeder groups and each group is 
connected to the main bus through a 
group-feeder reactor and disconnecting 
switch. 

Locating reactors between the bus and 
the automatic breakers on all outgoing 
feeders, station ties, and frequency 
changers, has effected a large saving in 
breaker costs by reducing the duty on the 
breakers to a point where existing breakers 



switching arrangement 

could be readily modified to meet the 
new rating requirements. 

Physical Sectionalization 
OP Equipment 

Great stress has been placed upon the 
physical and electrical isolation of the 
switching equipment. * 


Figure 3 shows how the switch gal¬ 
leries have been divided longitudinally in 
six major sections by means of fire walls 
and fire doors. 

No direct access is provided between 
alternate major sections, the only access 
between these sections being by means of 
open balconies located outdoors or in the 
turbine room. 



Figure 6. Waterside No. 2—metal-enclosed 
synchronizing-bus equipment 



Figure 7. Waterside No. 2^me(al-encIosed 
feeder-bus equipment 


Essentially, the electrical equipment, 
with the exception of the synchronizing 
bus, has been isolated jphysically into 
three separate switch galleries. 

Likewise, the S3nichronizing-bus equip¬ 
ment has been isolated in two separate 
sections. 

The galleries occupy six floors and 
means have been provided to secure, if 
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possible, a vertical isolation of the major 
equipment within each section. 

For this purpose gas seals have been 
used between the various floors and it is 
expected that they will help to localize 
to any one floor the damage caused by 
equipment failures. 

High-duty breakers are used only for 
bus-tie and generator connections. To 



Figure 8. Waterside No. 2—metal-enclosed 
main-bus equipment 



Figure 9. Waterside No. 2—metal housings 
for oil-circuit-breaker bushings 


reduce the fire hazard these breakers 
have been segregated into small groups 
located in separate rooms. With the 
exception of the breakers on the main 
floor, under peak-load conditions, there 
will be only one such breaker energured 
and canying load in any one room. On 
the main floor there will be two such 
breakers in any one room. In the base¬ 



Rgurc 10. Waterside No. 2—auxiliary 
power supply 


ment, where the nonautomatic metal- 
clad oil-filled ground and test switch 
units are located and where eight such 
units are housed in any one room, a 
water-spray system of fire protection is 
being installed. 

Figure 2 shows to what extent the 
electrical equipment has been physically 
isolated by means of walls and floors. 

Electrically, the isolation between 
major bus sections is obtained at the fire 
walls by means of switching equipment 
which is normally kept open. For this 
purpose a bus-tie breaker and a discon¬ 
necting switch are provided on one side 
and a motor-operated disconnecting 
switch on the other side of the walls. 

Where the bus goes through the fire 
walls, a gas-tight type of construction is 
used. 

With this arrangement there are inter¬ 
posed between any two major bus sec¬ 
tions, two distinct lengths of bus normally 
de-energized and physically separated 
from each other. It is felt that with this 
arrangement the effects of an equipment 
failure in any one major section are not 
likely to spread to other sections. 

Metal-Enclosed Equipment 

In the modernization of the Waterside 
switch galleries extensive use has been 
made of metal-endosed equipment. Fig¬ 
ures 4 and 6, which are cross sections of 
the original and the modernized switch 
galleries, show the simplification in sta¬ 
tion arrangement made possible by the 
use of metal-endosed equipment. 

Space limitations imposed by the exist¬ 
ing building, and stringent requirements 
for service reliability and safety to per- 
soxmd which had to be met, brought 


about the development of a new type of 
bus construction. 

This new type of construction offers 
the advantages of a separated phase ar¬ 
rangement in a compact, simplified de¬ 
sign which permits the use of factory- 
assembled equipment and has made it 
possible to lower installation and main¬ 
tenance costs. 

This new bus design consists, essen¬ 
tially, of a supporting structure on which 
are mounted a ground grid, the bus dis¬ 
connecting switches, and the bus insula¬ 
tor supports which carry not only the bus 
conductors but also the bus endosures. 

To fadlitate the use of factory-assem¬ 
bled equipment and to reduce installa¬ 
tion costs, most of the supporting struc¬ 
tures consist of unit-type fabricated- 
steel assemblies although, in some cases, 
use has been made of existing building 
sted and building walls. 

The bus insulator supports which are 
the main members designed to withstand 
the short-drcuit stresses consist of as¬ 
semblies of four adjustable porcelain 
insulators mounted at 90 degrees to each 
other on a metal ring and brought to 
bear against the busses which are thus 
hdd in place. 

In addition, the busses are taped for 
23-kv insulation. 

The metal bus endosures, one for each 
phase, consist of cylindrical split covers 
which are bolted together and clamped 
around the insulator supporting rings, 
forming a dust-tight assembly. 

This type of construction, in which the 
bus enclosures are not only entirely in¬ 
dependent of the bus conductors and the 
bus supports, but are readily assembled 
after all bus connections are completed, 
offers a means of readily installing, in¬ 
specting, or repairing the bus equipment. 

Phase isolation and metal-enclosed 
construction have also been used for the 
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Fi$ure 11. Sherman Creek—original $wKch- 
Ing arrangement 


bus disconnecting switches and the main 
oil circuit breakers which are connected 
directly to the busses. 

Figures 6 and 7 are partial views of the 
metal-endosed equipment used for the 
S 3 mchronizing bus and the feeder stub 
busses respectively. 

A view of one of the main bus sections 
and a detail of the enclosures for the bus- 
tie oil-circuit-breaker bushings are shown 
in figures 8 and 9 respectively. 

Relay Protection 

Each of the 12 feeder-bus sections, that 
is, each group of foiur outgoing feeders, 
and each of the two synchronizing-bus 
sections are protected by a complete and 
overlapping scheme of high-speed current 
differential relays. 

The bus differential relays act to trip 
all bus connections including the genera¬ 
tors with a minimum time delay of ap¬ 
proximately 0.05 second, 

A local differential protection which 
overlaps and is selective with the main-bus 
and synchronizing-bus differential relays 
is used to protect the synchronizing ties 
which connect the main and the syn¬ 
chronizing busses. 

As an additional protection against 
failure of the s3mchronizing-tie oil cir¬ 
cuit breakers, the differential protection 


on these ties is backed up by overcurrent 
relay protection. 

All outgoing feeder groups are also 
provided with a back-up overcurrent 
relay which clears the main feeder-bus 
section should a feeder circuit breaker 
fail to clear a feeder fault. 

Conventional schemes of protection 
are used for the generators, frequency 
changers, station ties, and distribution 
feeders. 

Auxiliary Power Supply 

The basic plan of connections used for 
the high-voltage supply has also been 
used for the auxiliary power supply which 
has been changed from direct current to 
alternating current. 

Two services have been provided, one 
at 2,300 volts and the other at 208 volts. 
For each service the ultimate bus ar¬ 
rangement will consist of eight load bus¬ 
ses, one for each boiler, and a transfer 
bus for the reserve supply. 

Each load bus will be supplied by its 
own power transformer and the transfer 
bus will be supplied by house generators 
for the 2,300-volt service and by ties to 
the street secondary network for the 
208-volt service. 

Station auxiliaries, with the exception 
of some emergency steam-driven boiler- 
feed pumps and condensate booster 
pumps, are all motor-driven. 

Single-speed motors are used through¬ 
out and with the exception of two boiler- 
feed-pump motors, they are all started 
on full line voltage. 

Most of the auxiliaries being boiler 
auxiliaries, the transformers and the 
switching equipment for the two services 


have been located at the load centers in 
the boiler house as shown on figure 10. 

A minimum amount of automatic 
switching equipment has been used. 
For each boiler, for example, all 2,300- 
volt motors are supplied from one radial 
feeder. Nonautomatic starting switches 
are provided, of course, for the individual 
motors. All switching equipment for 
both service supplies is of the metal- 
endosed type of construction. 

Manual operation of the switching 
equipment on the supply drcuits to the 
2,300-volt and 208-volt busses is by 
means of supervisory control from the 
main control room in the switch galleries. 

Physical sectionalization of tlie equip¬ 
ment has been obtained by installing the 
transformers and the switching equipment 
for each pair of boilers, in separate fire¬ 
proof masonry housings. 

Emergency lighting throughout the 
station is provided by groups of separate 
emergency outlets which are supplied by 
individual battery sets arranged for auto¬ 
matic operation and located at important 
operating points. 

Other major changes which are part of 
the station modernization program in¬ 
clude a new control supply which con¬ 
sists of duplicate control busses and 
switching equipment located in separate 
fireproof enclosures; the revamping of 
the control switchboards and the replac¬ 
ing of the present excitation-bus system 
by direct-connected main and pilot ex¬ 
citers on each generator. 

Operating Experience 

The first section of the rebuilt switch 
galleries went into service in May 1937 
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and operating experience, so far, has been 
entirely satisfactory. 

To what extent metal-enclosed equip¬ 
ment and fast relaying will contribute 
toward localizing the effects of equip¬ 
ment failures and safeguarding personnel 
as well as reducing to a minimum the 
damages caused by such failures was 
illustrated in November 1937 when a 
short circuit occurred on one of the fre¬ 
quency-changer circuits. 

Each of the two frequency changers is 
connected directly to the synchronizing 
bus through a bus disconnecting switch, a 
reactor, and an oil circuit breaker. 

At that time tlie necessary interlocks Feeder busses were not affected. The Fisure 14. Sherman Creek—-typical feeder 
between the manually operated bus dis- total fault current at the disconnecting 
connecting switch and the oil circuit switch was calculated to have been 56,000 
breaker were not completely installed. amperes root-mean-square symmetrical 

With the frequency changer at a stand- current and the estimated instantaneous well as the bus and bus supports and the 

still, an attempt was made to close the asymmetrical current 140,000 amperes. bus housings were imdamaged. 

bus disconnecting switch while the cir- The damage to the switches was limited However, beyond the metal-enclosed 



cuit breaker was not in tlie completely 
open position, tlie contacts on two phases 
being partially closed. 

The disconnecting switches on the two 
phases arced over to ground causing a 
doublc-line-to-ground short circuit on the 
synchronizing bus. The fault was cleared 
by the synchronizing-bus differential re¬ 
lay in approximately 0.3 second of total 
clearing time, including breaker time. 


to local burning of the stationary contacts 
and blades, and also burning and chipping 
of some of the instdators. 

The outside of the switch houang 
showed no indication of damage. 

On the inside of the housing, a slight 
burning showed where the switch arced 
to ground. 

The insulated bus connections between 
the disconnecting switch and the bus as 



Figure 13. Sherman 
Creek—longitudinal 
section of switch gal¬ 
leries 

1— Ground and test 

switch 

2— 0 i I circuit 

breaker 

3— Reactor 

4— Potential trans¬ 

former 

5— Disconnecting 

switch 


equipment the connections from the dis¬ 
connecting switch to the oil circuit 
breaker are carried on the ceiling in three- 
phase compartments of the conventional 
t 3 rpe of construction with concrete barriers 
between phases and with bolted gasketed 
metal covers. 

These covers were blown open by the 
gas pressure. 

Operating personnel was not injured. 

The damaged equipment was replaced 
in a few hours and the total cost of re¬ 
pairs did not exceed $2,000. 

Sherman Creek Station 

This station was originally designed for 
eight turbogenerators and an ultimate 
station capacity of approximately 145,000 
kw, of which 40,000 kw were generated 
at 6,600 volts, 25 cycles, and the balance 
at 7,800 volts, 60 cycles. 

Although the generation voltage for 
part of the 60-cycle supply was later 
raised to 13,200 volts, no major changes 
were made in the general station layout 
nor in the original arrangement of the 
switching equipment which, as shown in 
figure 11, is substantially a duplicate of 
the original Waterside design. 

As part of the modernization program 
for this station which indudes the 
installation of topping units, it is planned 
to rebuild the switch galleries for an ulti¬ 
mate station capacity of approximately 
280,000 kw at 13,200 volts, 60 cycles, as 
shown in figure 12. 

To date, the modernization work a - 
ready completed consists of the rewinding 
of two 25-cycle generators for operation 
at 60 cydes and the rebuilding of the old 
25-cyde section of the switch galleries. 

Basically, the station layout for the 


1939, VOL. 58 


de Beilis—Switch-House Moderi.ization, 


757 

































rebuilt galleries follows the fundamental 
requirements for equipment sectionaliza- 
tion and protection established for Water¬ 
side No. 2. Physically, however, a num¬ 
ber of radical changes have been made. 
Structural building conditions and the 
fact that none of the existing switching 
equipment could be reused satisfactorily 
and economically in its present location 
have made it possible to develop a type 
of station design in which the switching 
equipment for any one circuit is arranged 
on the umt-t)rpe principle. 

Essentially, this design isolates in a 
separate room all the main switching 
equipment related to a given circuit, 
such as bus disconnecting switches, oil 
circuit breakers, reactors, and ground and 
test switches. 

From figure 13 which shows a longi¬ 
tudinal view of a typical major bus sec¬ 
tion, it can be seen how the switching 
equipment has been sectionalized and 
grouped in separate rooms. 

Each room of the first, second, and 
third floors houses aU of the equipment 
for one feeder group and all rooms are 
alike in design. 

Likewise, the equipment for the genera¬ 
tors and the station ties is located in 



Figure 15. Sherman Creek—typical feeder- 
reactor installation 


separate rooms on the fifth and sixth 
floors respectively. 

It is expected that this type of con¬ 
struction will offer some advantages 
from the standpoint of equipment sec- 
tionalization, station operation and main¬ 
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tenance, safety to personnel, and replace¬ 
ment of major equipment, as well as 
uniformity of station design. 

As shown in figure 14 which is a typical 
plan of one of the feeder floors, the switch 
galleries will be divided physically in 
eight sections by means of fire walls and 
fire doors, no direct access being pro¬ 
vided between sections. 

Electrically, however, only four major 
sections will be provided because the 
busses will normally be operated con¬ 
nected in pairs through automatic bus- 
tie circuit breakers as shown in figure 12. 

Metal-endosed equipment is to be used 
almost entirely in the switch galleries, 



Figure 16. Sherman Creek—metal-enclosed 
bus equipment 


the only masonry compartments of any 
importance being those which house the 
reactors. 

A typical reactor compartment and a 
station-tie reactor with its connections 
to a metal-enclosed disconnecting switch 
are shown in figure 15. 

The design of the metal-enclosed busses 
and the methods used to secure the proper 
electrical sectionalization between the 
major bus sections as well as the schemes 
used for bus differential relay protection 
are a duplicate of those already described 
for Waterside No. 2. 

Figure 16 shows the metal-enclosed 
vertical bus runs and the bus disconnect¬ 
ing switches for a typical feeder-group 
installation. 

Metal-rendosed feeder oil circuit 
breakers and ground and. test switches 
are shown in figure 17. 

In addition to the rebuilding of the 
switch galleries, other major changes 
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Figure 17. Sherman Creek'-*metal-encloseci 
switching equipment 


which are part of the modernization 
program for this station include a re¬ 
vamping of the control switchboards, 
the installation of direct-connected main 
and pilot exciters on the generators to 
replace the present excitation-bus system, 
and the installation of a new auxiliary 
power supply which, in general, from a 
design standpoint will probably be similar 
to the one established for Waterside No. 2. 

Hell Gate Station 

The modernization work planned for 
this station does not involve any addi¬ 
tions to station generator capacity but 
consists of changes and improvements 
to the switch galleries undertaken for the 
purpose of securing a better sectionaliza¬ 
tion of the electrical equipment. This 
station has a capacity of 005,000 kw of 
which 105,000 kw are generated at 25 
cycles, 11,400 volts, and 500,000 kw are 
generated at 60 cycles, 13,200 volts. 

The switch galleries are built on the 
horizontal isolated-phase principle and, 
longitudinally, they are divided physi¬ 
cally by means of transverse fire walls 
into nine sections of which six sections 
are used for the 60-cycle equipment and 
the remaining three sections are used for 
the 25-cycle equipment. The switching 
equipment is of the double-bus arrange¬ 
ment and the connections to the main 
and auxiliary busses are of the H-type 
design. 

Masonry compartments are used 
throughout. In the original design the 
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Fisure 18. Hell Gate—-onglnal switching 
equipment 

GO-cycle busses were sectionalized elec¬ 
trically by bus-tie breakers and bus-tie 
reactors into four sections. The 25- 
cycle galleries arc sectionalized in three 
sections. As shown in figure 18 the 
main and the auxiliary busses and related 
oil circuit breakers are located on the 
fourth floor with longitudinal walls sepa¬ 
rating the busses from the breakers. 

Figufc 19. Hell Gate—main connections 


Likewise, the bus-tie equipment for 
both busses is located on the sixth floor. 

Bus Rearrangement 

In order properly to balance feeder, 
generator, and station-tie capacities and 
to provide the required feeder diversity 
to the various network areas it becomes 
necessary, under certain conditions, to 
operate both the main and the auxiliary 
60-cycle busses. 

As a result of the disturbance of 
January 1936 in which the trouble com¬ 
municated between the main and the 
auxiliary busses, these busses are being 
rearranged and relocated. 

From an operating standpoint the 60- 
cycle switching equipment will consist 
of a single bus which will be divided in 12 
feeder-bus sections as shown in figure 19. 

During peak load conditions the feeder- 
bus sections are to be tied in groups of 
three through automatic bus-tie breakers, 
thus operating as a four-bus-section sta¬ 
tion. 

During ofiF-peak load conditions the 
feeder busses may be tied in groups of 
six, thus operating as a two-bus-section 
station. 

Generator connections to the bus sec¬ 
tions will be rearranged in some cases to 
secure a better balance of feeder ^d 
generator capacities and the two 160,000- 
kw units will be reconnected so that each 
will feed two bus sections. 

Physical Sectionalization 

OP Equipment 

In order to reduce to a minimum the 
possibility of trouble on one bus section 
communicating to other sections, the 
switching equipment is being relocated 
as shown in figures 20 and 21. 

With this arrangement the busses for 
each half of the station are completely 
isolated, being located on separate floors. 

All bus-tie reactors, breakers, and selec¬ 



tor breakers for six bus sections will be 
located on the sixth floor and the corre¬ 
sponding equipment for the other six 
sections will be located on the fourth 
floor. 

Between major bus sections on the 
same floor, provision will be made for two 
separate transverse walls with fire doors 
and a passageway between walls. This 
will eliminate direct access between sec¬ 
tions and it is expected it will reduce the 
possibility of communication of trouble 
from one section to the other. 

To avoid outages during periods of 
maintenance and inspection of the bus 
equipment and to facilitate the recon¬ 
struction program, the H-type design 
of bus connections has been maintained 
and all circuits are provided with bus 
selectivity, being connected to the busses 
on the two floors. 

However, risers to the sixth floor busses 
will be completely walled off from the 
busses on the fourth floor and on all cir¬ 
cuits additional disconnecting switches 
in gas-tight enclosures will be installed 
on separate floors from the bus equip¬ 
ment so that between the fourth- and the 
sixth-floor busses there will be double dis¬ 
connecting switches which will be 
operated open. 



Figure 20. Hell Gate—modernized switch¬ 
ing arrangement 
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In addition^ the connections between 
disconnecting switches are to be made 
gas-tight where they go through the floors. 
With this arrangement, trouble in any 
one bus is not likely to communicate to 
the other bus. 

In order to maintain the necessary 
segregation between floors and between 
sections, extensive changes are also being 
made to the ventilating system. 

Bus Relay Protection 

Kach of the 12 feeder-bus sections is 
protected against phase-to-ground faults 
by a combination of partial-current 
differential relays with impedance and 
zero-sequence-voltage fault detectors. 

The bus differential relays act to trip 
all bus connections including the genera¬ 
tors. 

All generators, bus ties, and tie feeders 
are included in the current differential 
circmts, while faults on outgoing feeders 
are detected by the impedance elements 
and the zero-sequence-voltage fault de¬ 
tectors differentiate between the busses 
on the sixth and the fourth floors. 

Other changes included in this moderni¬ 
zation program, most of which have al¬ 
ready been completed, consist of the re¬ 
inforcing of the station grounding system 
and the installation of larger generator- 
neutral grounding breakers with a physi¬ 
cal isolation of these breakers in separate 
fireproof compartments. 

Hudson Avenue Station 

This station has a capacity of 770,000 
kW in 60-cycle generators and operates 
at 27,600 volts. 

The switching equipment is of the 
vertical isolated-phase type. 

Ph 3 ^ically, the switch galleries are di¬ 
vided by walls and doors into eight sec¬ 
tions corresponding to the eight main bus 
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SECTION No. 8 7 6 5 

and feeder sections as shown on figure 

22 . 

In the center, a fire tower with heavy 
brick walls and fire doors divides the 
switch galleries in two separate parts and 
prevents direct access from one part to the 
other. 

Modernization work in this station has 
consisted primarily of the following: 

1. Changes to fire walls. 

2. Interchanging of generator connections. 

3. Installation of bus differential protec¬ 
tion. 

4. Improvements to the ventilating sys¬ 
tem. 

In order to secure a more effective sec- 
tionalization of the switching equipment 
and to prevent, if possible, the spread 
of damage caused by equipment failure, 
alternate fire walls have been changed 
from hollow tile to concrete. In addi¬ 
tion, these walls have been equipped with 
sets of double fire doors. 

It is expected that with these structural 


Figura 21. Hell Gate—typical selector- 
breaker floor 


Figure 22. Hudson Avenue—typical phase 
floor 


changes any damage caused by equip¬ 
ment failure is not likely to involve more 
than two sections. 

The switch galleries may, therefore, be 
considered as divided in four major sec¬ 
tions. 

The connections from generators num¬ 
bers 6 and 7 to bus sections numbers 6 
and 7 have been interchanged in order to 
establish connections from the two 
largest generators to each of the four 
major bus sections and also to provide a 
better physical sectionalization between 
the connections of these two large genera¬ 
tors. 

The bus arrangement in this station 
consists of sectionalized main and syn¬ 
chronizing busses. 

Each main bus section is essentially an 
H-bus arrangement which, through auto¬ 
matic circuit breakers, is connected to 
four feeder busses and to its own genera¬ 
tor and to the synchronizing bus. 

Each of the H-bus sections have been 
equipped with current differential re- 
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lays which act to trip all bus connections 
including the generator. 

Improvements have also been made to 
the ventilating system of the switch 
galleries for the purpose of facilitating 
smoke scavenging in case of fire. These 
improvements consisted primarily of re¬ 
placing an existing natural-draft system 
by forced ventilation. 

Discussion 

For discussion, see page 778. 
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Reconstruction of Switching Facilities at 
Essex Generating Station 

D. W. TAYLOR • 

MEMBER AIEE 


L ocated on the Passaic River, 
three miles from the business dis¬ 
trict of Newark, N. J., the Essex generat¬ 
ing station of the Public Service Electric 
and Gas Company was designed and con¬ 
structed in 1915-16, to supply the load 
of the Newark and surrotmding area at 
13 kv with ties of approximatdy 20,000 
kva to the neighboring Marion generat¬ 
ing station. By 1924, six generators had 
been installed, totaling 214,444 kva, and 
the switch house had been extended 


to the ultimate of the 1915 plans. 

During the growth of the S 3 rstem, a 26- 
kv outdoor substation and a 132-kv out¬ 
door switchyard were added, the latter to 
tie in with the state-wide 132-kv trans¬ 
mission system which was interconnected 
through 220-kv with the Philadelphia 
Electric Company and the Pennsylvania 
Power and Light Company. 

Progress in protective devices by 1935 
had outmoded much of the station’s 
equipment, and studies were started to 



determine the feasibility of applying 
modem protective schemes to the exist¬ 
ing plant. As system conditions in 1936 
required the installation of a superposed 
turbine generator and a third 132-kv 
line, the modernization studies were 
broadened to include a complete survey 
of the station’s adaptability not only 
for these two immediate additions, but 
for future requirements. 

At that time, the load of the 13-kv 
switch house was mainly that of the 
business and industrial area of Newark 
and vicinity, and was carried over 44 
outgoing feeders and had a peak of 133,- 
000 kva. The 26-kv switchyard carried 
a maximum load of 53,000 kva over 
seven feeders and was supplied from the 
13-kv bus through transformers of 84,500- 
kva capacity. 

Load estimates predicted a maximum 
13-kv peak of 168,000 kva for future 
economical transmission at this voltage, 
the additional growth to be carried at 26 
kv. 

The 132-kv switchyard consisted of 
two 100,000-kva lines and two 45,000-kva 
transformer banks for interchange of bulk 
power. 

Figure 1 shows the relation of the 
Essex generating station to its 13-kv 
load area and to the rest of the system. 

Reasons for Rebuilding 

That extensive rebuilding of the 13-kv, 
26-kv, and 132-kv switching facilities 
was necessary is evident from the follow¬ 
ing summary of the then existing condi¬ 
tions. 

1. Space was not available in the 13-kv 
busses for the proper location of curr^t 
transformers for differential relays, which 
combined with the presence of many non¬ 
automatic main breakers of inadequate in¬ 
terrupting capacity for automatic operation, 

made itimpracticaltoprovide bus protection. 

The layout was also unsuited for the most 
advantageous use of the 132-kv bulk power 
ties, and for future extensions. 

2. Adequate segregation and isolation of 
equipment in the switch house to reduce the 
extent of oil-fire damage was lacking. One 
hundred seventy-six oil circuit breakers 
w^e housed on five floors of the 146-foot by 
68-foot switch house without separating 
walls or barriers except that provided by the 
masonry cell work. 


Paper number 39-25, recommended by the AIEE 
committee on power generation, and presented at 
the AIEE winter convention. New York, N. Y., 
January 23-27, 1939. Manuscript submitted 

November 16,1938; made available for preprinting 
December 14,1938. 

D. W. Taylor is assistant electrical engineer in the 
electric engineering department of the Public 
Service Electric and Gas Company, Newark, N. J. 

The author desires to express his thanks to the 
members of the electric engineering department for 
their assistance in the preparation of this paper. 
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Figure 2. Onc-lln« diagram, 1937-38 ra 
consfrudion program 


will clear only one bus or one-eighth of 
the feeders, in addition to its own genera¬ 
tor or transformer, but that generator 
or transformer may be cut in again on the 
other group of the pair to carry load; 
and a fault on a feeder group bus will 
not clear any supply source from the 
system. In case the tie bus is cleared due 
to a fault, the foiur sections will be held 
in synchronism through the transformer 
banks and the 132-kv bus. The only 
main switching operations necessary 
are cutting generators in and out of 
service, as the transformers and tie bus 
are to be in service at all times except for 
inspection or maintenance. 

The feeders to each substation are 
divided between the two group busses 
forming a section. This prevents: 

1. Reducing effectiveness of tie-bus re¬ 
actors. 

2. Unbalanced loading of feeder cables. 

3. Fault current in the station affecting 
the transmission system. 

The transformer banks provide a pri¬ 
mary power source from the 132-kv sys¬ 
tem to the 13-kv and 26-kv feeder 
busses, that is independent of the sta¬ 
tion generators. 

Referring to figure 1, the 132-kv bus 
also has two external sources of power, 
the addition of the third 132-kv line, 
from Essex to Metuchen, completing the 
132-kv transmission loop. 


3. The control room was lacking in facili¬ 
ties for future additions and in need of 
modernization. 

4. Oil circuit breakers were provided for 
four feeders and two transformer banks 
only in the 26-kv switchyard, the remaining 
three feeders making use of individual trans¬ 
formers and 13-kv switching. With increase 
of load, additional transformer capacity 
and bussing of all feeders would be neces¬ 
sary. Bus protection was also lacking. 

5. The 132-kv switchyard was of the high, 
strain-bus construction with numerous 
crossovers, difficult to maintain, and with 
the possibility of a falling high-level con¬ 
nection, causing a total shutdown. The 
arrangement was unsuited for the future 
.extensions. 

The reconstruction program was 
started early in 1937 to be completed in 
two years. 

Schematic Plan 

The schematic plan developed is shown 
in figure 2. The 26-kv and 132-kv lay¬ 
outs are those developed over a period of 
12 years in the 132- to 26-kv switching 
stations of the Public Service Electric and 
Gas Company. 


The 13-kv arrangement is an adapta¬ 
tion of the 26-kv scheme. The station 
is divided into four sections, of two group 
busses each, with a tie bus for synchroniz¬ 
ing and load balancing. Each section has 
an ultimate of four power sources, two 
generators, one transformer bank, and the 
tie bus. 

Operating normally with all breakers 
closed, any main breaker may be opened 
manually for maintenance work or in¬ 
spection, without interrupting a main 
supply source; a main.breaker failure 


Purposes of the 13-Kv 
Rebuilding Plan 

In transposing the schematic diagram 
to a physical plan adaptable to the exist¬ 
ing switch house and property, the follow¬ 
ing principles were considered of major 
importance: 

1. Segregation of equipment by space, 
barriers, or other means, to limit, if possible, 
the damage caused by an explosion, oil fire, 
smoke, or fumes to the equipment in which 
the fault originated. 

2. Elimination of points of congestion, such 


Figure 3. Thirteen- 
kilovolt switchyard 
—cross section of 
generator and trans¬ 
former bays 
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as control or main-lead ‘‘bottle necks/* Fisure 5. View of 
where a fire, explosion, or external force in a % 3.kv switchyard 
small area might cause a total shutdown. 

3. Reduction of the amount of oil in the 
switch house to the lowest possible quan¬ 
tity. 

Development of the 13-Kv Plan 

After making preliminary layouts, it 
became evident that only about half of 
the necessary equipment could be housed 
in the present building with ample spac¬ 
ing, segregation, and smoke and fire 
barriers. Rather than extend the build¬ 
ing to almost double its size, it was de¬ 
cided to locate one half of the switching 



equipment entirely separate from the 
other half in an outdoor switchyard. 
This would eliminate, so far as possible, 
a major conflagration involving all of the 
station’s switching facilities and, in 
addition, had the advantage of allowing 
the outdoor portion to be erected and 
cut in service with only minor disturbance 
to the existing indoor busses. 

Insulation and Short-Circuit Duty 

All new apparatus and equipment for 
13-kv service was purchased with 23-kv- 
class insulation. Some of the existing 
indoor apparatus and equipment re¬ 
used is of the 16-kv class. All main 
generator, transformer, and tie-bus break¬ 
ers have an interrupti^jg rating of 1,600,- 
000 kva at 13 kv. 

Outdoor 13-Kv Switchyard 

The cross section of a typical generator 
and transformer bay, and the cross sec¬ 
tion through the feeder bays are shown 
in figures 3 and 4, respectively. 

As an outdoor arrangement depends 
to a large extent on air-line distances for 
segregation, the spacing was made as 
ample as the available plot would permit. 


Ft9ur« 4. TbWeen-kilovolt switchyard- 
cross section of feeder bays 


resulting in bus and lead spacing sufficient 
in general for 26-kv service. 

The feeder-cable potheads, line dis¬ 
connecting switches, current transform¬ 
ers, and feeder reactors were placed in 
masonry cubicles, which allowed the 
former indoor-type reactors and dis¬ 
connecting switches to be used, and 
saved considerable space over an arrange¬ 
ment using outdoor oil-filled reactors. 
The cubicles are of masonry to eliminate 
any heating or magnetic difficulties that 
might be encountered by the use of a 
metallic housing. 

The connections from three of the 
generators were routed direct from the 
turbine room to the outdoor switchyard, 
so that they are wdl separated from the 
generator leads to the indoor sections. 

The main oil circuit breakers are 2,000- 
and 3,000-ampere type GO-5A, The 
feeder oil circuit breakers are 600-ampere 
type GO-3, of 500,000-kva interrupting 
capacity. All disconnecting switches are 
of the high-pressure type, those of 2,000 
and 3,000 amperes capacity being of ex¬ 
tra-heavy construction. 

Flexible connections were used on both 
sides of the 2,000- and 3,000-ampere dis¬ 
connecting switches to eliminate yibm- 
tion or expansion stressing the oil-OT- 
cuit-breaker bushings or disconnecting 
switches. Figure 5 shows a general view 
of the outdoor feeder section and figure 6 
a view of the 2,000- and 3,000-ampere dis¬ 




Flgure 6. Two thousand- and 3,000-ampcre 
13-kv outdoor oil circuit breakers, discon¬ 
necting switches, and connections 


connecting switches, flexible leads, and 
the oil circuit breakers. 

Indoor 13-Kv Arrangement 

By moving 15 of the 44 feeders and 
half of the generator and transformer 
connections to the outdoor yard, the 
space available for the large-capacity 
tn^in breakers was more than three tim^ 
that provided previously. The longi¬ 
tudinal sections, figure 7, compare the 
relative space occupied by the main 
equipment and feeder equipment before 
and after the rebuilding. 

Referring to figure 7, the switch house 
is divided into two halves by walls from 
the first to the sixth floors, forming a cor¬ 
ridor through the center of the building. 
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Figure 8. Thlrtecn-kilovolt switch house- 
composite cross section of generator and 
transformer bays 


Each half contains a section consisting 
of two group busses with their generator, 
transformer, and tie-bus connections. 
Figures 7, 8, and 9 show the routing of 
the main and feeder connections and the 
segregation and arrangement of appara¬ 
tus. As all oil circuit breakers, except 
the four for the tie bus, are located on the 
second and fourth floors, figures 8 and 9 
were drawn as composite views, sym¬ 
metrical about the center line, to include 
both floor arrangements. To make it 
possible to place each main oil circuit 
breaker in a separate room, two of each 
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group were placed on the second floor, 
and the third on the fourth floor. It 
should be noticed that each of the four 
feeder groups, and the main supply leads 
for each group, are surrounded by bamer 
walls extending from the first to the sixth 
floor. 

There are no doors or openings from 
any oil-circuit-breaker room to an ad¬ 
jacent room containmg apparatus) ac¬ 
cess being provided only from the cor¬ 
ridors. Smoke and flames, even in case 
the doors of a breaker room are blown off, 
cannot come in contact with other break¬ 
ers or equipment without passing through 
a second door. All stair wells are en¬ 
closed to isolate each floor. AH access 
doors are of steel, tight fitting, with 
spring-return hinges. The breaker room 

Taylof^SwitcJhHouse Modernization 


contains no other equipment, the con¬ 
nections from the breaker pots passing 
through the back waH of the cell into the 
lead compartment. The rear walls of 
breaker rooms, and all walls separating 
adjoining apparatus rooms, are 12 inches 
thick, constructed of special concrete 
brick of tested characteristics. Walls 
of oil-drcuit-breaker rooms on the longi¬ 
tudinal corridors are of eight-inch terra¬ 
cotta tile, in order to have less structural 
strength toward the corridors at the out¬ 
side of the building than toward adjacent 
apparatus rooms. 

The circuit breakers are the only oil- 
containing apparatus in the switch house. 
Potential transformers are of the dry 
type protected by fuses and resistors. A 
minimum ninnber were used, and as their 
ratio is 13,200 to 110 volts, and they are 
wye connected, only 7,650 volts is im¬ 
pressed across the windings. 

By using Fif-129 oil circuit breakers, 
oil contents were reduced to the mini¬ 
mum. The total oil content of the 176 
breakers in the old switch house was ap¬ 
proximately 19,000 gaUons, while in the 
new layout the 44 breakers located in¬ 
doors contain 660 gaHons. 

Some of the oil circuit breakers form¬ 
erly used contained 90 gaUons per pole, 
while the largest present breaker con¬ 
tains 3 gaHons per pot or 18 gaHons 
total. 

The main breakers are top connected 
and mounted on post-type insulators, 
gaining an advantage in that the forces 
incident to the closing operation are not 
taken by bushings surrounded by 
grounded parts. 

Type Fir-203 and Fir-206 feeder oH 
circuit breakers of 350,000 kva and 500,- 
000 kva interrupting capacity respec- 
tivdy, were reused, as the feeder reactors 
limit the duty of the breakers to much 
less than this value. 

The four tie-bus breakers on the sixth 
floor are in separate rooms similar to 
those on the floors below. Segregation 
between the four group connections, 
equivalent to that on the lower floors, is 
obtained by corridors and the separating 
barrier waHs. The connection to the 
outdoor portion of the tie bus, while not 
shown on any of the drawings included 
in this paper, passes down to the fifth 
floor in a separate room and then to the 
outside of the buHding, where it connects 
to the outdoor tie-bus leads on an over¬ 
head bridge. 

The same general design of masonry 
ceH and bus structure used previously 
and at Marion and Kearny generating 
stations, was continued in the new wot , 
special concrete brick being used or 
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vertical barriers and either precast or 
cast-in-place concrete for horizontal slabs. 
This construction has been found in the 
past to be effective as a barrier to stop 
the transmission of heat, from an arc or 
fire, to other equipment, it being found in 
several instances that equipment on the 
opposite side of an eight-inch wall from 
a fire or arc had not been damaged. 
Where practical, portions of the former 
lead and bus compartments were utilized. 

All vertical leads, feeder and main, are 
insulated with 13/32-inch varnished cam¬ 
bric. Except for the back-connected 
stud of the feeder breakers, all leads, 
horizontal or vertical, through wall or 
floor tubes, are insulated. AU floor and 
wall tubes are sealed with asbestos pack¬ 
ing to prevent the passage of smoke 
from one room to another. 

Main Leads 

Generator and transformer leads are 
mainly single-conductor cable insulated 
with 18/32 inch of varnished cambric, 
covered with tinned shielding tape and a 
6/32-inch rubber jacket, without an 
external braid. 

Fire-Fighting Equipment and 
Provision for Smoke Removal 

Owing to the small quantities of oil 
involved, 105 gallons, divided among the 
42 pots of seven oil circuit breakers, being 
the largest amount contained in any one 
room, portable equipment was considered 
sufficient for extinguishing oil fires. 
Seventy-five-pound portable CO 2 ex¬ 
tinguishers are located on each floor in 
sufficient number to produce a 50-per¬ 
cent CO 2 concentration in the largest 
oil-circtiit-breaker room on each floor. 
Every oil-drcuit-breaker room is pro¬ 
vided with one or two small openings in 
the wall through which the CO 2 funnel 
may be inserted from the corridor and a 
cover closed to fit tightly atound the pipe 
at the rear of the funnel. In this manner 
the CO 2 can be blown into the room with¬ 
out the use of the main access doors. As 
a second line of defense, special water- 
spray nozzles are provided which throw a 
finely divided spray or mist and use only a 
small quantity of water. The nozzles 
are permanently set so that a solid stream 
cannot be obtained, but the spread of the 
spray is adjustable from approximately 
30 to 150 degrees. 

Three portable two-inch rubber hoses 
are provided on each floor, each with a 
lV 2 “mch spray nozzle permanently at¬ 
tached, and so located that at least two 
are available for each oil-circuit-breaker 
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Figure 9. Thirteen-kilovolt twitch house—composite second- end fourth-floor plans 
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SECTION THROUGH 26-KV SWITCHYARD 


connection at any one point and still re¬ 
tain good grounding conductivity and 
capacity. Likewise, the grounding of all 
of the outdoor switch)rards consists of a 
CTtnilar grid system. Cable ties totaling 
2,500,000 circular mils cross section con¬ 
nect the 132-, 20-, and 13-kv outdoor and 
13-kv indoor grounding systems. 

Neutral Grounding Systems 


rmiin. These spray nozzles may be in¬ 
serted iti the above mentioned liand holes 
in the same nuunior as the CO* funnels. 

By iiuslalling a raised .saddle at the 
bottom of each access dow, a two-inch 
sill is obtained which is sufficient to keep 
oil from tlowing from the floor of the 
bre-aker rofims out into the corridors. 
This sill al.s<i will assist in holding water 
from the spray nozzles in the rooms. 

Previous to this rebuilding program, 
the :i,7r>0-kva station auxiliary power 
transformers, housed in a section of 
the building adjoining the switch house, 
were cquifipcd with a permanently piped 
foam system with a foam generator. 
All smaller indoor auxiliary power and 
lighting transformers have been re¬ 
placed with transformers filled with non- 
inflammable fluid. 

Fire hydrants, connected to the city 
fire mains, ore located at strategic points 
in the three outdoor yards so that all 
breakers and transformers may be easily 
reached with portable hoses equipped 
with the large spray nozzles .supplemented 
by fog nozzles mounted on a 90-degree 
elbow with a 16-foot aluminum extension. 

Pans are located in the outside east 
wall of the building on each oil-circuit- 
breaker and reactor floor in sufficient 
numbers to clear the corridors of smoke 
and fumes. Previous experience has 
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shown that these fans are effective, and 
it is expected, particularly in view of the 
small quantities of oil contained in any 
one room, that the corridors will be suffi¬ 
ciently cleared of smoke to permit access 
to the small fire-fighting openings. The 
fans are controlled from a remote loca¬ 
tion. 

Interlocks 

Interlocks of the key type prevent the 
opening or closing of isolating disconnect¬ 
ing switches when the oil circuit, breaker 
is in the closed position. In the case 
of stick-operated disconnecting svdtches, 
the locks are applied to the compart¬ 
ment doors. 

Groundiug 

Grounding of apparatus and equipment 
in the indoor switch house is accomplished 
by a grid system consisting of four-inch 
by one-fourth-inch copper bars tied 
together so that the effective cross sec¬ 
tion between any piece of apparatus and 
ground is at least two square inches. 
All apparatus is grounded to this grid, 
the oil circuit breakers being grounded 
at two points. The double grounding of 
breakers and the two-way flow in the 
grid makes it possible to have a poor 
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The neutrals of the 13-kv generators 
were previously grounded through a two- 
ohm resistor of one-minute thermal ca¬ 
pacity. As overheating troubles with the 
neutral resistors had occurred when a 
ground did not dear quickly, additional 
precautions were thought to be necessary 
to make absolutdy certam that in case of 
any failure of the protective devices to 
function, the S 3 ratem would not be un¬ 
grounded by the burning out of the re¬ 
sistors. The continuous capacity of this 
two-ohm resistor is 450 amperes. As 
replacing it with a continuous-capadty 
resistor good for the 3,800 amperes which 
would be obtained by full phase-to- 
neutral voltage bring maintained across 
the resistor was impractical on accoimt 
of the space occupied and the excesrive 
cost, a 12,9-ohm resistor of 460 amperes 
continuous duty was installed, normally 
short-circuited by a single-pole oil cir¬ 
cuit breaker. A timing relay actuated 
by the ground current opens this breaker 
if ground current flows for 30 seconds, 
and the total of 14.9 ohms reduce the 
current to 450 amperes, the continuous 
capacity of both resistors. The 132-kv 
system is dead grounded, while the 26- 
kv 83 retem is grounded through a 76- 
ohm resistor which has an oil circuit 
breaker actuated'by a timing relay, so 
that in case a ground does not provide 
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sufficient current to opiate the protec¬ 
tive ground relays, the resistor is shunted, 
giving additional chance for the auto¬ 
matic clearing of the ground fault. 

132"Kv and 26-Kv Switchyards 

As the greater part of the future load 
growth will be carried on the 26-kv busses, 
a site on the station property, approxi¬ 
mately 900 feet from the switch house, 
was selected, providing space for an ulti¬ 
mate of six 132-kv lines, foiur 132-to- 
26-to-13-kv transformer banks, and if 
necessary, 40 26 kv feeders, divided into 
four two-group sections in a manner 
similar to the indoor 13-kv scheme. 
This site permitted a well-balanced de¬ 
sign, with the transformers between the 



132-kv and 26-kv portions, and placed 
the 26-kv feeders close to the duct lines 
entering the property and thus relieved 
the duct congestion adjacent to the switch 
house. 

The 132-kv layout is of the ground-bus 
A-frame type, a standard for the switch¬ 
ing stations on the Public Service Elec¬ 
tric and Gas Company’s system. 

In the 26-kv portion, the general 
structure has been lowered in height and 
spread out more than the standard 26-kv 
layouts previously used, to remove any 
busses and disconnecting switches from 


locations immediately above the oil 
circuit breakers and approaches the flat 
ground-bus scheme of the 132-kv design. 
This is shown on figure 10. 

For the present, the equipment as 
shown in figure 2 suffices, one two-group 
26-kv section providing for the seven 26- 
kv feeders. The two 45,000-kva 132/13- 
kv and the 50,000-kva 26/13-kv trans¬ 
former banks existed previous to the re¬ 
building. Connected as shown, with 
the new 132/26/13-kv bank, a power 
source to all 13-kv and 26-kv feeder 
busses is available from the 132-kv sys¬ 
tem. 

This new three-winding transformer 
bank has a continuous rating of 60,000 
kva on the 132-kv and 13-kv windings, 
and 60,000 kva on the 26-kv winding, 
with 33 per cent overload capacity widi 
forced air cooling. An additional over¬ 
load rating, based on the system’s load 
cyde, is also available. 

Load ratio control of plus ten per cent 
and minus five per cent is provided on the 
13-kv and 26-kv windings, to assist in 
regulating the three bus voltages. The 
132-kv windings have standard no-load 
tap changers with one five-per-cent tap. 

A-c calculating-table studies indicated 
that the above kilovolt-ampere ratings 
and range of voltage regulation formed the 
best economical balance for the results 
desired. 

Control 

Partly due to the distance between the 
132-kv and 26-kv switchyards and the 
switch house; and partly to the desire 
for segregation, two separate control 
rooms were decided upon, one located in 
the switch house for both indoor and 
outdoor 13-kv sections, and the other in 
the center of the 132-26-kv switchyard 
for the remaining apparatus. 

The 13-kv control room is located in 
the end of the switch-house building, to¬ 
ward the outdoor 13-kv switchyard, in a 
section separated from the switching 
equipment. This location permitted the 
control from the indoor and outdoor 13- 
kv sections to enter the conduit room at 
opposite ends; the indoor, from the ad¬ 
jacent switch galleries, and the outdoor, 
from a shaft built into the end wall of 
the building. The control board is di¬ 
vided into an indoor and outdoor sec¬ 
tion, running longitudinally, on opposite 
sides of the room, so that the controls 
from the indoor and outdoor sections can 
be racked on opposite sides of the room, 
without any crossovers or congestion. 
The new control room is larger than the 
previous room, and with less than half the 


circuits to control, the spacing and segre¬ 
gation is greater. 

The outdoor control is run in armored 
cable from the bottom of the vertical shaft 
to the panels, racked in metal troughs 
in the conduit room. The indoor con¬ 
trol is run from the individual apparatus 
in rigid conduit to conduit galleries along 
the outside wall of the building, formerly 
a portion of the old third floor of the 
switch house, where they are run in 
armored cable to the conduit room. 
Additional segregation is obtained by 
routing the control of alternate groups to 
opposite conduit galleries. 

Trip-coil supervision is obtained on all 
oil circuit breakers by means of an indicat¬ 
ing lamp, which is energized in either the 
closed or open position of the breaker, if 
the trip circuit is intact. This includes 
thebreaker trip coil and auxiliaiy switches, 
relay test switches, and all protective 
relays that may trip the breaker. 

The same precautions in segregation of 
control have been exercised in the design 
of the new outdoor control room, which 
operates on a separate battery with only 
minor control connections to the switdi 
house. 

Protective System 

Differential protection consisting of 
t 3 rpe CA and CAA relays, with the cur¬ 
rent transformers overlapping, is used on 
all apparatus and busses, so that there 
are no unprotected spots. Current trans- 



Fi^ure 12. One-line diagram—three-wind¬ 
ing transformer-bank relay protection 
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formers in the same protective zone were 
purchased with matched characteristics 
and tolerances limited up to the maximum 
through short-circuit current values. 

Feeder reactors limit the current on 
feeder faults to a value well within the 
capacities of the breakers. With the 
current transformers located as shown in 
figure 11, the feeder relays do not func¬ 
tion on faults between the reactor and 
breaker, a fault so located being cleared 
by the bus differential relays. A 36- 
cycle time delay is interposed between 
the tripping of the main source relays 
and the feeder relays, so that in no case 
do the feeder breakers interrupt the bus 
short circuit. To provide back-up pro¬ 
tection for the feeder breakers, the source 
differential-current transformers are sum¬ 
marized through three CO overcurrent 
relays before reaching the bus differential 
relays, so in case a feeder oil circuit 
breaker fails to open, the group bus will 
be cleared. 

A spare oil circuit breaker and transfer 
bus are included in the 132-kv switchyard 
to replace any regular breaker. For all 
replacements except when used for the 
bus section breaker between sections 3 
and 4, the bus differential is maintained 
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by transfer of secondary control circuits. 

The new three-winding transformer has 
three sets of differential relays, as shown 
in figure 12, consisting of an “internal” 
for winding protection, an “over-all” 
for 132-kv and 26-kv leads and bushings, 
and a “cable” differential, for the 13-kv 
cables. This has been found desirable 
due to the difficulty experienced in phas¬ 
ing and testing a single over-all differ¬ 
ential on a three-winding bank where one 
winding is ddta connected. An added 
advantage is that the internal protection 
remains intact during any switching 
changes necessary when the spare oil 
circuit breaker is used. 

Auxiliary Power 

The existing auxiliary power system 
consisted of a four-section 440-volt bus 
with nonautomatic section breakers, 
without smoke or fire barriers to isolate 
the various sections. This bus was di¬ 
vided into two parts, as shown in figure 13, 
with a barrier wall between, and the 
cables rearranged so as to have no inter¬ 
connections between the two halv^. 
The two sections of each half are joined 
by a tie oil circuit breaker vdth over¬ 
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current relays set so that in case of a 440- 
volt bus fault, the two sections will be 
separated before the overcurrent back¬ 
up relays on the transformer breakers 
operate. It was not feasible to install 
bus differential protection on the existing 
busses. Cables between the main auxil¬ 
iary substation and the boiler-house 
substations are equipped with differential 
protection and overcurrent back-up pro¬ 
tection to dear bus faults. 

To supply the auxiliaries of the new 
turbinegeneratorand boilers, a new boiler- 
house substation, No. 2, was installed. 
Differential relays protect the two sec¬ 
tions of the 2,400-volt metal-clad bus 
which are separated by a barrier wall. 
This bus is fed by two new 4,500-kva 
13-kv to 2,400-volt to.. 440-volt trans¬ 
formers connected to two of the outdoor 
13-kv groups. The 440-volt windings 
provide an additional power source to a 
portion of the existing 440-volt bus. 
The auxiliary power system will normally 
operate in three parts; sections 1 and 2 
and No. 1 boiler-house substation, fed 
from indoor groups A and B; sections 3 
and 4, fed from indoor groups I and M; 
and Nos. 2 and 3 boiler-house substa¬ 
tions fed from outdoor groups 0 and J7. 
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Purpose of This Paper 

T his paper is being presented with 
several objects in view, to serve 
possibly as a guide or outline of procedure 
for companies undertaJdng a moderniza¬ 
tion program, to list the main items of 
equipment installed, to discuss why 
certain selections were made, and to 
aid engineers in studying their own sta¬ 
tions by indicating dangerous conditions 
or weak equipment as found at the L 
Street station of the Boston Edison 
Company. 

Where type numbers and manufacturer 
are mentioned it is done to give credit 
to the manufactmrer who produced some¬ 
thing new or spent considerable engineer¬ 
ing effort and to aid the reader in deter¬ 
mining quickly what was adopted. 

In discussing the reasons for adopting 
a S 3 rstem or type of equipment no at¬ 
tempt has been made to indicate the rela¬ 
tive weight assigned to the factors in¬ 
volved. Obviously the final conclusions 

Paper number 39-58, recommended by the AIEE 
committee on power generation, and presented at 
the AIEE winter convention. New York, N. Y., 
January 23-27, 1939. Manuscript submitted 

November 28,1938; made available for preprinting 
December 29, 1938. 


With this division, faults on the 440-volt 
and 2,400-volt busses can only shut 
down a portion of the auxiliaries. In 
addition, duplicate essential auxiliaries, 
wherever possible, were reconnected to 
obtain their supply from different bus 
sections. 

Conclusions 

In the reconstruction of Essex generat¬ 
ing station, no unique or unusual ap¬ 
paratus or design features were used. 
Rather, with part existing equipment, new 
commercially available apparatus, and 
refinements in standard designs of struc¬ 
tures, a plan was developed which it is 
believed will provide a high order of re¬ 
liability. Emphasis was placed on separa¬ 
tion and segregation as a second line of 
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even considering the same factors would 
vary for different systems and conditions, 
engineering preferences, etc. 

It is particularly desirable to invite 
discussion of this paper as the comments 
and suggestions will be valuable to those 
contemplating a modernization program 
as well as to ourselves. 

The switch-house modernization is 
being accompanied by the installation 
of a 37,600-kva topping unit with 
two 1,200-pound pulverized-coal boilers, 
a description which appears in other 
articles. 

Purpose of Modernization 

Modernization as applied to a power 
station is a modem term but the principles 
are as old as the station itself. 

Engineering with respect to power 
stations has gone through various stages 
—^first it was a question of building 
larger and larger power units—^then it 
was economy at any cost—this was 
followed by recognition that fixed ex¬ 
penses are important—and now we have 
modernization expressing itself in segre¬ 
gation. 

There are several reasons why this sub¬ 
ject has recently attracted such interest. 
Many of the older and larger stations 


tion. In striving toward more reliable 
future designs, circuit breakers without 
inflammable fluid would be of most as¬ 
sistance. With concentrations of large 
blocks of power, safe back-up protective 
schemes are desirable in addition to bus 
and apparatus differential, and more 
sensitive transformer protection would 
be welcomed. In an attempt to obtain 
the latter, it is intended to make a 
trial installation of the so-called ‘^gas 
relays'* on the transformer banks at 
E^ex generating station. 


Discussion 

For discussion, see page 778. 


have reached an age where much of the 
equipment has outlived its usefulness. 
Several cases of troubles and fires have 
focused attention on the question of 
electrical and physical segregation. The 
depression gave a breathing spell which 
allowed the engineers to look over their 
stations. 

The adoption of a modernization pro¬ 
gram sometimes requires considerable 
courage as the expected results are some¬ 
what intangible. There may be no or 
little increase in station load or capacity. 
The actual service to the customer may 
not be materially bettered as the past 
history of continuity of service may be 
excellent. Often there is no definite cir¬ 
cumstance to point to as there may never 
have been a serious fire or electrical dis¬ 
turbance. On the other hand, there 
isn't any station but which has features 
that could be improved. Obviously, a 
great deal of care must be exercised in 
selecting the program to be followed. 

Description of L Street Station 

This station built in 1898 has gone 
through the various stages of growth 
common to such stations and has reached 
its present size of 210,907 kva. The addi¬ 
tion of a 37;500-kva high-pressure unit 
number 12 now being installed will in¬ 
crease this to 248,407 kva. The seven 
14-kv units were connected to a double 
ring bus which was divided by the 
breakers into four sections. The out¬ 
going lines, tie lines, station trans¬ 
formers, etc., totaled 68 cell positions 
and were distributed along the ring bus. 

Each 14-kv generator has a four-ohm 
neutral resistor and circuit breaker, one 
only being in service at a time. 

The electrical equipment per line is 
located on three floDrs—^reactors and 
ducts on first floor, busses on second, and 
oil circuit breakers on the third. The 
fourth floor was empty. The switch ^ 
house is in two connecting l^uildings, but 
in general there was practically no 
segregation between main and auxiliary 
busses or between bus sections. 

Preliminary Studies 

Due to the increased generating ca¬ 
pacity and to tie lines with Edgar gener¬ 
ating station and with New England 
Power Company the calculated short- 
circuit fault current far exceeded the 
ratings of many of the oil circuit break¬ 
ers. Several years ago a study was 
started for increasing the rupturing 
capacity of these brewers. These are 
General Electric type JET breakers and 
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vary from the original design to the more 
recent installations. It would have been 
quite expensive to modernize or replace 
these breakers to meet the required 
rupturing capacity since the ring bus is 
normally operated closed and there are no 
bus sectionalizing reactors. 

The next scheme studied called for a 
synchronizing bus with reactors con¬ 
nected to each of the four bus sections. 
As the bus tie breakers could now be 
normally opened the short-circuit duty 
per bus section would be very materially 
reduced. A bus fault should shut down 
only one-fourth of the station instead of 
the whole bus. Also the voltage dis¬ 
turbance of the sections not in trouble 
would be much less. 

Electrically this layout was decidedly 
an improvement but due to the arrange¬ 
ment of busses and breakers in the 
switch house the modem principles of 
segregation could not be applied effec¬ 
tively. 

This led to a proposal providing for an 
entirely new and separate switch house 
having main and auxiliary busses divided 
into four sections. These sections would 
be tied together through reactors and a 
synchronizing bus although bus tie 
breakers would be installed for load 
transfer purposes at light loads or in 
emergencies (figure 1). 

Each section would have the switching 
equipment for two generators which 
would be transferred from the present 
bus and would also have switches for a 
group feeder tie connected to the present 
corresponding line bus section. The tie 
breakers between the line sections would 
be removed and installed between genera¬ 
tor bus sections. 

Partition walls would be installed be¬ 
tween sections of the generator busses and 
between sections of the present line busses 


so that electrically speaking the station 
would be divided into four groups each 
consisting of a double-bus generating 
station with two generators and feeding 
a double-bus substation with the various 
transmission lines. The advantages of 
having the generating switching equip¬ 
ment in a switch house incorporating the 
newer principles of construction were 
considered to be of sufiScient importance 
to warrant the increased cost over the 
preceding scheme. These features will 
be discussed in detail later on. 

There were three locations considered 
for the generating-bus switch house. 

A new building would have given com¬ 
plete separation from the present switch 
house, but the cost was excessive and the 
space available was somewhat limited. 

Space was available in the engine 
room or boiler room of a building which 
had recently been cleared of equipment. 
This would have given good segregation 
from the rest of the station and the cost 
would have been reasonable as the build¬ 
ing, floors, and foundations are in good 
condition. Use of either of these rooms, 
however, would have seriously interfered 
with possible use of the building as a 
future boiler and turbine station. The 
biggest disadvantage was the problem 
of running the generator and group 
feeder leads between this and the present 
station. Based on statistical records the 
expected faults with lead cables and pot- 
heads would have been entirely unac¬ 
ceptable for a generating station. Insu¬ 
lated cable mounted on porcelain insula¬ 
tors would have required a tunnel or over¬ 
head enclosed bridge either of which 
would have been very expensive as well 

Fisure i, Single-line diagram—generator and 
line bus sections 


as having the danger of shutting down the 
entire station in case of a serious fault or 
fire, earthquake, air raid, or sabotage. 

The necessary additional space was 
secured by using the unoccupied fourth 
floor of the present switch house. This 
floor is entirely sealed off from the rest 
of the building and can be entered only 
by outside stair wells. The headroom 
is somewhat small and introduced serious 
problems but the width is ample and the 
length is right. 

Switch-House Design 
(Figures 2 and 3) 

The only building work required was 
to close in a skylight, brick in a few 
windows, and install two doors connect¬ 
ing to the stairs by outside walkways of 
fire-escape construction. The strength 
of the floor was checked to insure it was 
suitable for the weight of the additional 
switching equipment and cdl construc¬ 
tion. 

In line with the principles of physical 
separation it was decided to locate the 
switching equipment for the four bus 
sections in individual rooms separated by 
five-foot aisles. These aisles serve as 
safety exits since workmen leaving a 
bus section in trouble do not have to 
pass through other section aisles. The 
doors swing outward into the aisles 
and are equipped with door dosers. A 
fire or explosion in a bus section might 
swing open or blow off a door but fire 
being forced into other bus rooms is 
improbable as their doors would be 
tightened against their jambs and as the 
aisles act as expansion chambers. The 
doors are equipped with wire-glass win¬ 
dows to permit inspection without the 
operator entering the room. 

Each room is divided longitudinally 
into four aisles—one for the main bus 
and disconnects, one for auxihary-bus 
disconnecting switches, and instrument 
transformers, and two aisles for the 
iTiflin and auxiliary oil circuit breakers. 
The bus structure and breakers cells are 
of reinforced concrete. All other walls 
and partitions are two-inch walls having a 
metal lath specially reinforced and three 
coats of plaster on each side. 

Fire Protection—Gas 
(Figure 4) 

A COa-gas Lux fire-protective system 
is installed with thermostats to operate 
an annunciator or to discharge into e 
particular aide in trouble. Mani^y 
operated selector valves aad a 
reserve gas cylinders are also avai a e. 
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PLAN—LINE OIL-CIRCUIT-BREAKER ROOM 


Fke Protection—^Water 

There is sdso a system of eight Los 
Angeles water fog nozzles installed for 
each aisle. The 16 feeder pipes are 
brought out into the stair wells to a six- 
inch header, the connections being made 
through short lengths of removable hose 
normally disconnected as an aid to the 
operator in insuring selection of the right 
valve. As a further check there is a set 
of indicating lamps at the valves—one to 
show if the bus is alive, one to indicate a 
bus-differential—^relay operation, and one 
to be operated by the switchboard opera¬ 
tor. Hose and reels with portable fog 
nozzle applicators are provided for mop- 
up work. 

The fog type of nozzle was selected 
in preference to the spray type as it was 
felt that the fog would more readily roll 
behind the cell doors and around the 
apparatus and wiring within the cells or 
bus structure. The nozzles ate located 
in front of alternate cell barriers and 
tests indicate both cells are well filled 
when 100-pounds water pressure is at 
the nozzles. 

It is* intended to rely on the city fire- 
department pumper to supply the six- 
inch header; however, the system can 
be connected to the 60-pound city water 
supply. As all hose connections corre¬ 
spond to the Boston fire department it 
can supply directly the individual aisles 
or the portable applicators. 


Rgure 2. Plan—generator-bus and line- 
circuit-breaker floors 


Each aisle has suitable drains and a 
fomr-inch dam at each end. 

Ventilation (Figure S) 

Two exhaust fans are mounted on the 
roof. Separate ducts with manually 
operated dampers are run at one end of 
each aisle. An automatic louver is 
mounted above the door at the other end 
of the aisle. After a fire the proper 
damper can be opened and the aisle scav¬ 
enged of smoke. This system may also 
be used for ventilation in hot weather if 
found to be necessary. The aisles and 
area outside the bus rooms are con¬ 
nected to the ventilating system for the 
rest of the station. 

Cell Structure 

The question of metal-dad versus 
masomy type of construction in the bus 
rooms is quite difficult to decide. 

The engineering and drafting for the 
metal-clad equipment would be done by 
the manufacturer but there would still 
be many drawings required to show inter- 
coimections, main leads, and control. 
The manufacturer would be responsible 
for complete assembly of breakers, dis¬ 
connecting switches, etc., but assembling 


the units, lining up, and making main and 
control connections would still have to be 
done in the field. Quotation on the 
metal-clad would be independent of 
possible future labor troubles or price 
increases. Flexibility and ease in re¬ 
locating equipment in the future are not 
of much moment as such a change is not 
expected and as the cost of interconnec¬ 
tions, main and secondary wiring, etc., 
would have to be written off in either 
case. In the metal-clad construction 
the individual-phase equipment and con¬ 
ductors are surrounded by metal so that 
most faults should be ground faults. 
This is a very important point, but it 
is believed that the equivalent has been 
approached in the concrete construction 
adopted (figure 6). 

All circuits and phases are separated 
by metal lath and plaster barrier walls. 
Ebony-asbestos cell doors are used 
tliroughout and Transite or Micarta 
enclosing barriers are used where prac¬ 
tical. All wall bushings and tubes are 
packed with asbestos and water-glass 
stuffing to prevent seepage of ionized 
gas or smoke. The bases of all insulators, 
bus supports, disconnecting switches, 
instrument transformers, fuses, and 
breakers are directly grounded by copper 
strap so that flashovers should be to 
ground. Equipment-supporting steel, 
through conduit, ground copper, etc., 
is insulated from the barrier walls so that 
ground currents will follow the ground 
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copper and not the building or wall steel. 
Reinforcing rods in the concrete were 
spaced at the ends and were taped at 
crossings to prevent ground currents as 
well as possible circulating currents. 
An attempt was made as far as possible 
to keep reinforcing rods a good distance 
from busses or heavy currents. Care 
was taken to prevent possible metallic 
loops of supporting steel or reinforcing 
rods around current-canying parts. It 
is realized that there are a few spots 
where heavy conductors are somewhat 
near building steel and they will be 
watched and remedies made if found 
necessary. 

Due to the low headroom there are a 
few places where exposed live parts are 
only a few inches from concrete. In 
such cases the cell was lined with one- 
fourth-inch Micarta barriers. 

Gang-operated disconnecting switches 
ill a metal-clad switchgear are somewhat 
safer as they can be enclosed and re¬ 
motely operated but the cell type of 
construction offers the advantages of 
visibility for the individual blades and of 
belter separation from the bus. A 
green indicating lamp is being installed 
at each set of disconnects to indicate the 
open position of the associated circuit 
breaker but main reliance will be placed 
in the “tag-out” procedure. 


In the metal-dad gear interlocks 
either mechanical or key type can be 
installed between the breakers, dis¬ 
connecting switches, and cell doors, but 
their desirability may be mitigated 
somewhat by the possibility of giving the 
operators a false sense of security. Inter¬ 
locks are valuable for small substations or 
industrial switchgear installations but 
are not essential for large generating 
stations having highly trained operators 
accustomed to rigid operating procedures. 

It must be kept in mind, however, 
that notwithstanding the above ap¬ 
parently unfavorable comments the idea 
of factory-assembled switching equip¬ 
ment is good and the Boston Edison Com¬ 
pany has many installations in the gen¬ 
erating and substations as well as in 
customers* stations. In this particular 
installation the estimated saving of the 
cell type over the metal-clad was too 
great to be disregarded. 

Oil Circuit Breakers 

The release of the type H generator 
and bus tie breakers from the line bus 
forced the new structure design to be 
suitable for this type of breaker. This 
was acceptable as the record of the type 
H breaker over the whole life of the sta¬ 
tion has been exceptionally good, and as 


their oil contents are relatively small. 
Before reinstalling these breakers they 
are modernized and brought up to 1,000,- 
000 -kva rupturing capacity and 23-kv 
insulation by adding new explosion 
chambers, 46 degrees silver contacts, 
new insulators, etc. As the subcell dis¬ 
connecting switches could not be used 
in the new layout the breakers were 
changed to be top connected. 

Because of several instances of pump¬ 
ing due to breakage of dogs or stops in 
the mechanism it was decided to add an 
antipumping interlock. 

The use of bus selector breakers only 
introduced operating and synchronizing 
difficulties but the cost of a series breaker 
could not be justified. 

Nine new FH12Q breakers with motor- 
operated mechanisms were installed to 
supplement the rdocated breakers. 

Bus and Cell Structure 

The main and auxiliary bus struc¬ 
tures consist of horizontal reinforced- 
concrete shelves with removable Transite 
front covers except at bus taps. All of 
this concrete was mechanically vibrated 
while being poured to obtain a more 
homogeneous structure. As the ex¬ 
pected short-circuit current is fairly 
small (20,000 amperes) the magnetic 
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forces between phases are not large. 
It is not felt that the longitudinal forces 
tending to strip the bus through the end 
clamps are serious. 

All cells are equipped with removable 
hanging doors. The design of the cdl 
doors has an unvarnished one-fourth- 
inch black ebony asbestos panel with a 
wooden frame impregnated with fire re¬ 
sistant paint. Various materials were 
considered but the above was selected 
as it is fireproof and will not glow, it is 
strong mechanically, will not absorb 
moisture or warp, does not give off 
excessive fumes or smoke during a fire, 
and being homogeneous it may still be 
serviceable after grooves or scorched 
parts are sandpapered out. There are 
several materials available which do 
not require a frame, but usually a bind- 


possibility of fire and smoke was wdl out¬ 
weighed by the advantage of an insulated 
bus in reducing flashovers caused by 
dirty or broken insulators, rodents, or 
ionized gases. 

Two 3,000,000-circular-mil insulated 
cables per phase mounted on 23-kv 
insulators were selected for main and 
auxiliary busses as this was materially 
cheaper than copper bar or tubing having 
formed or wrapped insulation. Vertical 
bars to give good ventilation would have 
introduced serious difficulties in making 
taps as the headroom was limited. 

Similarly, all bus taps and cell wiring 
are insulated cables mounted on 23-kv 


Rgure 4. Fire protection system—trans¬ 
formers and switch house 


jections: Any undue strain in service or 
during erection tending to turn the 
through stud as might be caused by the 
weight of cables or by a mechanic putting 
too much force on the nuts would cause 
misalignment. Similarly, any expansion 
of the stud due to temperature might 
loosen the assembly and cause misalign¬ 
ment. The terminal-stud passage through 
the insulator is not ventilated and the 
temperature of the stud is increased. 
The temperature of the contact clips 
would tend to be increased due to the dis¬ 
tortion of the current distribution by the 
magnetic action. There is also danger of 
corona between the switch stud and the 
inside of the porcelain bushing. Due to 
the right-angle path of the current the 
forces on the switch lock are materially 
increased during short-circuit conditions. 


TO CITY 



ing around the edges and metal comer 
plates are needed to prevent chipping. 
This introduces a hazard to an operator 
hanging a cell door in front of live ap¬ 
paratus. 

Busses 

Several types of bus were considered. 
Bare bar, tubing, or. structural shapes 
of copper or aluminum could ea^y 
carry the current of 3,000 amperes but 
it was felt that the disadvantage of an 
insulated bus in increased cost and the 


insulators with all joints filled and taped 
to a streamline shape. 

Disconnecting Switches 

The disconnecting switches selected 
are single-pole stick-operated with 23- 
kv type 5-3 insulators. Due to the 
lack of headroom it was impossible to 
use a front-connected switch as there 
was insuflS.cimt space for the top connec¬ 
tions going to lie oil circuit breakers. 
A rear-connected design particularly the 
3,000-ampere size has the following ob- 


These mechanical and heating diffi¬ 
culties were compensated for in the 
proposals of the various manufactures 
by pinning the studs to prevent turning 
using two or more straps instead of a 
round stud, coating the inside of the 
bushing, increasing the current-carrying 
parts, etc. The Delta-Star company, 
however, developed an entirely new design 
for disconnecting switches of “ this ca¬ 
pacity. This switch consists of two post¬ 
type insulators mounted at right angles 
to each other and mounted on an angle- 
iron base. The switch blade is located 
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across the two outer ends of tlie insulators. 
The terminal blocks can be rotated for 
the connections to be to the front, in 
line, or to the rear at either top or bottom 
stud. Obviously, such a design offers 
the advantages of a front-connected 
switch, the interchangeability is good, 
bus-type insulators are used instead of 
through bushings, there is no base plate 
to have possible heating by eddy currents, 
installation is cheaper as two switches 
per phase are mounted on an angle at the 
factoiy, the problem of acciurate align¬ 
ment of supporting steelwork to prevent 
distortion does not exist, and the first 
cost is materially less than for equivalent 
rear-connected switch. 

Area type of contacts using double 
blades gripping a central tongue was 
selected over the line type as it was felt 
the latter is more sensitive to accurate ad¬ 
justment. As an extra precaution, how¬ 
ever, the contacts are somewhat flexible 
and pressure is maintained by a central 
spring washer. 

The contacts are silvered, not with the 
intention of increasing the capacity of 
the switch but with the expectation of 
prolonging the life of the contacts. 

A bar type of lock was selected as it 
was felt a latch on a round stud might 
wear and become ineffective. 

Current and Potential Transformers 

The present generator current trans¬ 
formers will be used in the new structure. 
These are 16 kv whereas all the rest of the 


equipment is on the 23-kv basis; how¬ 
ever, these transformers are within the 
generator differential protection and the 
cost of new ones was not felt to be justi¬ 
fiable. 

The current transformers used for bus 
protection are new General Electric type 
iirC-59 Y and are of special design to have 
good ratio characteristics during fault 
conditions. 

New General Electric type /E-41 
dry-type potential transformers, 13,800/- 
115-volt insulation, are installed one per 
generator for S3nichronizing and three 
per bus section (main and auxiliary) 
for metering and synchronizing. 

Connecting the generator potential 
transformer from phase to ground re¬ 
tains the phase segregation principle in 
the structure and allows the transformer 
to operate at 8,000 volts. Theoretically 
a potential transformer connected to 
ground with the generator neutral open 
as an incoming madiine might cause 
neutral shift and unbalanced voltages. 
This effect could be overcome by closing 
the neutral breaker by connecting the 
potential tonsform^ to generator neu¬ 
tral instead of to ground, connecting it 
pha^ to phase, or installing two poten¬ 
tial transformers phase to ground but 
these schemes have the objections of 
being more complicated, costing more, 
destro 3 dng phase segregation, or operating 
at 13,800 instead of 8,000 volts. 

The generator manufacturer, however, 
feels that the above voltage distortions 
will not take place as there is a 90-ohm 


resistor in series with potential trans¬ 
former. Star-connected bus potential 
transformers also work in better with the 
rest of the station relaying. 

Each potential transformer is protected 
with a Schweitzer and Conrad combina¬ 
tion 23-kv 90-ohm resistor and dis- 
connecting-type boric-acid fuse. The 
fuse itself has sufficient rupturing ca¬ 
pacity but the resistors aid in preventing 
the above-mentioned voltage distortion, 
they reduce the duty on the fuses, and 
they allow the bus fuses to blow in case of 
potential-transformer troubles instead of 
involving the high-voltage relaying. 

Generator-Bus Relaying (Figure 7) 

Each of the four generator-bus sections 
have phase and neutral differential pro¬ 
tection using General Electric t 5 q)e 
I A CUBA and jE44 relays respectively. 
The bus tie breakers are overlapped. 
All the ciOTent transformers have the 
same ratio 3,000/5 or 1,500/2.6 depend¬ 
ing on the circuit capacity. As the 
short-circuit current is only six or seven 
times the rating and as the transformers 
are specially designed and the relays are 
set above load currents there should be 
no troubles due to d-c components or 
transformer-ratio breakdown. 

Due to the special design of current 
transformers, no serious leakage of cur¬ 
rent is expected through the parallded 
secondaries of the current transformers. 

The fault-bus system of protection was 
not selected because of the increased 
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cost and complication of installation^ 
the possibility of. stray fault currents, 
and the undesirability of not having 
equipment definitely grounded. 

The reactor bus including reactors and 
leads are similarly differentially pro¬ 
tected. 

The group feeders have overload back¬ 
up protection with long time setting. 
Type I AC relays are used. 

Each generator has differential pro¬ 
tection which trips the bus breakers, 
neutral breaker, field switch, throttle 
trip, and CO 2 gas (last item for number 12 
unit only). 

Cables 

The insulation selected was 23/64-inch 
varnished cambric (about 22-kv rating) 
with a copper shielding tape, 6/64-inch 
rubber jacket, and a fireproof-weather¬ 
proof braid. The present generator leads 
are not shielded but they have 23-kv 
insulation and a hose jacket. In order 
to reduce possible corona and to pre¬ 
vent electrical shock it was decided to 
shield the new cable. A grounded sheath 
will cause a positive relay operation on 
an insulation failure whereas an un¬ 
grounded sheath may allow a fault to 
simmer along until a serious disturbance 
occurs. The switch house is normally 
dry but the rubber jacket was added as a 
precaution against condensation or pos¬ 
sible water during a fire. 

A typical group feeder or generator 
has three conductors per phase and are 
arranged in three three-conductor duct 
banks. Here again the manufacturers and 
published data varied considerably in 


the recommended arrangement to cause 
least unbalance per phase. As the 
lengths are fairly short the unbalance 
problem is not serious. 

Supporting clamps at the upper ends 
of the ducts were felt to be necessary 
because of the long vertical runs. 

Thermocouples in cages have been 
drawn about 20 feet into the ducts 
with the leads for one group feeder and 
for two generators which are expected 
to have steady loads. It is uncertain as 
to whether these couples will read the 
conductor surface, air, duct-wall tem¬ 
perature, or combinations of these but 
we should get some interesting compara¬ 
tive temperature data on current, time 
lag, cyclic loading, effects of changing 
ambients, etc. The portion of the genera¬ 
tor leads retained were not replaced 
by new cable as it was felt the cost was 
not justifiable. 


The order was divided between General 
Electric, General Cable, Anaconda, and 
Okonite to get comparative life data. 
The conductors are stranded, concentric, 
or annular depending on the size. 

The leads to the potential transformers 
are 500,000 circular mil which of course 
are not required for current-carrying ca¬ 
pacities but are necessary to prevent 
overheating on a fault before the breakers 
have time to open. 

Cell Wiring 

Kerite and Okonite with 20/64-inch 
insulation, rubber tape, and fireproof- 
weatherproof braid were selected for ^e 
bus and cell wiring because of its flexi¬ 
bility, resistance to condensation and to 
water or fog of the fire protective system, 
and because of the shorter and simpler 
taps or joints allowable as the material 
is homogeneous. Shielding could not be 
used due to the short lengths of cables 
involved; however, it is unnecessary 
as the cable is mounted on full-voltage 
insulators and bushings. 

The control cable is the Anhydrex of 
the Simplex company. Solid conductors 
were used when possible to eliminate 
possibility of strands causing short 
circuits at terminal studs. 

Control Conduit 

The control circuits are segregated 
as follows: An individual conduit is 
run to each circuit breaker. Separate 
cables are run for the multiconductor 
breaker control and for the associated 
current transformers. 

There are two control supply feeders. 


Fi$ure 7. Generator-bus differential protec¬ 
tion 


LINE BUS SKTION 4 LINE BUS SBCTION 5 
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one for the main and one for the auxiliary 
breakers. Each of these suppKes has 
four stud busses, one for each section. 

There are no common pull boxes, 
terminal rooms, or wire trenches. 

Structural Changes in Line-Bus 
Switch House 

Along with the construction of the new 
switch house there has been a consider¬ 
able modernization program progressing 
for the rest of the station. 

Cinder-concrete barrier walls have 
been built between bus sections on all 
three floors. Bus-sectionalizing discon¬ 
necting switches have been installed on 
both sides of the barrier walls to permit 
bus sections being tied together in 
emergencies. This provision should be 
seldom used since the generator bus sec¬ 
tions can be tied together by the reactor- 
bus or main- and auxiliary-bus tie 
breakers and as the group feeders be¬ 
tween generating and corresponding line- 
bus sections have separate leads and 
breakers for the main and auxiliary con¬ 
nections. As the line-bus pairs of sec- 
tionalizing discoimecting switches are 
normally open there is no part of one 
live bus extending into an adjacent bus 
compartment which might be contami¬ 
nated with ionized gases. 

Transite and Micarta compartment 
doors and barrier walls were installed 
in the line-bus floor to enclose the bus 
structure and to separate the main and 

FROM GENERATOR 
BUS SECTION 



Figure 9. Cable connections from junction 
box to transformer 


ing to each bus-section compartment on 
the three floors. 

Modernized Equipment 

Many of the Kne type-H circuit break¬ 
ers were modernized and increased in 
current-carrying or rupturing capacity 
by changing contacts, pots, baffles, 

Figure 8. Line-bus relay protection 


ous current transformers and several 
line reactors replaced by new ones. 

The oil-filled bus-potential transformers 
were replaced by new dry-type trans¬ 
formers connected in wye. 

Incoming-line varnished-cambric cables 
in wall fiber conduits were rerouted or 
changed to have 25-kv insulation to stop 
corona cutting at duct entrances. 

Overload line relays of obsolete type 
were replaced by type CO. Generator 
differential relays were replaced by type 
CA. 

Five 14-kv switching equipments for 
station transformers and a motor genera¬ 
tor were removed from the 6,900-volt 



switch house and distributed along the 
14-kv line-bus sections. 

In order to balance the loads on the 
four sections and to distribute parallel 
feeds to substations it was necessary to 
do considerable interchanging of lines 
and switching equipments. Certain re¬ 
actor shifts were required to balance the 
loads on the parcel lines properly. 

Line Bus Relaying (Figure 8) 

The usual differential protective sys¬ 
tem is impractical for the line-bus sec¬ 
tions due to the large number of circuits 
involved. The current transformers are 
not of a design to hold up their ratios. 
The sizes are small and there are so 
many different ratings that the balancing 
current transformers would be compli- 


auxiHary busses and their tap connec- tie rods, etc. The parts removed were cated. Ground differential would be im- 
tions. in turn used to increase the capacity of possible as there would be so many 


The present ventilating system was 
changed to include an exhaust fan on 
the roof with manifolds and ducts lead¬ 


still older breakers especially in the 6,900- 
volt section of the station. 

There were many obsolete and danger¬ 


secondaries in pardld there would be 
nothing left to operate a relay. 

. Reverse-current relays could be in- 
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stalled for each line to differentiate 
between line and bus faults but the cost 
and complexity would be excessive. 

In the scheme adopted suitable current 
transformers having special ratio hold-up 
characteristics and large ratios (type 
iSrC-517—-1,600/2.5) are installed in the 
main circuits having appreciable back 
feeds into the bus such as large trans¬ 
formers, ties to other generating sta¬ 
tions, and the group feeders from the 
corresponding generator bus sections. 

As these secondaries are connected in 
parallel the total current will represent 
the outgoing load over the lines not in¬ 
cluded. 

A fault on a main feeder would also 
cause large operating current but tripping 
is prevented by a directional relay. 

Bus tripping due to a fault on a feeder 
is prevented by an impedance or distance 
rek.y differentiating through the feeder 
reactors. 

The various relay elements per double 
bus section are incorporated into a 
General Electric type IJX12AZ phase 
impedance relay having three instan¬ 
taneous voltage-restrained current-oper¬ 
ated elements each operating on Kne 
current and phase-to-phase voltage and 
one type CBPllAl phase directional 
relay having three directional elements 
with voltage restraint using line currents 
and phase voltages, the tripping contacts 
of these two rela 5 rs being in series. Simi¬ 
larly a type IJX12AA. ground impedance 
relay having three elements as above 
^except using line currents with neutral 
voltages and one type CACPllA ground 
rday using residual line current biased by 
the current of the generator-neutral cur¬ 
rent transformers are in series to trip the 
bus multicontact relay. 

As there are 30 to 40 breakers to be 
tripped per bus section special multi- 
contact relays had to be developed. 
These 48-drcuit relays consisted of a 
solenoid linked to two drum-type auxil¬ 
iary switches each having 12 double stages. 
The relay is star-wheeled and counter¬ 
balanced in the open position and requires 
a positive application of current to cause 
its operation whereas the other available’ 
multicontact relays are spring operated 
and released by a solenoid. Any sKght 
wear, continued vibration, sudden jar, 
or inaccurate adjustment might allow 
the relay to dose which would be dis¬ 
astrous to a bus carrying load. 

A manually operated multicontact 
switch is installed between the above 
relay and the circuit breakers to permit 
testing of the bus protection sjrstem. 

As only one bus is normally operated 
there would not be much advantage in 


attempting to differentiate between main 
and auxiliary bus sections. 

A four-section control bench was in¬ 
stalled with miniature bus, control 
switches, lamps, meters, etc., for the 
generating-bus switching equipments ex¬ 
cept that the control equipments of the 
generators were left on the former control 
panels. 

2S-Kv Outdoor Transformers 
(Figure 9) 

There are four outdoor 25,000-volt 
7,500-kva transformers which had an 
overhead structure with bare copper, and 
gang-operated disconnects. Cleaning the 
insulators of soot and fog deposits has 
been excessively bothersome. This situa¬ 
tion was remedied by removing the over¬ 
head equipment and repladng the out- 
door-lype porcelain bushings of the 14- 
kv and 25-kv terminals of the trans¬ 
formers with single-phase inverted pot- 
heads in the same cover openings. 
Single-conductor paper and leadcovexed 
cables were connected to outdoor junction 
boxes having removable links for con¬ 
necting the transformers in pairs. The 
common connections were then run to 
the 14-kv and 25-kv switch houses. 

Transformer Fire Protection 

A permanent fire protective system 
using Grinnel Mulsifier nozzles was in¬ 
stalled for these transformers along with 
a fifth 25-kv transformer and three 25- 
kv load- and voltage-regulating trans¬ 
formers. A total of 39,000 kva of trans¬ 
former capacity is protected thus. 

The supply piping for these units and 
that for the header of the fog system in 
the switch house is taken to a concrete 
pit containing the various selec±or valves. 
The common manifold can be connected 
to the city water pressure, to the Boston 
Fire Department's pumper, or to drain. 
There is also a line run to two hydrants 
for portable applicators and to a water 
screen to protect three large wooden 
storage water tanks. 

Dams were installed around these trans¬ 
formers and crushed stone laid to absorb 
and cool escaping or burning oil. 

Three reinforced metal-lath-and-plaster 
barrier walls were installed separately, 
the 26-kv transformers to serve as fire 
walls. 

The two General Electric Pyranol- 
filled 3,000-kva station-auxiliary power 
transformers were also equipped with a 
water protective system which can be 
used for cooling in case of fire in an ad¬ 
jacent transformer. 


Discussion 

P. H. Adams (Public Service Electric and 
Gas Company, Newark, N. J.): The Essex 
switch house followed the general practice 
in vogue in 1914 of large switchgear rooms 
in which the barriers formed by the cell 
work were the only protection against 
spread of damage. At that time generating 
capacity of most systems was small so that 
short circuits caused relatively little dam¬ 
age. The original plan for E^x was fol¬ 
lowed generally to the completion of the 
building in 1923. 

In working out the design for the re¬ 
construction described in Mr. Taylor's 
paper, the principles that we followed are: 

1. Itnproved arrangement of equipment. 

2. More definite separation of bus sections. 

3. More frequent fire walls and smoke barriers, 
coupled with ventilation. 

4. limitation of capacity connected directly to 
each section. 

5. Physical isolation of main circuit breakers. 

6. Adequate relay protection for the bus sections. 

7. Reduction of oil content of circuit breakers. 

8. Segregation of control circuits. 

9. Better fire-fighting equipment. 

It is interesting to note that this question 
of protection against service interruptions 
caused by explosion or fire in switchgear 
houses also confronted the Electricity Com¬ 
mission in Great Britain and at the time 
the work at the Essex generating station 
was being started, an investigating board 
appointed by that commission recom¬ 
mended the adoption of principles very 
similar to the above for the use of the 
British engineers. 

In particular reference to limitation of 
capacity in a bus room, they set 60,000 kw 
as a desirable maximum. This may seem 
too small for use in the United States, but 
the principle involved should not be over¬ 
looked. 

The segregated-phase switch house for 
the Kearny generating station designed in 
1924 and placed in service in 1925 is, I be¬ 
lieve, the first in which the switchgear for 
each generator and its associated trans¬ 
former bank are in separate rooms with no 
direct access to rooms containing switch¬ 
gear for other units. The pole units of the 
oil circuit breakers on each floor in this house 
are in one room, while the associated con¬ 
ductors, disconnects, reactors, and all other 
connections and operating rods are in an¬ 
other. Separate compartments in that 
room are provided for the operating and 
interlock rods to prevent any possibility of 
a’groimded rod coming loose and making 
accidental contact with a conductor. 

A failure of a 3,000-ampere oil circuit 
breaker in one of these rooms in February, 
1928, was not communicated to any other 
compartment even in the same room, al¬ 
though the oil ignited and burned for a con¬ 
siderable time. The ventilating system 
kept the smoke cleared away so that it was 
pos4ble to remove the oil from the breaker 
and extinguish the fire. 

It has been our experience that brick or 
concrete walls are effective fire or arc stops 
if adequate ground connections are pro¬ 
vided for all equipment frames. The 
ground connections must have sufficient 
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carrying capacity to function under any 
condition that may arise without fusing. 
Mr. Taylor points out in his paper that at 
Essex a complete ground network provides 
two paths to ground and at least two 
square inches cross section for all main 
equipment frames, while for lesser circuits 
the ground conductor is in most cases as 
large as the main conductor. 

The general principles established at 
Kearny in 1924 were of considerable as¬ 
sistance to us working out the Essex plans. 
Improvements in oil-circuit-breaker design 
enabled us to use the type H breaker with 
its low oil content, thus having less than 300 
gallons in the 16 main breakers at Essex, 
while 27 main breakers at Kearny contain 
nearly 8,600 gallons. 

Essex has a separate room for each main 
circuit breaker, while Kearny with its unit 
construction has four single-pole breaker 
elements in a room. 

While the work was progressing at Essex, 
the entire high-voltage yard at Kearny was 
rebuilt and differential protection was ap¬ 
plied to the high-voltage bus sections, the 
13-kv busses and connections, and the 
main auxiliary power busses. 

Plans are now under way for modernizing 
the equipment at the Marion generating sta¬ 
tion, where each main circuit will be in a 
separate room and complete differential pro¬ 
tection applied to the busses and connec¬ 
tions. This will bring the three main sta¬ 
tions of the company up to date as regards 
main equipment and service protection. 


C. R. Reid (Shawinigan Water and Power 
Company, Montreal, Que., Canada): In 
reviewing these papers, I have been im¬ 
pressed by the unanimous agreement on 
the fundamental* points under considera¬ 
tion. There were three points which im¬ 
pressed me most: 

1. The attempt to improve relay protection and 
the difficulties with regard to differential features. 

2. The necessity of improved circuit breakers 
and the evident desire to reduce the amount of 
oil. 

8. The stress which has been placed on increased 
segregation of switching equipment. 

In connection with faulty actions of dif¬ 
ferential relays on through short circuits, 
two thoughts come to mind. Have any 
of the authors had experience with the in¬ 
stallation of a low-resistance high-reactance 
iron-core reactor across the coil of the dif¬ 
ferential relay, to by-pass the direct cur¬ 
rent? What is the approximate ratio be¬ 
tween minimum current settings on the 
differential bus relays and the maximum 
through current on fault? 

The remarks concerning circuit breakers 
have proved most interesting. During 1938 
the company which I represent purchased, 
tested, and installed a 6,600-volt 2,000-am¬ 
pere air-blast circuit breaker. The pri¬ 
mary tests seemed to indicate that the cir- 
■cuit breaker in question had a rupturing ca¬ 
pacity in excess of 900,000 kva at 12 kv. 
The opening time from energizing the trip 
coil to extinction of arc was less than 6 
cycles on a 60-cycle base. It would appear 
that the ultimate rating of this equipment 
may exceed 1,000,000 kva with a clearing 
time of less than three cycles. 

Considerable interest has been shown 
recently with regard to air circuit breakers. 


If t^ development proves successful, is it 
possible that the necessity of extensive 
segregation of switching equipment will be 
reduced? A consensus of opinion from the 
authors might prove of special interest. 


M. H. Hobbs (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): It seems to me this is a fine series of 
papers on the important subject of plant 
modernization, showing that a great deal of 
study is being given to this reconstruction 
problem with the aim of improving service 
reliability and eliminating the possibility of 
major shutdowns. A few comments seem 
to be in order. 

First, with reference to Messrs. Comey 
and Edson’s paper the statement is made 
that a decision as to concrete structure 
versus steel was difficult to make although 
it was finally decided to use masonry con¬ 
struction. Some advantages of sted were 
brought out in the paper. In addition to 
these, steel has the advantage of lighter 
weight which is particularly important in 
modernization of existing stations where 
the floors and supporting walls already 
exist and may have to be used. The state¬ 
ment is also made that gang-operated 
switches in metal-clad switchgear are better 
isolated but that cell type offers better 
visibility and better segregation. This is 
not necessarily characteristic of metal en¬ 
closure, and complete visibility, as well as 
segregation of the bus from the switches 
may be provided in metal-enclosed gear. 
This is shown in figure 1 of this discussion. 

With reference to interlocks, the opinion 
expressed that interlocks are not required 
in large stations having highly trained op¬ 
erators seems somewhat at variance with 
that of other operators. It would seem that 
in many cases the matter of interlocks is 
carried to an unnecessarily complicated de¬ 
gree, and that simpler interlocks between 
isolating switches and breaker, to prevent 
operating the switches unless the breaker 


is open, and to prevent access to the breaker 
compartment unless the switches are open, 
would be adequate. However, it does seem 
that such simple interlocks are desirable 
even in the larger stations. 

The disconnecting-switch design shown is 
somewhat unusual and apparently worked 
out quite wdl for this particular structure 
arrangement, where height-was an impor¬ 
tant factor. A number of disconnecting 
switches have been made, however, using 
rear-connected studs even when fairly heavy 
current-carrying capacity was required, in 
fact, even in “L** Street, disconnecting 
switches for bus sectionalizing are of this 
type. However, the problem of expansion 
must be taken care of as indicated. 

With reference to Mr. de Beilis^ paper, 
the outstanding features seem to be bus 
sectionalization and segregation of the 
different sections, using metal enclosure 
throughout, even for breakers knd instru¬ 
ment transformers. The operating ex¬ 
perience in the case of a fault seems rather 
impressive. 

Mr. Taylor’s paper states that cubicles 
for the reactors were made of concrete so 
that there would be no undue heating in 
metal enclosures. It may be noted, how¬ 
ever, that a number of installations have 
been made, using metal enclosures. The 
arrangement in Essex differs quite ma¬ 
terially from that described by Mr. de 
Beilis, in the fact that metal is not used for 
the enclosure although every effort is made 
to carry the ground bus throughout the 
structure to insure satisfactory operation 
of protective rdays. The statement is 
made that with the type of indoor breaker 
used, the forces incident to the closing 
operation are taken by post insulators rather 
than bushings. Tests in the high-power 
laboratory indicate that there is a possibility 
of fracture of the porcelains under heavy 
short-circuit current and we make every ef¬ 
fort to use material other than porcelain for 
this application. 

In all the papers the importance of the 
protective scheme, particularly bus differ¬ 
ential protection, has been stressed, and the 
matter is undoubtedly receiving much more 
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attention than ever before. Metal enclo¬ 
sures are conceded to be of much assistance 
in providing quick clearing of faults, and 
limiting troubles which occur to groxmds 
rather than phase-to-phase failures. Even 
where masonry is used, the effort seems to 
be made to approach metal enclosure by 
carrying ground busses to each piece of ap- 



Figure 2 


paratus and insulator base. The tendency 
now seems to be definitely away from the 
segregation of phases by relatively large 
distances, and group phase construction, 
with a maximum sectionalization, would ap¬ 
pear to be the more favored practice. 

Figure 1 of this discussion shows metal- 
enclosed switchgear for a section of the 
main bus before installation in West End 
generating station of the Cincinnati Gas 
and Electric Company. This shows quite 
completely the accessibility of the discon¬ 
necting switches and their complete isola¬ 
tion from the bus and circuit breakers which 
are located at the rear. All disconnecting 
switches for a particular breaker operate 
from a single mechanism interlocked with 
the breaker and the doors to the breaker 
compartment. 

Figure 2 shows a breaker at the rear of the 
structure, with its mechanism, and the con¬ 
nections to the rear-connected disconnecting 
switches and bushings. Each phase is metal 
isolated from the others and potential trans¬ 
formers are located in compartments above 
the breaker cells, each transformer being 
in its own compartment and connected to 
the bus or circuit by means of fuses and 
disconnecting switches. 

A somewhat similar construction has 
been used in the modernization of the 
Millers Ford generating station of Dayton 
Power and Light, except that the busses are 
located on different floors from the breaker 
-compartments, somewhat similar to the 
arrangement in the New York stations de¬ 
scribed by Mr. de Beilis. On the first floor 
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are reactors in metal-endosed compartments 
and oil-circuit-breaker cubicles. On the 
second floor are located the two main busses, 
together with risers going to the generator 
breakers on the first floor and feeder break¬ 
ers on the third floor. 

For both the Cincinnati and Dayton in¬ 
stallations the fault-bus scheme of protec¬ 
tion has been used. Before construction 
work had been completed a fault occurred 
in one of the Dayton bus sections which the 
fault-bus relay cleared successfully. In 
connection with metal enclosures, a good 
deal of consideration is being given to this 
scheme of protection, and where the bus 
arrangement is not too complicated the 
protection scheme is very simple. It is 
believed that further consideration of this 
method of protection is warranted in the 
future. 


J. W, Lingary (Lynn Gas and Electric 
Company, Lynn, Mass.): The four papers 
presented before this committee are indeed 
indicative of the strenuous efforts and 
thought that is being vigorously prosecuted 
to safeguard against traps causing power- 
system failures which not only interfere 
with continuous flow of power for the re¬ 
quirements and established routine of the 
public, but which often result in major 
loss of property and possibly injury and 
even death to employees. 

It is not my intent to discuss in any de¬ 
tail any one of the presented papers. On 
the contrary I wish to confine my remarks 
as a sort of synthesis of personal comment 
where from personal experience, observa¬ 
tion, and study of reports on several major 
power-system emergencies which have oc¬ 
curred around the country now and then 
during the past few years, I hope my re¬ 
marks may be of some benefit. It is need¬ 
less for me to say that all companies are not 
cognizant that there exists somewhere on 
their systems some form of trap which may 
cause power-system failure of diverse ex¬ 
tent. I believe there are. There is no 
company regardless of size, whose people 
delegated with responsibility for operation 
of the power system do not spend their 
time on oft occasions in worry because 
they have come to recognize the existence 
of such traps. By a trap, I mean as some 
people prefer to call it a “bottle neck.'* 
Most companies have them regardless of 
size and it requires a vigorous, intelligent 
engineering prosecution to smoke many of 
them out into the open before trouble and 
disaster follow. 

Most power and manufacturing com¬ 
panies employ highly skilled and competent 
engineers. In reality most of them are 
great individual specialists in their respec¬ 
tive fields, whose efforts are especially con¬ 
centrated to the many various components 
which make up a power system, but in spite 
of this traps do persist, whether avoidable 
or unavoidable either in the layout of the 
company's system or perhaps manufac¬ 
turer's apparatus. However, when one 
realizes the vast intricacies that make up a 
power system, which in general consist of a 
great many delicate and intricate relays, ex¬ 
posures of transmission and distribution 
systems to the wrath of natural elements, 
failure of insulating mediums, the use of 
high steam pressures and temperatures, and 
the motion at high speeds of huge bodies of 
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metals, one cannot help but wonder that 
trouble does not occur more frequently than 
it does. 

We cannot do more than admire the vigor¬ 
ous efforts of engineers today as proved by 
the papers presented. Their every effort 
it seems is to prevent, isolate, minimize, 
and correctly with high-speed dispatch 
automatically diagnose troubles and ex¬ 
pediently clear them by use of correct ap¬ 
plication of relays and other apparatus. 
All this must be so, in order to control the 
follow of an outage either as an unimportant 
event or at best a very minimum. 

In prosecution of these efforts no one 
should question the wisdom of responsible 
engineers when they propose justification at 
times of enormous capital investment. 
I do not by all means here mean that econ¬ 
omy should be forgotten or even slighted. 
However, I do wish to convey that it should 
not be overstressed at the sacrifice of system 
reliability because reliability to some extent 
is economy of no small importance. 

Perhaps there exists nothing short of a 
dynamite factory where things may happen 
with such sudden destruction and rapidity 
as they do on a power system, particularly 
in the make up of a generating station 
where there are a great many things which 
may cause sudden emergencies and even 
serious outages. It may be only a small 
control wire or perhaps some small insig¬ 
nificant relay costing a few dollars, which 
of necessity performs an important function, 
but at the same time its failure to function 
properly is capable of shutting down a boiler 
costing a million dollars. Therefore, we 
must consider in the design of a power plant 
a great many small and large complexes. 
We cannot afford, for example, to load up a 
boiler house with pipes, boilers, and other 
apparatus and offer what insignificant space 
there may be left to install the all and most 
important station service electrical equip¬ 
ment. The installation of this equipment 
should have as much effort and thought put 
forth as to its design, location, and reliability 
as the major switch house, busses, and 
switching apparatus. Control wiring 
should be chosen with great care, and should 
not be exposed to high temperature, damp¬ 
ness, and other deterrents. Important 
control terminal centers, delicate relays, and 
equipment of this sort should be housed in 
the deanest and most desirable places that 
can possibly be found. I bdieve that no 
important major station cables should be 
of the lead-covered type with their inddent 
potheads and vulnerability to break down. 
In general, I believe these cables should be 
mounted in suitable raceways, insulated and 
mounted on insulators designed for opera¬ 
tion at least at full voltage. Important 
station transformers should be segregated 
as much as possible away from buildings 
and one another and protected with suitable 
rapid fire-fighting equipment. Trans¬ 
former-oil drain valves should be remotely 
controlled so that in event of fire, oil may be 
withdrawn quickly if necessary. Station 
ventilating systems should have a reliable 
source of power consisting of main and 
auxiliary, because in event of explosion, if 
the use of ventilating fans is lost a consider¬ 
able length of time elapses before men are 
able to enter and work. I cannot speak too 
highly of the efforts made in connection with 
providing suitable fire-fighting equipment, 
It has been my experience that the use of 
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C 02 automatically controlled is most de¬ 
sirable. I have known of cases following a 
major explosion where CO 2 was immediately 
injected and there was little or no evidence of 
deposit of smoke or volatilized metals 
throughout the switch house. I believe 
the smoke and gases were so rapidly and 
thoroughly cooled and emulsified with 
CO 2 which I believe prevented their spread 
and concentrated deposits. Based on this 
experiencei I would recommend highly 
automatic CO 2 installations for sdl seg¬ 
regated switch rooms and other similar im¬ 
portant locations particularly if inflam¬ 
mable materials are present. Every effort 
should also be made to design bus and 
switching compartments against the en¬ 
trance of rodents. Many a bad spillover 
has been experienced from this one cause 
alone. The interior of switch rooms must 
never be painted except with proved fire¬ 
proof paint. I have known of a very bad 
shutdown from this cause where the wall 
paint caught fire following a serious ex¬ 
plosion and continued to bum for some 
time. Skylights over turbogenerators, 
switchboards, and other important station 
equipment are extremely bad in event of 
severe storms. Similarly no important 
station equipment should be installed in 
basements or various pits where it is subject 
to inundation from flood waters or even from 
bursting or badly leaking water mains. 
Coal storage, handling, and conveyor sys¬ 
tems including docks especially should be 
protected against fires and coal-dust ex¬ 
plosions. Oil storage systems whether for 
lubricating or insulating purposes should be 
held to a minimum indoors and especially 
protected against fires. Oil piping should 
not be in close proximity to hot steam pipes; 
if so they should be adequately protected 
against fire as result of oil leaks. Standardi¬ 
zation and maintenance of adequate and es¬ 
sential spare parts are absolutely necessary 
in any power plant. 

We must not in our efforts when consider¬ 
ing the physical arrangements of a power 
pl an t forget for one moment its personnel, 
whether it be a switchboard operator in the 
control room or an operator at the turbine 
throttle, or an operator in the fire aisle of the 
boiler house, because they are exceedingly 
important persons, probably not often rec¬ 
ognized as such. In general they^must and 
should be highly intelligent and skilled in¬ 
dividuals. I have known it to happen 
where due to some form of mental lapse or 
for some psychological reasons they may 
become individually the biggest and most 
dangerous trap of the power system, because 
during an emergency they may emotionally 
br otherwise fail to carry through the proper 
operating function. ' Great care must there¬ 
fore be used in the choice and caliber of 
these men for their respective positions. 
They must be properly instructed, they 
must never be instilled with a feeling of 
inferior complex by supervisors or others, 
they must not be overstressed that severe 
punishment will follow their mistak^. 
Every effort should be made to ascertain 
that these men have no detrimental habits, 
home or financial worries which may deter 
or otherwise interfere in the correct and 
vigilant execution of their duties. 

We must remember that perhaps two 
emergencies are probably never exactly 
alike. There may be long intervals be¬ 
tween emergencies; howsoever the case may 


be, operators must and are expected to be 
alert to carry the responsibility of their 
function. Therefore, it seems reasonable 
that frequent drills and instructions are 
absolutely necessary, mimicking all possible 
emergencies which might probably occur. 
In closing I might say we learn a great 
deal from the other fellow’s sad experience. 
We may well copy the highly efficient ef¬ 
forts of insurance companies who in gen¬ 
eral investigate and study every accident 
of their clients, whether it be to an employee 
or property. They then correctly classify 
it and make every strenuous effort to dimi- 
nate all such possibilities of repetition 
throughout their clientele. Therefore, I be¬ 
lieve it is quite in order that we should have 
a committee of specialized engineers who 
would investigate and study and report in 
classified detail all happenings incident to 
major power system difficulties for the 
benefit of all of us. We then may be able 
to proceed more intelligently in’scrutinizing 
our own power system for near like or simi¬ 
lar pit f£dls. 


A. P. Fugill (The Detroit Edison Com¬ 
pany, Detroit, Mich.): I would like to dis¬ 
cuss particularly the two papers presented 
by A. M. de Beilis and D. W. Taylor. 

These papers indicate rather definitely 
certain major trends in design for stations 
where large amounts of energy are concen¬ 
trated. Briefly these trends are: automatic 
bus protection with resultant electrical 
sectionalization; elimination of oil-filled 
apparatus, or at least reduction in the 
amount of oil used; and localization of 
trouble by physical segregation of equip¬ 
ment and adequate fire-fighting equipment. 
It is not necessary to cover these factors 
in detail as they already have been dis¬ 
cussed adequately by others. 

It is rather evident that there is general 
agreement among switch-house designers on 
these general principles but considerable 
difference of opinion exists as to the ext^t 
to which these principles should be applied 
in any modernization program and how the 
desired results can best be accomplished. 
Although the question of economics is 
present, it is modified by the indefinite fac¬ 
tors of the probability of the occurrence of 
trouble and the effect of a serious disturb¬ 
ance on public good will. It is usually 
proper to spend considerably more money 
than could be justified by equipment dam¬ 
age or direct loss of revenue, because of the 
possible effects of such a service interrup¬ 
tion on the company’s relations with its 
customers. Because of the indefiniteness 
of this factor, there is a tendency, espe¬ 
cially on the part of those who have ex¬ 
perienced such a major disturbance, to 
adopt designs which are rather expensive, 
so as to obtain an extra factor of safety. 
Since there is no positive criterion.^ the 
judgment of the designer and his associates 
must he relied upon to strike the right bal¬ 
ance. 

Although several features of station de¬ 
sign described in Mr. de Beilis’ paper merit 
comment, I will confine mysdf to a short 
discussion of the bus and bus housing. 
Without doubt, the design used is unique 
and, as was pointed out in the paper, has 
several advantages over the more conven¬ 
tional self-supporting, rectangular metal 
housing with metal baffles between phases 


and with the bus mounted on one or, at 
most, two insulators. The installation is 
undoubtedly easier because of the smaller 
pieces to be handled but it appears that the 
over-all cost of the bus and housing would be 
higher. In the design described in the 
paper, there are the heavy supp^ting rings 
which should be of nonmagnetic material 
and the four insulators per support with the 
proper provision for initial adjustment and 
movement of the bus due to expansion. 
The enclosing covers are made of expensive, 
nonmagnetic materials, and the structure 
for supporting the three assemblies, though 
of structural steel, is quite heavy. It 
would be interesting to know whether Mr. 
de Beilis has any cost comparisons on the 
different types of bus and housing. 

The use of four insulators for each point 
of support gives an exceedingly strong bus 
for forces in all four directions. In deter¬ 
mining the required mechanical strength of 
a bus, the only force which is important is 
that due to the electromagnetic effect of the 
fault current. This force will be in the 
direction of a line through the three busses 
and not at right angles, except for a minor 
effect where the bus changes direction. 
Two of the insulators used in this d^ign, 
therefore, are of little use. There may be 
some justification for two insulators so that 
one insulator will always be in compression. 
However, we have carefully designed all 
our heavy duty busses in recent years to 
insure mechanical sufficiency and have not 
found a single case where more than one 
insulator was necessary, with spans of four 
or five feet and initial symmetrical root- 
mean-square currents up to 50,000 amperes, 
even though, in some cases, the insulators 
were stressed in cantilever. 

There is a good reason for keeping the 
number of insulators to a minimum since 
the insulator is generally the weak point 
in the installation electrically. With proper 
clearances, a flashover to ground usually 
occurs over an insulator because the dis¬ 
tance to ground is less at this point, the 
surface of the insulator may become dirty, 
or the porcelain may break. We believe 
that the fewer insulators in a bus run, the 
less the chance of trouble, assuming, of 
course, sufficient mechanical strength. 

Mr. de Beilis states that the bus is in¬ 
sulated for 23 kv throughout its length 
which we assume means through the in¬ 
sulator heads as well,'or the benefit would 
be largely nullified. The purpose in in¬ 
sulating a bus is to reduce the chance of 
flashover in case conducting gases should 
leak into the housing. We have fdt that 
with a reasonably tight metal housing, there 
is little chance for conducting gases to enter 
the enclosure in sufficient quantities to cause 
flashover even with a bare bus. The use of 
insulating material, on the other hand, in 
case trouble does occur, introduces thfe 
ditional hazard of smoke and even explodve 
gases from the combustion of the insulating 
materials. We wonder what Mr. de Beilis 
thinks of the possibility of sufficient inter¬ 
nal pressure being developed to blow off the 
housing covers with consequent hazard to 
personnel and damage to equipment. 

In his paper on modernizing switching 
facilities for Essex switching station, Mrj 
Taylor states that masonry enclosures for 
equipment were used, perhaps because some 
of the present cells and bus housings could 
be utilized. I would like to ask Mr. Taylor 
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whether he feels that such construction 
would be adopted for a new station of sinxi* 
lar character, or whether he would then 
use metal enclosures with building walls to 
provide fire barriers. 

Mr. Taylor mentions the ground network 
in the station and states that equipment 
is grounded to this network. Does that 
mean that each insulator base is thus 
pounded? Are there any reinforcing rods 
m the masonry housings and, if so 
are they grounded or is there some pro¬ 
vision for keeping ground current out of 
these^ rods? Is the ground network tied 
to building steel or building reinforcing rods 
in any way? The answers to these ques¬ 
tions have a vital bearing on the very im¬ 
portant problem of the potential hazard 
resulting from undirected fault currents 
flowing in a switching station or power 
plant. Recent experiences have indicated 
that considerable damage can result from 
ground fault currents flowing in control con¬ 
duits, reinforcing rods, and other paths of 
reasonably low impedance but limited 
cross section: Wherever equipment hous¬ 
ings are in contact with the building struc¬ 
ture, the possibility exists that fault cur¬ 
rent will flow in the wrong places to reach 
the ultimate ground mass. However, the 
danger of trouble is reduced to a minimum 
tf a low impedance path of adequate current- 
carrying capacity is furnished to the ground 
mass from every point to which a flashover 
can occur. One of the advantages of metal 
housings over masonry housings is that a 
flashover must occur to the housing before 
it can reach any part of the building. It is 
then comparatively easy adequately to 
ground the metal housing. In a masonry 
bus structure, especially if the insulator 
bas^ are not grounded, fault current may 
get into the reinforcing rods and thence into 
the building where control conduit and 
reinforcing rods are usually buried. Ade¬ 
quate grounding of such a bus structure is 
difficult to accomplish. In designing the 
ground connections, it should be remem¬ 
bered that reactance is just as important as 
resistance in obtaining low impedance, so 
that merely furnishing a large cross section 
of copper is not sufficient. Proper location 
of grounding conductors and parallel paths 
for the ground current are necessary to 
minimize the reactance of the path to 
ground. We have felt that the steel frame¬ 
work of the usual station furnishes a very 
good ground network, and, in general, con¬ 
nect our copper grid ground network to the 
building steel at frequent intervals. 


E, S.. Fields (The Cincinnati Gas and 
Electric: Company, Cincinnati, Ohio): In 
the mod^ization of the switch houses 
covered by this group of papers, consider¬ 
able emphasis has been placed on the iso¬ 
lation of b^ secMons by gas-tight barrier 
walls, and in most-eyery case there has been 
included) a cpmpreh^sive ventilating sys¬ 
tem to facilitate clearing of smoke and 
fumes in the ev^t of fire. Such ventilating 
systems are usually of high capacity and 
in order to get them to function promptly 
in the event of fire some of the systems have 
been made to start automatically. 

It has been our observation that most of 
the severe switch-house and substation fires 
have had considerable. pressure associated 
with them and that the r&ults of the fire 
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have been most severe in cases where the 
equipment involved was confined in a small 
space. Based on this observation, it has 
been our most recent practice in Cincinnati 
to isolate groups of switching and other 
equipment by barrier walls and install ven¬ 
tilating systems much in the same fashion 
as described in this group of papers. At 
.the same time, however, we attempt to 
have oil-filled equipment facing at least one 
outside building wall with loose panels or 
hinged doors or windows in the wall that 
will blow open to the outside in the event 
of extra presstire caused by fire or explosion. 
It is believed that this means of relieving 
the pressure to prevent spread of smoke, 
fire, and gases is an effective one and worth 
consideration in new design and in moderni¬ 
zation programs where it is practical to 
apply it. 


R. L. Frisby (Kansas City Power and Light 
Company, Kansas City, Mo.): The four 
papers pre.sented on the subject of recon¬ 
struction and modernization of switch 
houses and switching equipment have cov¬ 
ered about every phase of the problem in an 
excellent manner. The subject is of interest 
to all operating men and operating com¬ 
panies, more especially to those concerned 
with operating systems that were built about 
20 years ago. 

The activity at this particular time on 
reconstructing and modernizing was un¬ 
doubtedly brought about not only by the 
expansion of these systems, but due to the 
fact that several very serious outages and 
complete or partial shutdowns of systems 
have occurred in the past three or four 
years. To prevent a reoccurrence of simi¬ 
lar accidents it is very evident from the 
papers presented that a great deal of time, 
study, and money have been spent in mod¬ 
ernizing the several systems described. 

• There is, however, another side to the 
question which may be given some con¬ 
sideration. We are well aware of the fact 
that a vast improvement has been made 
in oil circuit breakers, and from records and 
data collected I am informed that no oil 
fires have resulted in the past two years 
caused by the failure of any modern breaker 
or modernized breaker installed within the 
past five years. If this is true, can we 
justify the expenditure necessary com¬ 
pletely to rebuild or reconstruct our bus 
structures and switch houses in order that 
fireproof walls may be* built to segregate 
groups of busses and switching equipment? 
True, our old bus structures may not lend 
themselves we should like and desire to 
the mstallation of additional current trans¬ 
formers necessary for the relaying and seg¬ 
regation of bus sections or groups; how¬ 
ever, sev^al relaying schemes are available 
and I believe it is possible for the engineer 
to use some one of these schemes on his 
existing structures and system, provided 
he can make up his mind which of these re¬ 
laying schemes will best fit his layout and 
give the protection desired, vrithout adding 
too great a hazard due to faults in the op¬ 
eration of the relaying set-up. 

Grating that it is possible to modernize 
our circuit breakers and install a relaying 
scheme which will give us reasonable pro¬ 
tection and segregation of busses, then if 
we go through our switch houses with a 
fine-tooth comb and correct the weak spots, 
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mechanically as well as electrically, insta'l 
fire-fighting equipment, and last but not 
least, not overlook the house auxiliary 
system, which may be an equally or an even 
greater hazard than the main bus layouts, 
so far as causing prolonged outages are 
concerned, are we not justified in taking 
some gamble on an outage which may or 
may not occur once in 20 years? 


Carl M. Gilt (Consolidated Edison Com¬ 
pany of New York, Inc., New York, N. Y.): 
One of the outstanding trends in the moi 
emizing of the older switch galleries as well 
as the construction of new galleries is the 
more extensive use of sectionalization and 
segregation, both electrical and physical. 
The necessity for reducing the magnitudes 
of short circuits, because of limitations in 
circuit breaker interrupting capacities, the 
difficulty in withstanding the magnetic 
forces and thermal destruction of enormous 
currents, has been only one factor in this 
trend. Were this the only factor, the re¬ 
sults could be secured by a judicious use of 
reactors and breakers without physical 
separation. 

However, experience with failures on sta¬ 
tion btisses of large capacity and voltages 
of 11,000 and higher demonstrates that a 
failure may not be confined to its point of 
origin, even with fast-operating breakers. 
In the older stations of smaller capacity and 
particularly with voltages of 6,600 or less, 
arcs frequently went out with the drop in 
voltage even though no automatic protec¬ 
tion was provided for the busses or genera¬ 
tors, and the damage was more or less 
local. A failure on a large-capacity bus is 
so explosive in nature and the ionized gases 
spread with such rapidity that ordinary 
breaker compartments and doors and bus 
compartments offer no guarantee against a 
cascading of failures. Smoke from burning 
insulation such as tape or oil, will rapidly 
deposit soot on insulators, frequently with 
resulting flashovers. 

The trend, therefore, has been to separate 
physically one bus section from another to 
prevent the spread of damage. Bus sec¬ 
tions must be relatively small so that two 
adjacent busses may be lost simultaneously 
without too seriously crippling the supply 
to the load, for the bus failure may very 
well involve or originate in a bus tie breaker. 
Double breakers, or a section of bus nor¬ 
mally dead with adequate fire walls, are very 
instrumental in reducing the likelihood of a 
failure involving adjacent sections. Fire 
walls between important sections should be 
complete "without being weakened by a door 
that might be blown off its hinges. Double 
doors ^e an improvement, but still better 
are solid walls with no direct passage be-, 
tween sections, openings being through fire 
doors into a corridor or intermediate room. 

^ Ventilation must be adequate and sec- 
tionalized to insure that smoke can be rap¬ 
idly scavanged and will not spread from one 
section to another. Also the sectionalizing 
of control and conduits must be carefully 
followed as a high-voltage failure readUy 
may result in destructive currents and po¬ 
tentials on control conduits and cables. 
Adequate drainage of high capacity must 
be provided to prevent the spread of such 
curr^ts and nullify the whole protective 
system. 

Perhaps most important of all is the keep- 
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ing of a watchful eye for what may appear to 
be some unimportant detail that may 
jeopardize a fine one-line diagram or funda¬ 
mental floor plan. Pieces of cable which 
look like a feeder but are really part of a bus 
have a queer way of getting into the wrong 
room. Bus sections well separated by 
breakers, disconnects, and barriers on one 
side of a wall may have only a thin piece of 
asbestos lumber between them on the other 
side of the wall. Control conduits may be 
well separated and protected for their whole 
run and then come together in a pull box 
with only a thin sheet metal between them 
and some circuit breaker. Some ventilating 
duct may be air-tight as long as it is there 
but when it melt|S down a fine chimney is 
provided from one section to anoth^. 
Such things occur in building a new station. 
They are more apt to happen in modernizing 
an old station where existing space limita¬ 
tions result in odd contortions, but how 
frequently they sneak into an old station 
when one is trying to put 100,000 kw where 
25,000 kw belong and three extra feeders 
must be got out of a station already full. 
And, of course, with one eye always on the 
dollar sign, we find that the other eye, per¬ 
haps too conveniently, does not always 
see all that it should. 


H. H. Rudd (Railway and Industrial 
Engineering Company, Greensburg, Pa.): 
My remarks apply to that part of Mr. de 
Beilis* paper which relates to the bus and 
disconnecting switches. 

When my company as manufacturers 
knew that the Consolidated Edison Com¬ 
pany wanted to modernize and install 
equipment of a very rugged character, we 
had no preconceived notions of how big 
or how strong such equipment should be or 
how it should be designed. The speci¬ 
fications given us were rigid—far more so 
than any we had ever encountered. Among 
the requirements were: 

I. A low temperature rise for bus and switches. 

2. The bus to be insulated with wrapped varnish 
cambric insulation and, in addition, to have insu¬ 
lators in compression holding the bus at four points. 

3. The strength of the supports to be 10,000 
pounds in any direction at right angles to the center 
line of the conductors. 

4. Bach phase conductor to be enclosed in its own 
walled metal bousing with air space between the 
housings isolating one phase from the other. 

5. The housings to be tight to prevent dirt and 
powdered coal dust from getting in on the porcelain 
and insulated conductora, so as to reduce the 
outage time for inspection and cleaning. 

6. Baffles to be placed in the bus runs to seal off be¬ 
tween the bus and housing in much the same way 
as lire walls are used in the building to seal off one 
part of the station from another. 

7. A ground bus to be run so that every bus 
frame and sheet of housing be substantially 
grounded. 

8. Switch clips and blades to be held in a simitar 
way to that of the bus by four insulators in com¬ 
pression. 

Our designs in general followed these 
requirements as set by the Consolidated 
Edison Company to meet their particular 
conditions. In making design studies we 
found that the form of bus and housing 
tended toward some specific patterns, 
which might be interesting. 

1, Because of the rigid requirements for wrapped 
insulation, the form of conductor chosen was a 


round tube. The splices, expansion joints, ells, 
tees, and crosses were all of a circular croi^s section 
for ease in applying the varnished cambric insula¬ 
tion. 

2. The bus support frame was made in the form 
of a ring. Tlus gave a construction of maximum 
stability to support the insulators and obtain the 
required stren^, no matter in which direction the 
stress might be. This round frame also permitted 
a machining to give a smooth surface against which 
the housing plates are bolted and also a machined 
groove in which gaskets are placed to make the 
joint tight. The frames are cast bronze. 

3. Mounting feet cast integral with these rings 
provide the means for fastening to wall, ceiling, or 
supporting framework. Any short-circuit stresses 
are carried directly to the supporting members and 
are not carried through any part of the housing 
sheets. 

4. The housing in two semicylindrical halves is 
clamped down bridging the space between two ad¬ 
jacent frames and thus forming the enclosure. 
Gaskets are provided to seal the space between 
the two halves of the housing. There are no louvers 
in the frame or housing. The rounded forim of the 
housing makes a very effective surface in getting 
rid of the losses by convection as it is streamlined 
compared to a flat rectangular construction. The 
rounded form also minimizes the sheath or housing 
losses. 

5. For strmght bus runs the hooting is made of 
manganese steel which is nonmagnetic. For the 
ells, tees, etc., where it is necessary to cut the sheets 
in specific forms for welding into the special shapes 
required, the manganese steel is too hard and, 
therefore, a silicon bronze such as Olympic bronze 
or Everdur is itsed which can be cut easily and 
welded to the desired form. 

6. The simple units of structure, bus support 
frames, conductor, and housing permit an easy 
method of erection and quick assembly at low 
cost. 

In the preceding remarks I have at¬ 
tempted briefly to show the nature of the 
design which was used to meet the rigid 
requirements of the Consolidated Edison 
Company. For equal requirements it is 
less expensive as judged by previously ac¬ 
cepted standards which do not incorporate 
thf* features that the Consolidated Edison 
Company now has. I think it is only fair 
to state that the Consolidated Edison Com¬ 
pany's needs and experience since the first 
installation seem to justify such rugged 
construction and such high factors of safety. 

We have, I am glad to state, found t^t 
where requirements are less severe, a similar 
construction can be made which, though 
not so rugged, embodies a number of the 
advantages of the Edison construction. 

With less severe short-circuit stresses, 
lighter frames and lighter insulators can be 
used. If the requirement against dirt is not 
severe, then it is possible to omit gasketing 
and the machining for gasketing ^d still 
provide a tightness comparable with con¬ 
ventional concrete cell and door work, or 
comparable with flat overlapping sheet 
work. The plates are thinner but they 
still act as an effective housing. 

If there are no requirements for covering 
the bus with an insulating material, then 
open forms of conductors can be used 
such as flat bar bus, or channel and angles, 
or ventilated square tubing, and advantage 
taken of the better ventilation of the con¬ 
ductor and more simple methods of making 
splices, etc. 

The'Consolidated Edison Company uses 
a ground bus. The same form of supports 
and housing can be used for a system using 
a fault bus. Insulation readily can be 
placed under the feet of the bus support 
frames. 

The general form of construction supplied 
to the Consolidated Edison Company is 


flexible enough in design to give the rugged¬ 
ness and factors of safety that it required 
and, at the same time, it has features that 
can be incorporated to advantage in bus 
work where less severe conditions are en¬ 
countered. 


F. W. Gay (Public Service Electric and Gas 
Company, Newark, N. J.): The method 
of bus construction described by Mr. de 
Beilis has been worked out with great care 
and we believe should find a place of exten¬ 
sive usefulness in switch-house design. 
While metal bus structures have certain 
desirable features, the insulating advantages 
of a properly constructed concrete bus 
should not be overlooked. The insulating 
value of concrete in bus and cell structure 
has been known for a generation. A recent 
failure at Essex generating station on a new 
bus led to the making of tests to determine 
the value of concrete as an insulator in such 
structures when new and when seasoned. 
It is believed that all the material avail¬ 
able on the insulating value of concrete could 
well be collected and presented to the In¬ 
stitute in a paper. 

Two feeder busses at Essex generating 
station which had been installed for over 
ten years were scheduled to be demolished. 
The doors were taken off, leaving the cell 
structure open, and windows were left open 
for several days during drizzling weather to 
allow moist air to blow through the busses. 
These bus structures were made of well- 
washed sand and gravel and fresh cement. 
Each bus support comprised a porcelain 
insulator, bronze top, and malleable iron 
base bolted to a cast iron insert cast in a 
concrete slab, in turn built into the masonry 
bus structure. 

The busses were excited to 8,000 volts 
through a transformer connected to the 
440-volt auxiliary power bus, and the 
440-volt breaker was set to trip at 1,000 
amperes. One end of a flexible cable was 
attached to the insert and the bus support 
insulator was short-circuited by touching 
the other end to the hot bus. 

After a number of supports were tested, 
it was found that the arc was very feeble 
(not over one-half inch long) where the bus 
support insert had an insulation to ground 
in excess of 200,000 ohms and thereafter 
all tests were conned to the lower-resistance 
inserts. The maximum length of arc on 
any insert at 8,000 volts was three-quarters 
of an inch and there was no evidence of any 
increase in length when it was held on for ap¬ 
proximately 16 minutes. 

It was decided to test the lowest-resist- 
ance insert to destruction at 15,000 volts 
instead of 8 , 000 , as obviously ve^ little 
advantage would be obtained by usmg nor¬ 
mal voltage, and much time would be 
wasted. The insert tested was in the bot¬ 
tom row, mounted in a slab cast directly on 
the floor. After the voltage had been on 
for approximately five minutes, the arc 
which had started with a purple streak ap¬ 
proximately one inch long had lengthened 
to IV 2 inches. At the end of 8^/2 minutes 
the arc had lengthened making it possible 
to draw it down across the insulator so that 
it held across the porcelain to the base, and 
from then on it was allowed to play across 
the insulator. At the end of 10 V 2 minut^, 
the current was sufficient to trip the cir¬ 
cuit breaker and it was found that the con- 
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Crete around the cast-iron insert was 
smoking hot and had cracked and was 
slightly spalled. After the slab was re¬ 
moved from the floor, the floor was not in 
any way damaged. 

Tests to determine the distribution of volt¬ 
age aroimd the cast-iron insert showed that 
the major part of the voltage drop between 
insert and ground was confined to a region 
of not more than one inch from the insert. 

It is proposed to remodel the Marion 
generajting station in the near future and 
the insulation resistance through the 
masonry structure to ground has been taken 
for the concrete inserts under the bases of 
every bus support in the bus structures of 
this station. Nmety-seven-and-one-half 
per cent of these inserts showed an insula¬ 
tion resistance to the station ground grid 
in excess of 100,000 ohms and 76 per cent 
in excess of 1,000,000 ohms. The lowest 
resistance measured was 20,000 ohms and 
the highest 20,000,000 ohms. 


H* L, Wallau (Cleveland Electric Illumi¬ 
nating Company, Cleveland, Ohio): Mod¬ 
ernization of electrical switch houses is an 
effort to improve reliability at a minimum 
of cost, using existing buildings and equip¬ 
ment unchanged to a maximum degree com¬ 
patible with the end in view. Such changes 
as are made generally involve reductions in 
maintenance costs as well. 

Because of the limitations which con¬ 
front the designer under these conditions, 
limitations much more onerous than those 
inet with when designing absolutdy new 
facilities, the problems encountered are 
much more difficult of solution. 

In general the following criteria must be 
realized to the greatest degree possible: 

1. A type of construction which will minimize the 
possibility of faults developing: which are internal 
to the structures. 

2. Fast relaying to initiate the clearing of such 
faults as may occur, in minimum time. 

8. limiting the fault currents which will pass 
through the breakers to values within their inter¬ 
rupting abilities. 

4. Physical isolation of equipment individually or 
in groups to confine such damage as may occur to 
restricted areas. 

6. Electrical isolation to prevent a fault in one 
section from involving another section through 
damage to a single sectionalizing device. 

6. Suitable means of ventilation, preferably 
automatic, to clear any area in trouble of fumes 
and gases in minimum time, to allow quick safe 
access to the area. 

7. Suitable means of trapping or disposing of oil 
which may issue from damaged apparatus coupled 
with means of fighting the electrical fires wluch may 
occur. 

In addition there should be, 

8. Proper correlation of the supply capacity to the 
load capacity of each section, preferably so that 
the loss of one of several sources of supply when 
provided to a given section will not curtail its out¬ 
put. 

9. Proper correlation of loads connected to the 
various bus sections so as not to cause a partial loss 
of system load in the event a bus section is lost. 

How well these criteria have been met in 
the modernization plans for the four sta¬ 
tions under discussion is obvious. The de¬ 
sign engineers are to be congratulated on 
the manner in which they attacked the 
problems, and on the unique metal-dad bus 
construction which they developed. 
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H. R. Summerhayes (General Electric 
Company, Schenectady, N. Y.): All of the 
modernizing layouts presented in the 
papers recognize the importance of physical 
and electrical segregation of bus sections, 
normal ventilation and special ventilation 
for scavenging the products of combus¬ 
tion, means for preventing the passage of 
incandescent gases from one section to 
another, and modem fire-fighting equip¬ 
ment. 

In some of those installations it appears 
to me that ground-fault protection for the 
bus sections might have been used to ad¬ 
vantage. 

Tradition and custom have had a certain 
influence on the station designers preference 
for the older and better established differen¬ 
tial protection; nevertheless, in the ten 
years or so since the ground-fault protection 
scheme was introduced, it has been adopted 
to a considerable extent, as shown by the 
report on *'Bus Protection” by the relay 
subcommittee of the AIEE protective de¬ 
vices committee (AIEE Transactions, 
volume 68, 1939, pages 206-11, May sec¬ 
tion). 

This committee gives 197 installations 
of the fault-bus protection reported by 11 
companies as against 803 installations of 
the full differential protection, or nearly 
20 per cent of the total. Also reported are 
132 partial differential relay schemes using 
distance relays, etc. 

The difficulties and complications en¬ 
countered in applying full differential pro¬ 
tection are described in a paper by R. M. 
Smith, W. K. Sonnemann, and G. B. Dodds 
(AIEE Transactions, volume 68, 1939, 
pages 243-9, June section). 

In new structures where metal enclosure 
for the bus bars and switchgear can be used 
the installation of ground-fault bus protec¬ 
tion is comparatively easy, and would ap¬ 
pear to be cheaper and far simpler than the 
full differential protection. 

In new structures utilizing concrete or 
masonry enclosures the designer can draw 
on past experience for the precautions nec¬ 
essary to prevent diversion of the ground 
current from the fault bus at other paths 
in the structure. These precautions should 
be taken anyway whether ground fault or 
differential protection is used, as admitted 
in the Comey-Edson paper. Also in either 
case there must be furnished a substantial 
ground bus of low impedance and adequate 
current-carrying capacity, to which are 
connected the bases of the bus insulators, 
circuit breakers, disconnects, and other 
points to be grounded. 

Therefore, the expense of these measures 
should not be charged against the fault-bus 
protection, in comparing it with differential, 
and taking this into consideration the fault 
bus, with only one current transformer per 
bus section appears simpler and cheaper 
than the full differ^tial scheme, and. offers 
advantages in saving of space and elimina¬ 
tion of many secondary connections. 

The ground-fault protection practically 
diminates phase-to-phase faults, especially 
where fast switching and relaying are used, 
since a phase-to-phase fault cannot take 
place without involving ground. 

' Ground-fault protection is also well 
adapted to outdoor switchgear installa¬ 
tions, as proved by the experience of a num¬ 
ber of companies using it. 

The severity of faults, the amount of de¬ 
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struction,spread of metal vapors, etc., should 
be reduced by the ground-fault scheme, 
since the current in the fault is limited by 
the neutral grounding resistor. 

Incidentally, the severity of bus faults 
in new layouts, whether differential or 
ground-fault protection be used, should be 
reduced by the high operating speed of the 
circuit breakers and relays used in modem 
switchgear. 

Neutral grounding plans must be studied 
carefully as to the adequacy of all equip¬ 
ment in the neutral both as to insulation 
and current-carrying capacity. The re¬ 
duction of the amount or elimination of oil 
in circuit breakers should not give a sense 
of false security, since there may still be 
oil in other equipment, and there will usu¬ 
ally be other combustible insulation, so 
that fire extinguishing and ventilation will 
still be necessary. 


John G, Noest (Brooklyn Edison Com¬ 
pany, Inc., Brooklyn, N. Y.): In two of the 
four papers presented, and in their subse¬ 
quent discussion, it was admitted that dif¬ 
ficulties were encountered in the economic 
justification of the expenditures involved 
in the modernization programs. In these 
cases engineering considerations prompted 
the outlay of capital for improvement in 
reliability, improvement in expected conti¬ 
nuity of service, and to minimize damage 
to equipment in case of severe disturbances. 
In short, these expenditures were made to 
prevent plant shutdown, or to keep a service 
intermption which might occur, to a mini¬ 
mum of time. 

There are in general three divisions into 
which plant shutdowns may be classed. 
First: failure of equipment due to insuf¬ 
ficient capacity; second: failure of equip¬ 
ment to perform as designed; and third: 
improper operation of equipment. 

The first and third classes are a matter 
of design. The first class includes all cases, 
where due to increase of capacity on a sys¬ 
tem, or due. to installation of system ties 
the short-circuit duty on breakers and 
busses exceeds their interrupting or carry¬ 
ing-capacity respectivriy. This condition, as 
well as the segregation of equipment to- 
limit damage, is a function of design and the 
modernizations carried out are remedial 
measures for it. 

The third class is also a matter of design. 
Improper operations of equipment occur 
not as the result of intention, but as the 
results of error. The probability of errors 
made by operating personnnel is not a 
function of the salary classification nor of 
the length of service of an Operator. Im¬ 
proper operations just happen. However, 
means are available to the plant designer, 
in the forms of interlocking systems, to- 
enforce proper operating procedure in most 
cases. If extensive modernization of equip¬ 
ment C£ui be justified it seems that the com¬ 
paratively small additional cost of inter¬ 
locking devices should be easier to justify. 

■ It is perhaps the second class to which 
most of the past plant shutdowns may be 
charged. Failure of equipment to operate 
as designed is a function of maintenance. 
As an example: a circuit breaker, designed 
for an interrupting capacity of 1,000,006 
kva may be incapable of interrupting 
100,000 kva if its opening stroke has been 
slowed down by excessive friction due 
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to corrosion or lack of lubrication. The 
circuit breaker may not open at all on ac¬ 
count of a small cotter pin being sheared 
off, on account of a small bolt broken off, or 
on account of a little rust in a strategic 
place. The most inclusive differential 
rday protective scheme may be put out of 
commission, unknown to anyone, by a 
short circuit in the current transformer, or 
its secondary wiring. Such conditions may 
never be discovered and will not be found 
out in a post-mortem after the fire depart¬ 
ment is through with the plant. When an 
insulator flashes over, something has hap¬ 
pened to its insulating strength before it 
flashed over. After a fiashover the evidence 
is usually destroyed, If only a small per¬ 
centage of the thinking done by the engi¬ 
neers responsible for design of equipment 
or the engineers responsible for the plant 
layout was spent in preventive main¬ 
tenance the history of power-plant failures 
would surely lack many a page. 

It seems that along with the moderniza¬ 
tion of equipment, modernization of main¬ 
tenance methods are in order. And not 
only is modernization of maintenance 
methods in order but the establishment of 
closer ties along which experience and in¬ 
formation may flow from the maintenance 
organization through the engineering or¬ 
ganization to the manufacturer and back. 
Modernization of maintenance procedure 
is not an alternative to modernization of 
equipment but a corequisite. Its cost is 
generally small. 


H. A. P. Langstaff (West Penn Power Com¬ 
pany, Pittsburgh, Pa.): The program of 
modernization described by A. M. de Beilis 
of the Consolidated Edison Company of 
New York is so thorough, complete, and 
general in its scope as to make it difficult to 
formulate specific comments. We have 
witnessed* the manufacture and assembly of 
the metal-endosed bus equipment, such as 
is being used at Waterside Number 2 station 
as pictured in figures 6 and 7. It is so 
strongly constructed mechanically, electri¬ 
cally and thermally that it is difficvdt to see 
how there can be any service failure re¬ 
sulting from it or from any external in¬ 
fluence other than complete structural 
wreck. We have also seen during manu- • 
facture and assembly a sort of junior class 
of this metal-endosed bus equipment, 
wherein by using aluminum endosures the 
wdght is considerably reduced with bus in¬ 
sulation values retained at the same high 
levd. The endosure is not mechanically 
as strong as that which Mr. de Bdlis de¬ 
scribes, but it appears fully satisfactory for 
general application. Tribute should be 
paid to the engineers of the Consolidated 
Edison Company for their courage and 
ability in devdoping this outstanding new 
type of power station bus. 

In the paragraph giving the seventh step 
of those considered most important effec- 
tivdy to confine damages for equipment 
failures, Mr. de Beilis makes reference to the 
power supply system for station auxUiaries 
and for generator exdtation. I wish to 
emphasize that this step should be ^ven 
equal weight with other steps in attaining 
the results desired and that it should not be 
regarded as an auxiliary or secondary step. 
Careful analysis should be given and rigid 
inspection made of the station auxiliary 


systems lest a bottleneck occur which might 
obviate the apparent foolproof construction 
of a major power station facility. Emer¬ 
gency transfer equipment may be provided 
in many places and if so care should be 
taken that the transfer equipment itsdf 
does not bring to a vulnerable focal point 
the two supply sources. A failure in the 
transfer equipment can very well cause 
both power sources to become inoperative. 
The same care should be given to the minor 
electrical system as is given to the major 
electrical system. 

Proper segregation must be carefully 
maintained of control supplies and circuits 
to adjacent sections of main power busses. 
Intercoimection of current transformers 
located on different sections of the main bus 
should be made with due care that faults 
occurring on one section of bus cannot be 
carried to another through the secondary 
wires of the interconnected current trans¬ 
formers. Vigilance must be exercised to 
ascertain where bottlenecks are located 
and to prevent them from developing 
through hurry or falsely economical engi¬ 
neering practices. 


T. W. Trice (Consolidated Gas Electric 
Light and Power Company of Baltimore, 
Md.): At a time when switch-house mod¬ 
ernization is receiving particular attention, 
the paper by H, E. Strang and W. M. 
Hanna summarizing the means which have 
been used, or are available to carry out a 
modernization program is of special in¬ 
terest. There are, however, certain items 
that logically might be included along with 
those covered by the authors* 

The problem of isolation of bus sections 
and equipment usually results in 
struction of compartments to contain this 
equipment. Where this type of construc¬ 
tion is required, which is usually the c^e 
with rebuilt switch houses, some attention 
should be given to the pressures that may 
be built up. in the event of an explosion. 
Our experience with switch-house explosions 
back in 1927, where confinement was not 
particularly great, revealed that consider¬ 
able, pressures can be buUt up with rather 
severe effects, and we believe should be 
given due recognition in any switch-house 
design. 

Where compartments are used care should 
be taken to see that an operator cannot be 
trapped if a failure takes place while he is in 
the compartment. A means of mitigating 
this would be to have exit openings at 
either end of the compartment, one of which 
may be used only as an emergency exit. 

Where isolation of sections and equipment 
is produced by compartment walls sonxe 
form of forced ventilation firequ^tly is 
required to scavenge smoke and gases out 
of the compartment subsequent to a failure 
in that compartment. This ventilation 
equipment should be of suflScient capacity 
to rapidly dilute smoke or gas but, most 
important, it should not be destroyed by 
the original failure and the source of power 
should be such as to be independent of any 
switch-house failures, thereby assuring its 
readiness for service when needed. 

The question of fire protection should 
also be given attention in any switch-house 
modernization program. This attention 
should be directed not only toward having 
the necessary fire-fighting, equipment avail¬ 


able, but assure that it is possible to combat 
any fire without danger from toxic gases or 
live electrical equipment. In this connec¬ 
tion it appears that water in the form of a 
spray has the greatest all-around possibili¬ 
ties and if we could look into the future we 
might see the weatherproof type of equip¬ 
ment used on indoor mstallations with 
water-spraying facilities permanently in¬ 
stalled. 

In the fore part of the paper, several fac¬ 
tors were listed as being included in reliabU- 
ity of operation. It would appear th^t this 
list might be extended to include “ability to 
restore service in the event of an interrup¬ 
tion.” 

There are included six causes, any one 
or more of which may be the basis of a 
modernization program. It does not ^ ap¬ 
pear that reliability of service is given 
sufficient weight, for in the final analysis the 
primary object of any modernization to 
improve reliability of service. This im¬ 
provement may be secured by carrying out 
one or more of the items listed, these meth¬ 
ods being only a means to an end. 

The use of photoelectric tubes has been 
mentioned as having possibilities for bus pro¬ 
tection. In addition to lack of experience 
another disadvantage of this type of pro¬ 
tection is that it presupposes the existence 
of an arc. Incorrect switching of ground 
disconnects or failure to remove grounding 
devices may result in a solid ground fault. 
To insure against this the photodectric-tube 
installation would have to be backed up 
another type of bus protection which 
just as well be designed to handle the trouble 
initially. 


D. H. Johnston, Jr., and E. F. Wolf (Con¬ 
solidated Gas Electric Light and Power 
Company of Baltimore, Md.): The paper 
by D. W. Taylor presents a rath^ complete 
r4sum6 of reconstruction details, which 
should be of real interest to the many con¬ 
cerned with the modernization of generating- 
station and switching facilities. Refer^ce 
to a permanently piped-foam system on four 
3,750-kva station-auxiliary power trans¬ 
formers at Essex prompts a note of warmng 
on the use of such systems. 

Tests were recently conducted by the 
Consolidated Gas Electric Light and Pow^ 
Company of Baltimore to ascertam the 
relative effectiveness of fire-extinguishing 
equipment for transformers. The results 
of these tests conclusively demonstrate 
that the use of piped-foam and piped-car- 
bon-dioxide systems, unless properly ap¬ 
plied, increases rather than reduces the 
fire intensity. It is essential that the m- 
jection of foam or gas shall produce no 
agitation of the oil either by vdocity con¬ 
tact or by deflection from projecting sted 
bracing in the tank or under the^covw. In 
several of the tests the introduction of these 
extinguishing agents converted a com- 
parativdy small fire into one of major pro¬ 
portions with flame and spraying oil reach¬ 
ing an estimated height of 80 feet. 

A report is being prepared on these tests, 
which will be publicized in the near future. 

A. M. de Beilis: The discussions reflect a 
great deal of interest in plant modemiza- 
tion. 

Similar points having been raised by 
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various discussers, a general reply seems 
to be in order, supplemented by some 
answers to specific questions. 

All the dis^ssers agree in principle as 
to the necessity of some form of station 
modernization in order to safeguard against 
major shutdowns. 

The question has been raised, however, 
of the necessity of extensive segregation of 
the switching equipment, provided circuit 
breakers of a modem design and some 
method of relay protection were used. 

It is difl&cult, of course, to reply very 
specifically to this general query. There 
are probably no two cases of station design 
which lend themselves to exactly the same 
treatment and I think that for each in- 
^vidual case, the answer to how far to go 
in station sectionalization and reconstruc¬ 
tion must be left to the judgment of the 
engineers charged with the r^ponsibility of 
protecting against service interruptions and 
of justifsdng capital investments. I would 
like to point out, however, that operating 
experience is responsible to a great extent 
for the present trend toward extensive 
sectionalization of the electrical equipment 
in a switch gallery. 

During the last 15 years approximately 
25 major station shutdowns have occurred 
in this country. 

Approximately half of this number were 
attributed to causes other than circuit- 
breaker trouble and as a matter of fact 
practically all of the most spectacular sta¬ 
tion shutdowns were due to causes other 
than operating failures of circuit breakers. 

Modem oil circuit breakers have indeed 
a very good operating record and the trend 
toward the reduction or the elimination of 
oil in circuit breakers and the installation 
of bus differential relays are steps in the 
right direction. 

Yet, I think that it would be rash to as¬ 
sert of any modem typt of electrical equip¬ 
ment, be it a circuit breaker, a relay, or just 
a bus, that it represents the last word and 
that no precautions, such as sectionaliza¬ 
tion, need be taken to protect against its 
failure when such a failure might have 
disastrous results. 

In reply to Mr. Reid's questions relative 
to differential-relay operation, we have no 
experience with the installation of relay- 
shimting devices as a means of by-passing 
the direct current on through short cir¬ 
cuits. 

The relay pickup for through faults 
varies from 10 per cent to 16 per cent of the 
maximum through-fault current, 

I agree with Mr. Field's suggestion of the 
desirability of providing, whenever possible, 
some means of relieving the pressure result¬ 
ing from equipment failures. 

The questions raised by Mr. Fugill re¬ 
garding the relative merits of various types 
of bus construction are interesting and very 
much to the point. 

Ordmarily, I think it would be logical to 
expect to have to pay a higher price for a 
type of equipment which, as Mr. Fugill 
agrees, offers several advantages over 
the more conventional type of metal- 
enclosed equipment! 

In the case of Waterside and Sher¬ 
man Cre^, however, comparative esti¬ 
mates based on actual construction costs 
and on manufacturers' quotations indicated 
a. lower over-all cost for the type of bus 
construction used as compared to the cost 


of conventional tsrpes of masonry constmc- 
tion or metal-enclosed equipment. 

Probably the most important factors 
affecting the over-all cost of a bus structure 
are the amount and type of labor re¬ 
quired. 

The bus structure developed for our sta¬ 
tions consists of a simplified tsrpe of design 
which reduces to a minimum such labor re¬ 
quirements in both the manufacture as well 
as the installation of the equipment. 

I agree with Mr. Fugill's reasoning for 
keeping the number of insulators to a 
minimum, particularly if Mr. Fugill refers 
to the conventional type of insulator de¬ 
sign. 

Mr. Fugill's statement regarding the use¬ 
fulness of two of the insulators used at 
each point of support in our bus structures 
is not quite correct. 

I thhik it is generally recognized that 
mechanical forces of great magnitude may 
be caused during short circuits by mechani¬ 
cal oscillations set up in the busses and bus 
supports which are mechanically clamped to 
the busses and which are subject to canti¬ 
lever stresses. 

These cantilever stresses may be caused 
not only by electromagnetic forces acting on 
busses or at bus taps and bends but also by 
electromagnetic forces caused by line to 
ground faults or by the longitudinal tension 
set up along the busses and stressing the 
insulators in a direction at right angles to 
that of the electromagnetic forces. 

One of our major considerations in the 
development of the bus structure was to 
obtain a type of bus support which would 
not be subjected to cantilever stresses. 

No heads being used with the porcelain 
insulators, it is obvious that either three or 
four insulators are required at each point 
of support to hold the busses in place. 

Porcelain insulators of simple and stand¬ 
ardized design and of very low cost com¬ 
pared to that of the conventional t 3 rpe of 
insulator are used. 

Tbh arrangement, I think, removes guess¬ 
work from the design and application of bus 
supports and by working the porcelain the 
way it should be worked, that is in com¬ 
pression, not only increases the safety fac¬ 
tor of the entire bus structure but results in 
a more rational and more economical use of 
this material. 

Mr. Fugill’s assumption that the bus 
insulation would be carried through the 
insulator heads is, of course, correct. In 
our case, however, as I have already stated, 
no insulator heads are used. 

As regards the degree of safety of this 
type of metal-enclosed bus, I would refer 
yb:, Fugill to that part of my paper which 
describes the operating experience in the 
case of a fault during the early stages of the 
Waterside installation. 

I may add that this type of bus design was 
^osen primarily because, in our opinion, 
it offers marked advantages as regards 
service reliability and safety to personnel. 

We share the opinion of Mr. Hobbs and 
Mr. Summerhayes that further considera¬ 
tion of the fault-bus scheme of protection, 
particularly in connection with metal- 
endosed eqiupment, is warranted. 

We ftfily agree with Mr. Langstaff and 
other (fiscussers that the supply systems 
for station auxiliaries, generator excitation, 
and controls are of paramount importance 
and that in plant modernization programs 


they should not be regarded merely as an 
auxiliary or secondary step. 


D. W. Taylor: In regard to Mr. Reid's 
first question, we have had no experience 
with the operation of low-resistance high- 
reactance iron-core reactors connected across 
the coils of differential relays to by-pass 
the direct current. As to his inquiry con¬ 
cerning the ratio between the minimum 
current setting on the differential bus re¬ 
lays and the maximum through fault cur¬ 
rent, we have used ratio differential relays 
of the CA type, probably for the reason 
that prompted Mr. Reid's question. The 
minimum current setting varies with the 
load or through current and our bus relays 
are set for 40 per cent unbalance. 

Commenting on the masonry reactor 
cubicles, Mr. Hobbs stated that metal en¬ 
closures have been used in many installa¬ 
tions. The elimination of the heating 
problems was not the only reason for the 
adaption of the masonry cubicles, for in 
addition they were more economical than 
metal enclosmes, both as to first cost and 
maintenance. 

The masonry cell and bus structures, in 
answer to Mr. Fugill's inquiry, are in gen¬ 
eral without any reinforcing rods. In a 
few large horizontal slabs, rods are neces¬ 
sary, and in these cases, the rods are well 
separated from each other, run in one 
direction only, and have several inches of 
concrete between outside steel or other 
structures. Building steel and building re¬ 
inforcing is grounded at numerous points, 
conduit is grounded at its termination in 
the cell structure, and the conduit banks 
tied together and grounded to the build¬ 
ing steel at frequent intervals. Oil circuit 
breakers and instrument transformers are 
heavily grounded; the bases of all dis¬ 
connecting switches are grounded; the 
bases of lead and bus supports are not 
grounded. However, approximately 75 per 
cent of the leads consist of fully insulated 
tubing on porcelain supports, and this in¬ 
cludes leads in the instrument-transformer 
and disconnecting-switch compartments. 
The horizontal busses are bare copper, in 
separate compartments free of any appara¬ 
tus. Mr. Gay has spoken of the insulating 
value of properly constructed concrete. 
The value of this insulation was shown in 
the last few years when at Marion generat¬ 
ing station two electrocuted rats and one 
cat were found in the bus structure, none 
causing a fault. As rodents are almost al¬ 
ways present in stations, the insulated bus 
structure is beneficial in this respect. In 
regard to stray fault currents, a heavy inter¬ 
connected grid or station counterpoise, that 
joins all apparatus, conduit, and building 
steel to all station neutrals, so that no great 
potential gradients are obtained under 
.fault conditions, is of importance. Where 
troubles have been experienced in the past, 
we believe the difi&culty can be traced to a 
lack of such an interconnecting grid. If 
we were constructmg a new station of 
similar character to Essex, we would prob¬ 
ably use outdoor switching; however, 
should indoor structures be necessary, our 
years of satisfactory service with the 
insulated type of masonry structure, par¬ 
ticularly ^ a fire barrier, or a second line 
of defense, would probably cause the 
adaption of this type of structure. We 
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would probably use completely insulated 
bus. 

Mr. Frisby points out that with the 
improved reHability of modem oil circuit 
breakers# the extensive rebuilding of struc¬ 
tures and erection of fire barriers may not 
be justified. In the case of the Essex 
generating station, the main breakers could 
not be rebuilt for sufi&cient interrupting 
capacity; neither could they be replaced, 
breaker for breaker, due to instificient 
space. In order to install modem breakers 
of the proper intermpting capacity, the 
removal of large portions of the existing 
bus structure would have been necessary, 
with the accompanying rerouting and re¬ 
connecting of leads, which in itself 
amoimted to an extensive rebuilding job, 
but to limit this to just providing space 
for the larger breakers would have re¬ 
sulted in excess footage of bus and leads, 
and close clearances and crowded arrange¬ 
ments in many portions of the station. In 
addition, as mentioned by Mr. Noest, relay 
schemes do not always function, and break¬ 
ers may jam or small parts break. Also, 
burning insulation on cables or leads may 
cover the insulators with soot and smoke, 
and fumes fill the switch galleries, so that 
even with breakers of adequate interrupt¬ 
ing capacity and modem r^ability, it was 
thought that a second line of defense, in 
the form of segregation and barrier walls, 
was essential. 


H. E. Strang and W. M. Hanna: Mr. Reid 
has asked questions regarding bus differen¬ 
tial relays which because of variation in 
conditions cannot be answered in general 
terms. It is necessary that the settings 
must be below the minimum secondary 
current for a short circuit in the protected 
area considering both the current available 
and the errors in the current transformers. 
The setting must also be above the error 
in the current transformer carrying the 
maximum current to a fault outside the 
areas. This usually means using exception¬ 
ally good current transformers, delaying the 
relaying until the transient producing errors 
in the current transformers is over, or 
blocking the relays temporarily if excessive 
error exists. His suggestion of a high- 
reactance low-resistance coil to shunt the 
d-c component is interesting because of the 
well-known fact that this component can¬ 
not be accurately reproduced in the second¬ 
ary circuit. The real trouble caused by 
this component is the saturation produced 
by it in the current-transformer core, which 
produces errors in the ratio of the a-c com¬ 
ponent. Saturation also introduces har¬ 
monics in the secondary current and a relay 
is available which shunts these harmonics 
through a restraining coil which acts to pre¬ 
vent relay operation due to current-trans¬ 
former saturation. The failure of the cur¬ 
rent transformer to reproduce accurately 
the d-c component may be of less concern 
with this t 3 rpe of relay. 

Mr. Gay’s tests on bus insulators mounted 
on concrete are very interesting and we be¬ 
lieve show th^t the probability, of getting a 
short circuit to ground through foreign ob¬ 
jects such as rats is reduced, by not ground¬ 
ing the base of the insulator. However, 
his tests did show pro^essively increasing 
arcing after an arc had started. Any »c 
started by a transient overvoltage condition 


T he FUNCTIONS ber ac and bei 
and their derivatives are frequently 
used in electrical-engineering problems 
connected with heavy conductors and 
with wires at radio frequencies. For 
instance, the current distribution and the 
resistance loss in a round conductor, or in 
a coreless induction furnace, are often 
computed by means of these functions. 

One of the most widely used tables of 
values is that published by A. G. Web¬ 
ster.^ This covers the range of « = 0 to 
10, at intervals of 0.1. The polar forms 
of these quantities were given in the 
“Report of the British Association for the 
Advancement of Science,** 1923, page 
293, by A. E. Kenndly and P. L. Alger.® 
In the present paper there are given 
tables for ac = 0 to 20, at intervals of 
0.1 to five significant figures. 

When more than five significant figures 
are desired, see references 1 to 4. For a 
table at intervals 0.01 of for « 0 to 6, 

with four significant figures, see reference 

6 . 

The new values for the tables in the 
present paper were computed by students 
at Massachusetts Institute of Tech¬ 
nology, who were engaged in work under 
the NatioiialYouth Administration during 
the past three years. Those who did a 
considerable amount of work in this 
project include H. A. Burr, D. R. Erb, 
D. Gleason, L. A. King, J. J. Novak, 

Paper number 39-9, recommended by the AtBB 
committee on basic eciences, and presented at the 
AIEB winter convention, New York, N. Y,, 
January 23-27, 1939. Manuscript submitted June 
27, 1938; made available for preprinting November 
29, 1938. 

H, B. Dwtobt is professor of electrical machinery 
at Massachusetts Institute of Technology, Cam¬ 
bridge. 


therefore would probably hang on and in¬ 
crease. It seems to us then that it is well 
worth while to ground the insulator bases to 
improve relaying and provide a positive 
path to ground so the short-circuit currents 
will not wander in devious and destructive 
ways on its road to ground. 

Mr. Trice's comment that reliability of 
service should have been given more con¬ 
sideration is important. In fact, it was the 
intent of the authors that all other points 
covered by the paper were to attain this 
end. 


A. Rosenfeld, and H. Schaevitz. 

Precautions against errors have been 
taken by checking the work thoroughly 
and also by using differences. The com¬ 
putations were carried out to more places 
than have been tabulated. The changes 
in bei' xfor x ^ 6.5 to 10 given by H. G. 
Savidge® have been included, writh the 
resulting values of the polar forms. Note 
that in reference 1, bei' 3.7 should be 
0.131486 760 and bei 8.9 should be 
-28.002 867 538. 

Since one of the results most frequently 
required in this type of work is the effec¬ 
tive resistance of a round wire, it may be 
noted that this has been very completely 
tabulated in reference 7. 

It is desired to acknowledge valuable 
suggestions from Doctor L. J. Comrie, 
recently secretary of the committee on 
calculation of mathematical tables of the 
British Association for the Advance¬ 
ment of Science. 
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Mr. Trice also points out that if no arc 
exists, photoelectric protection will not 
work, which is true. He points out that this 
type of fault can occur if an operator for¬ 
gets to open the ground switch after work¬ 
ing on the bus. We believe that an operator 
in energizing a bus section after a shutdown 
will do so with his eyes on his instrunaents 
and will trip the breaker if trouble is indi¬ 
cated. As a fault not involving an arc is 
not so damaging as an arcing fault the decay 
due to manual instead of automatic deariug 
should not be serious in this case. 
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0. 1.00000 .... 0 .... 0 .... 0 

.1...., 1.00000 .002600_ -.0000626.060000 

.2.99908 .010000.... -.0006000.099999 

.3.99987 . 022600_ -.0016876.14999 

.4.99960 .039998.... -.004000 .19997 

.5.99902 . 062493.... -.007812 . 24992 

.6.99798 . 089980.... -.013498 .29980 

.7.99626 .12245 .... -.021483 . 34966 

.8.99360 .16989 .... -.031989 . 39916 

.9.98976 . 20227 .... -.045537 . 44846 

1.0.98438 . 24967 .... -.062446 . 49740 

1.1 .97714 . 30173 .... -.083082 . 64681 

1.2 .96763 . 36870 .... -.10781 .69362 

1.3 .96543 .42041 .... -.13697 .64034 

1.4 .94008 .... .48673 .... -.17098 . 68601 

1.5 .92107 .66766 .... -.21001 .73026 

1.6 .89789 . 63273 .... -.25464 . 77274 

1.7 .86997 .71204 .... -.30484 .81310 

1.8 .83672 . 79626 .... -.36118 . 86093 

1.9 .79752 . 88212 .... -.42384 .88674 

5.0.76173 .97229 .... -.49307 .91701 

2.1 .69869 .... 1.0664 .... -.66908 . 94418 

2.2 .63769 .... 1.1610 .... -.66200 .96661 

2.3 .66805 .... 1.2686 .... -.74202 .98361 

2.4 . .48906 .... 1.3676 .... -.83920 .99443 

2.5 .39997 .... 1.4572 .... -.94358 .99827 

2.6 .30009 .... 1.6669 ....-1.0651 99426 

2.7 .18871 .... 1.6667 ....-1.1788 98149 

2.8 .065112.... 1.7629 ....-1.2993 . 96897 

•2.9. -.071368.... 1.8472 ....-1.4314 . 92666 

.*3.0. -.22138 .... 1.9376 ....-1.6698 88048 

*3.1. -.38663 .... 2.0228 ....-1.7141 82230 

3.2 . -.66438 .... 2.1016 ....-1.8636 74992 

5.3 . -.76841 .... 2.1723 ....-2.0177 66214 

5.4 . -.96804 .... 2.2334 ....-2.1765 66769 

5.5 .-1.1936 .... 2.2832 ....-2.3361 43630 

5.6 .-1.4363 .... 2.3199 ....-2.4983 29366 

3.7 .-1.6933 .... 2.3413 ....-2.6608 13149 

5.8 .-1.9674 .... 2.3454 ....-2.8222 .... -.062527 

3.9 .-2.2676 .... 2.3300 ....-2.9807 .... -.26966 

4.0.-2.6634 .... 2.2927 ....-3.1347 .... -.49114 

-4.1.-2.8843 .... 2.2309 ....-3.2818 .... -.74817 

•4.2.-3.2195 _ 2.1422 ....-3.4200 .... -1.0319 

4.3.-3.5679 .... 2,0236 ....-3.5465 .... -1.3433 

•4.4.-3.9283 .... 1.8726 ....-3.6688 .... -1.6833 

•4.6.-4.2991 .... 1.6860 ....-3.7637 .... -2.0526 

4.6 .-4.6784 .... 1.4610 ....-8.8280 .... -2.4620 

4.7 .—6.0639 .... 1.1946 -8.8782 .... -2.8818 

4.8 .-5.4631 .88366 ....-3.9006 .... -3.3422 

4.9 .-5.8429 . 52515 ....-3.8911 .... -3.8331 

5.0.-6.2301 .... .11603 ....-3.8463 .... -4.3641 

5.1 .-6.6107 .... -.34666 ....-3.7689 .... -4.9046 

5.2 .-6.9803 .... -.86684 ....-3.6270 .... -5.4836 

5.3 .—7.3344 .... -1,4443 ....-3.4445 .... -6.0892 

5.4 .-7.6674 .... -2.0846 ....-3.2064 .... -6.7199 

5.5 .-7.9736 .... -2.7890 ....-2.9070 .... -7.3729 

5.6 .-8.2466 .... -3,6597 ....-2.6410 .... -8.0464 

5.7 .-8.4794 .... -4.3986 ....-2.1024 .... -8.7336 

5.8 .—8.6644 .... -6.3068 ....-1.6856 .... -9.4333 

5.9 .—8.7937 .... —6.2864 ....- .98438 ....-10,139 

•6.0.....-8.8683 .... -7.3347 .... -.29308 ....-10,846 

6.1 .-8.8491 .... -8.4646 .49429 ....-11.647 

•6,2.—8.7561 - —9.6437 .... 1.3836 ....-12.235 

6.8.-8.6688 ....-10.901 .... 2.3802 ....-12.901 

6.4.. ...-8.2762 ....-12.223 .... 3.4899 ,...-13,636 

•6.6....'.-7.8669 ....-18.607 .... 4.7174 ...,-14.129 

6.6 .-7.3287 ....-16.047 .... 6.0676 ...,-14.670 

•6.7.-6.6492 ....-16.638 .... 7.6442 ....-16.146 

6.8 .-6.8166 ....-18.074 .... 9.1510 ....-16.643 

6.9 .-4.8146 ....-19.644 .... 10.891 ,...-16.847 

7.0.....-8,6329 ....-21.239 .... 12.763 ....-16.041 

7.1.. ...-2.2671 ....-22.848 .... 14.774 ,...-16.109 

7.2 . -.67370 ...,-24.466 16,918 ....-16.033 

7.3 . 1,1308 ,...-26.049 .... 19.194 ....-16.792 

7.4 . 3.1696 ..,.-27.609 .... 21.600 ....-16.367 

7.6 . 6.4560 ...,-29.116 .... 24.130 ....-14.736 

7.6 . 7.9994 ....-30.648 .... 26.777 ....-13,876 

7.7 . 10.814 ....-31.882 .... 29.632 ....-12.763 

7.8 . 13.909 ....-88.092 .... 32.882 ,,..-11 373 

7.9.. ... 17.293 ....-34.147 .... 35.314 .... -9.6806 


8.0. 20.974 .... -35.017 .... 38.311 .... -7.6603 

8.1 . 24.957 .... -35.667 .... 41.353 .... -5.2865 

8.2 . 29.246 .... -36.061 .... 44.415 .... -2.6296 

8.8 . 33.840 .... -36.159 .... 47.472 .... .63410 

8.4 . 38.738 .... -35,920 .... 60.492 .... 4.2318 

8.5 . 43.936 .... -35.298 .... 63.442 .... 8.2896 

8.6 . 49.423 .... -34.246 .... 56.281 .... 12.832 

8.7 . 65.187 .... -32.714 .... 68.967 .... 17.883 

8.8 . 61.210 .... -30.661 .... 61.461 .... 23.466 

8.9 . 67.469 .... -28.008 .... 63.682 .... 29,598 

9.0 . 73,936 _ -24.713_ 66.601 .... 36.299 

9.1 . 80.676 .... -20.724 .... 67.146 .... 43.683 

9.2 . 87.360 .... -16.976 .... 68.246 .... 51.460 

9.3 . 94.208 .... -10.412 .... 68.831 .... 69.936 

9.4 . 101.10 .... - 8.9693. 68.821 .... 69.012 

9.5 . 107.95 .... 3.4106.... 68.132 78.684 

9.6 . 114.70 .... 11.787 .... 66.674 .... 88.940 

9.7 . 121.26 .... 21.218 .... 04.353 .... 99.763 

9.8 . 127.54 .... 31.758 .... 61.070 .... 111.12 

9.9 . 133.43 .... 43.459 .... 56.720 .... 122.99 

10.0. 138.84 .... 66.370 .... 51.195 .... 135.31 

10.1 . 143.63 .... 70.534 .... 44.384 .... 148.03 

10.2 . 147.67 .... 85.987 .... 36,171 .... 161.08 

10.8. 160.81 .... 102.76 . 26.438 .... 174.38 

10.4 . 162.90 .... 120.87 .... 15.066 .... 187.82 

10.5 . 163.77 .... 140.32 .... 1.9344.... 201.30 

10.6 . 163.23 .... 161,12 .... -13.076 .... 214.69 

10.7 . 161.09 .... 183.26 .... -30.083 .... 227.86 

10.8 . 147.14 .... 206.68 .... -49.202 .... 240.69 

10.9 . 141.17 .... 231.36 .... -70.544 .... 262.76 

11.0. 132.96 .... 257,21 .... -94.212 .... 264.12 

11.1 . 122.25 .... 284.14 .... -120.30 .... 274.46 

11.2 . 108.81 .... 312.00 .... -148.90 .... 283.64 

11.3 . 92.383 .... 840.80 .... -180.08 .... 291.07 

11.4 . 72.707 .... 370.21 .... -213.89 .... 206,76 

11.6. 49.617 .... 400.08 .... -260.37 .... 300.29 

11.6 . 22.643 .... 430.18 .... -289,55 .... 301.32 

11.7 . -8.4832.... 460.26 .... -331.41 .... 209.48 

11.8 . -43.828 .... 489.97 .... -376.92 .... 294.37 

11.9 . -83.763 .... 619.00 .... -423.01 .... 285.68 

12.0. -128.61 .... 646.96 .... -472.67 .... 272.67 

12.1 . -178.34 .... 678.38 .... -524.46 .... 266.18 

12.2 . -233.48 .... 697.82 .... -678.51 .... 232.62 

12.3 . -294.11 .... 619.72 .... -634.46 .... 204.60 

12.4 . -360.42 .... 638.51 .... -692,03 .... 170.80 

12.5 . -432.56 .... 663.56 ....-760.87 .... 129.49 

12.6 . -510.62 .... 664.17 .... -810.58 .... 81.634 

12.7 . -694.69 .... 669,61 .... -870.67 .... 26.889 

12.8.. ... -684.76 .... 669,07 .... -930.69 .... -37.992 

12.9 . -780.78 .... 661.72 .... -989.72 .... -110.66 

13.0. -882.65 .... 646.64 ....-1047.3 .... -192.61 

13.1 . -990.17 .... 022.87 ....-1102,7 .... -284.38 

13.2 .-1103.1 .... 689.42 ....-1164.8 .... -386.46 

13.3 .-1221.0 .... 645,22 .,..-1202.7 .... -499.28 

13.4 .-1343.4 .... 489.19 ....-1246.3 -623.27 

13.6 .-1469.8 .... 420.18 ....-1281.6 .... -768.77 

13.0.-1699.6 .... 337.04 ....-1309.9 .... -906,08 

13.7 .-1731,6 .... 238.67 ....-1329.2 ....-1065.4 

13.8 .-1866.0 .... 123.66 ....-1337.7 ....-1236.9 

13.9 .-1998.7 .... -9.210 ....-1333.9 ....-1420.6 

14.0.-2131.8 .... -160.94 ....-1316.1 ,...-1616.1 

14.1 .-2261.3 .... -832.82 ....-1282.3 ....-1823.6 

14.2 .-2387.1 - -626.02 -1230.7 -2042,3 

14.3 .-2606.8 .... -741.66 .,..-1169.1 ....-2272.0 

14.4 .-2618.2 .... -980.76 ....-1065.4 ....-2611.6 

14.6.-2719,1 ....-1244.8 .... -947.37 ....-2760.4 

14.6 .-2806.8 ....-1638.1 .... -802.69 ....-3016.9 

14.7.:...-2878.6 ....-1847.9 .... -628.96 .,..-3279.9 

14.8.. ...-2931.6 .,.,-2189.2 .... -423.74 ....-8647.4 

14.9 .-2962,3 -2557.4 _ -184.66 ....—3817.6 

15.0.-2967.3 ....-2962.7 .... 91.056 ....-4087.8 

16.1 .-2942,8 -3374.9 - 406.69 .,..-4366.6 

15.2 .-2884.8 -3823.0 .... 761.47 ...,—4617.5 

16.3 .-2789.0 ....-4298.1 .... 1161.1 ....-4870.4 

16.4 .-2661.0 -4797.8 _ 1606.6 ....-6110.3 

16.5 .-2466.1 -5319.6 _ 2100.3 ....—6332.7 

15.6.. ...-2229.3 -6863.1 - 2644.1 —6533.0 

16.7 .—1936.5 ,..,—6426.3 - 3239.6 —6706.8 

15.8 .-1679.6 ....-7003.1 .... 3888.3 ....-6845.4 

16.9 .-1166.1 -7693.0 - 4691,3 -6946.6 



Dwight—Bessd Functions 


AIEE Transactions 





































































































































































TabI* I—Continued 


X 

ber X 

beix 

ber' X 

bei'z 

z 

ber z 

be! z 

ber' z 

bei'z 

16.0..,. 

...-659.60 .. 

..- 8190.7... 

... 6349.3... 

..-5999.6 

18.0... 

...80962... 

...-7464.3 .... 

... 26298 .. 

... 16841 

16.1.... 

84.364.. 

8791.2... 

... 6162.6... 

..-6000.0 

18.1... 

...33619... 

...-5616.0 .... 

... 26807 .. 

... 30968 

16.2_ 

... 674.85 .. 

9,388.7.. 

... 7030.8... 

..-5939.2 

18.2... 

...86317... 

...-3452.4 .... 

... 27115 .. 

... 23345 

16.3..,. 

... 1323.6 .. 

9976.7.. 

... 7953.1... 

..-6808.8 

18.3... 

...39034... 

... -938.56.... 

... 27189 .. 

... 26976 

16 4 

2167 2 

— 10548 

... 8927.9... 

.. -6600,2 

18.4... 

...41746... 

... 1950.9 .... 

... 26993 .. 

... 30867 

16.6.... 

... 3110.8 .. 

..-11094 .. 

... 9952.9... 

..-5303.9 

18.6... 

...44423... 

... 6241.1 .... 

.,. 26492 .. 

... 34987 

1A A 

4169 4 

— 11605 

11025 .,. 

.. —4910.4 

18.6.. . 

.. .47033 ... 

... 8956.4 .... 

... 26646 .. 

... 39360 

1A *7 


—12072 

. 12140 .. . 

.. —4409.6 

18.7... 

...49539... 

... 13121 .... 

... 24411 .. 

... 43967 

1A Q 


— 12483 

. 13292 ... 

.. —3790.6 

18.8... 

...51001... 

... 17767 .... 

... 22745 .. 

... 48793 

16.9,... 

... 7976.7 .. 

; 1-12826 .1 

...14476 ... 

..-3043.0 

18.9... 

...64072... 

... 22886 .... 

... 20602 .. 

... 63821 

17 n 

OAQii e 

.. —13087 

...15683 ... 

.. —2166.6 

19.0... 

...66003... 

... 28627 .... 

... 17934 .. 

... 69020 

1/.u.... 

17 1 

... .0 .. 

1111A 

.. —13252 

... 16905 ... 

.. —1116.9 

19.1... 

...67640... 

...84697 .... 

... 14691 .. 

... 64390 

Ir .1.... 
17 9 

* . . XXX14 .. 

19QAA 

..—13306 

1..18132 ... 

.. 84.10 

19.2... 

...68921... 

... 41409 .... 

... 10828 .. 

... 69871 

X r • «. . . 
17 9 

. . . XiSoOO . . 

1d.7iiA 

.,— 13230 

... 19361 .., 

1469.0 

19.3... 

...59782... 

... 48674 .... 

... 6279.0.. 

... 75433 

1/.o.... 
17 A 

... eu .. 

1A7QR. 

,, —13007 

...20550 ... 

3018.9 

19.4... 

...60152... 

... 66497 .... 

... 1006.0.. 

... 81030 

Ir,9.. . . 

1 R 

. . . XO/Oi> •. 

1 QQAA 

— 12619 

...21711 ... 

4774.9 

19.5... 

...59957.. . 

... 64879 .... 

... -.5048.2.. 

... 86600 

17.0.. . . 

1 *7 A 

. . . llSo4v 

91 n7A 

— 12045 

...22819 ... 

.. 6787.5 

19.6... 

...69115... 

... 73816 .... 

...-11935 .. 

... 92111 

17.0... . 
17 7 

99A1 

— 11266 ‘ 

.., 23854 ... 

8916.7 

19.7. ,, 

...67640... 

... 83297 .... 

... - 19706 .. 

... 97468 

17.7.,., 

« . . ^04XU * . 

9ROA9 

.,— 10255 

’’, 24795 ,.. 

.. 11322 

19.8... 

...65143... 

... 93303 .... 

... -28411 .. 

...102600 

17.8... . 

. . .ufiOo4o 

9QQAe 

—8992.4, . 

,!.25618 . .. 

.. 13961 

19.9... 

...51826... 

...103810 ... 

..,.-38095 .. 

...107430 

17.9. . 

. . .wfiOOtJO . . 




! 20.0... 

.,..47489.... 

...,114780 ... 

....-48803 ... 

....111860 


TaU* H 

ber X + / bei X « s/oCx/*/*) » Af (cos ^ / sin 6) 


e 


X 

M 

Pegrees 

0.... 

.,1.0000.... 

0 


..1.0000.... 

.143 

.2.... 

..1.0000,... 

.673 

.3.... 

..1.0001_ 

.. 1.289 

.4.... 

..1.0004.... 

.. 2,291 

.6.... 

.1.0010.... 

,. 3.679 

.6,... 

,.1.0020_ 

.. 6.162 


,.1.0037.. .. 

.. 7.007 

.8.,.. 

..1.0064..., 

.. 9.141 

.0.... 

,.1.0102,.,. 

.. 11.660 

1.0.,.. 

..1.0155.... 

.. 14.226 

1.1.... 

..1.0227.... 

.. 17,160 

1.2..., 

..1.0820..,. 

.. 20.340 

1.3.... 

..1.0438,... 

,23.760 

1.4.,.. 

..1.0686..,. 

,27,373 

1.5.... 

..,1.0767.... 

... 31.188 

1.6.... 

...1.0984.... 

... 86.172 

1.7... 

...1.1242... 

... 39.299 

1.8... 

...1.1644... 

... 43.546 

1.9... 

...1.1892... 

... 47.888 

2.0... 

...1.2290... 

... 62.290 

2.1... 

...1.2741... 

... 66.743 

2.2... 

...1.3246... 

... 61.221 

2.3... 

...1.3808... 

... 66.708 

2.4... 

...1.4429... 

... 70.188 

2.6... 

,..1,5111... 

.74.661 

2.6... 

...1.6865... 

... 79.090 

2.7... 

...1.6666... 

... 83.498 

2.8... 

...1.7541... 

,87.873 

2.9... 

...1.8486... 

... 92.213 

3.0... 

...1.9502... 

... 96.518 

3.1... 

...2.0693... 

...100.791 

3.2... 

...2.1760... 

...106.032 

3.3... 

...2.3009... 

...109.246 

3.4... 

...2.4342... 

...113.433 

8.6... 

...2.6764... 

...117.699 

3.6... 

...2.7280... 

...121.746 

3.7... 

...2.8894... 

...126.876 

3.8... 

...3.0613... 

...129.991 

3.9... 

...3,2443... 

...134.096 

4.0... 

....8.4391... 

...138.191 

4.1... 

....3.6464... 

...142.279 

4.2... 

....8.8670... 

...146.861 

4.3... 

....4.1018... 

...160.439 

4.4.. 

....4.3618,.. 

...154.614 

4.6.. 

....4.6179.. 

....168.686 

4.6.. 

....4.9012.. 

....162.667 

4.7.. 

....5.2029,. 

....166.726 

4.8.. 

....6.6242.. 

....170,795 

4.9.. 

..,.6.8666.. 

....174.864 


e 


X 

M 

Pegrees 

6.0. 

, 6.2312.... 

.178.933 

5.1_ 

. 6.6197... 

. .183.002 

5,2.... 

. 7.0338... 

. .187.071 

6.3.... 

. 7.4752... 

. .191,140 

6.4.... 

. 7.9467... 

..196.209 

6.6.... 

. 8.4473... 

..199.279 

6.6.... 

. 8.9821... 

..203.348 

6.7.... 

, 9.6523... 

..207.418 

6.8.... 

. 10.160 ... 

..211.487 

6.9..., 

. 10.809 ... 

.,215.656 

6.0.... 

. 11.501 ... 

..219.626 

6.1.... 

. 12.239 ... 

..223.694 

6.2.... 

. 13.026 ... 

..227.762 

6.3.... 

. 13.865 ... 

..231,830 

6.4.... 

. 14.761 ... 

..236,898 

6.6.... 

. 16.717 ... 

..239.966 

6.6.... 

. 16.737 ... 

..244.081 

6.7.... 

. 17.825 ... 

..248.098 

6.8.,.. 

. 18.986 ... 

..262.163 

6.9..., 

. 20.226 ... 

..266.229 

7.0.... 

. 21.648 ... 

..260.294 

7.1.,.. 

,. 22.959 ... 

..264.368 

7.2... 

.. 24.466 ... 

..268.422 

7.3... 

.. 26.074 ... 

.,272.486 

7.4... 

.. 27.790 ... 

..276.649 

7.6... 

.. 29.622 ... 

...280.612 

7.6... 

.. 31.678 .. 

...284.674 

7.7... 

.. 33.666 .. 

...288.736 

7.8... 

,. 36.896 .. 

. ..292.798 

7.9... 

.. 88.276 ,. 

...296.869 

8.0... 

.. 40.818 .. 

...300.920 

8.1... 

.. 48.681 .. 

...304.981 

8,2... 

.. 46.429 .. 

...809.042 

8.3... 

.. 49.624 .. 

...818.102 

8.4... 

.. 52.829 .. 

...817.162 

8.5... 

., 66.859 .. 

...821.222 

8.6,.. 

.. 60.128 .. 

...325.282 

8.7... 

.. 64,156 .. 

...829.841 

8.8... 

.. 68,466 .. 

...383.400 

8.9... 

.. 73.049 .. 

,..337.469 

9.0... 

... 77.966 .. 

...841.618 

9.1.. 

... 83.199 

...346.677 

9.2.. 

... 88.799 ,. 

...349.636 

9.3., 

... 94.782 .. 

...353.693 

0.4.. 

...101.17 

...357.752 

9.6... 

...108.00 .. 

... 1.810 

9.6... 

...115.80 .. 

... 6.867 

9.7... 

...123.10 .. 

... 9.926 

9.8... 

...131.43 .. 

... 18.983 

9.9... 

...140.33 .. 

... 18.040 


e 


X 

M 

Degrees 

10.0... 

..'149,86... 

.. 22.098 

10.1... 

.,’’160.02... 

.. 26.155 

10.2... 

..'170.88... 

.. 30.212 

10.3... 

..'182.49... 

.. 34.269 

10.4... 

.,'194.91... 

.. 88.326 

10.6... 

.. 208.17... 

.. 42.382 

10.6... 

,. 222.35... 

.. 46.439 

10.7... 

.. 237.61... 

.. 50.496 

10.8... 

.. 253.71... 

.. 54.562 

10.9... 

.. 271.02... 

.. 68.608 

11.0... 

.. 289.54... 

.. 62.665 

11.1... 

.. 309.33... 

.. 66,721 

11.2... 

.. 330.48... 

.. 70.777 

11.3... 

.. 353.10... 

.. 74,833 

11.4... 

.. 377.28... 

.. 78.889 

11.6... 

.. 403.13... 

.. 82.946 

11.6... 

.. 430.77... 

,.. 87.000 

11.7... 

., 460.33., . 

... 91.066 

11.8... 

.. 491.93... 

.. 96.112 

11.9... 

.. 625.71... 

... 99.167 

12.0... 

561.84.. 

...103.222 

12.1... 

600,48.. 

...107,278 

12.2... 

... 641.79.. 

...111.333 


12.3... 

!. 685.97... 

..116.388 

12.4... 

... 733.21... 

.,119.443 

12,6.. 

.. 783.74.. 

..123.499 

12.6.. 

.. 837.77.. 

..127.554 

12.7.. 

.. 895.56.. 

..131.609 

12.8.. 

.. 957.36.. 

..135.663 

12.9.. 

...1023.5 .. 

...139.718 


13.0... 

..1094.2 .. 

...143.773 

13.1... 

..1169,8 .. 

...147.828 

13.2... 

..1260.7 .. 

...151.883 

13.3... 

..1337.2 .. 

...166.937 

13.4... 

..1429.7 .. 

...169.992 

13.5... 

..1628.7 .. 

...164.046 

13,6.. 

..1634.6 .. 

...168.101 

13.7.. 

..1747.9 .. 

...172.155 

18.8.. 

..1869.0 .. 

...176.210 

13.9.. 

..1998.7 .. 

...180,264 

14.0.. 

..2137.3 .. 

...184.318 

14.1.. 

..2285.7 ., 

...188.873 

14.2.. 

..2444.4 .. 

...102.427 

14.3.. 

..2614.2 .. 

...196.481 

14.4.. 

..2795.9 

...200.636 

14.5.. 

..2990.3 .. 

...204.589 

14.6.. 

..3198.2 .. 

...208.643 

14.7.. 

..3420.7 .. 

...212.697 

14.8.. 

..3658.8 .. 

...216.751 

14.9.. 

..3913.6 .. 

...220.806 


e 


X 

M 

Degrees 

16.0. 

. 4186.1.. 

..224.859 

16.1. 

, 4477.7.. 

..228.913 

15.2. 

4789.8.. 

..232.967 

16.3.... 

. 5123.7.. 

..237,021 

16.4.... 

. 6481.0.. 

..241.075 

15,5,... 

. 5863.4.. 

..245.128 

16.6.... 

. 6272.6.. 

..249.182 

16.7.... 

. 6710.6.. 

..253.236 

15.8.... 

. 7179.1.. 

..257.289 

16.9.... 

. 7680.6.. 

..261.343 

16.0.... 

. 8217.2.. 

..265.897 

16.1.,.. 

. 8791.6.. 

..269.450 

16.2.... 

. 9406.2.. 

..273.504 

16.3.... 

. 10064 .. 

..277.557 

16.4.... 

, 10768 ,. 

...281.611 

16.5.... 

. 11622 .. 

...285.664 

16.6.... 

. 12328 ., 

...289.718 

16,7.... 

. 13191 .. 

...293.771 

16.8.... 

. 14116 . 

...297.824 

16.9..., 

. 15104 .. 

...301.878 

17.0.... 

. 16163 . 

. .305.931 

17.1.... 

. 17296 . 

...309.984 

17.2.... 

. 18508 . 

...314.038 

17.3.... 

. 19806 . 

...318.091 

17.4.... 

. 21196 . 

...322.144 

17.6.... 

.. 22683 . 

...326.198 

17.6... 

.. 24275 , 

...330.251 

17.7... 

.. 25979 . 

...334.304 

17.8... 

.. 27804 . 

...838.367 

17.9... 

.. 29766 . 

...342.410 

18.0... 

.. 31847 . 

...346.463 

18.1... 

.. 34085 . 

...350.516 

18.2... 

.. 36481 . 

...354.570 

18.3... 

.. 39046 . 

...358.623 

18.4... 

.. 41791 . 

... 2,676 

18,5... 

.. 44731 . 

... 6.729 

18^6... 

.. 47878 . 

.... 10.782 

18.7... 

.. 61247 . 

.... 14.886 

18.8... 

.. 54864 

.... 18.888 

18.9... 

.. 68716 

.... 22.941 

19.0... 

.. 62851 

.... 26.994 

19.1... 

.. 67277 

.... 81.047 

19.2... 

.. 72017 

.... 35.099 

19.3... 

... 77091 

.... 39.152 

19.4... 

.. 82524 

.... 43.206 

19.5... 

88341 

.... 47.258 

19,6... 

.. 94570 

.... 61.311 

19.7... 

,.101240 

65.364 

19.8... 

..108380 

.... 69.417 

19.9... 

...116020 

.... 63.469 

2O.0.. 

...124218 

67.522 
















































































































































































































































































































































































































































































Tabk III 


ber' X + / bel' x 


ax 


M (cos $ + j sin 5) 


X 

M 

0 

Degrees 

X 

M 

0 

Degrees 

X 

M 

0 

Degrees 

X 

M 

6 

Degrees 

0.. 

... 0 

.... 90 

5.0.., 

... 5.8091.. 

...228.551 

10.0.. 

... 144.67.. 

... 69.275 

15.0.. 

... 4088.8.. 

...271.276 

.1.. 

... .050000., 

.... 90.072 

5.1.., 

... 6.1794.. 

...232.534 

10.1.. 

... 154.54.. 

... 73.310 

15.1.. 

... 4374.3.. 

...275.320 

.2.. 

... .10000 .. 

.... 90.286 

6.2.., 

... 6,6746.. 

...236.518 

10.2.. 

... 165.09.. 

... 77.344 

15.2.. 

... 4679.9.. 

...279.364 

.8.. 

... .15000 .. 

.... 90.645 

5.8.., 

... 6.9960.. 

...240.604 

10.3.. 

... 176.37.. 

... 81.879 

16.3.. 

... 5006.9.. 

...283.409 

.4.. 

... .20001 .. 

.... 91.146 

5.4... 

... 7.4456.. 

...244.492 

10.4.. 

... 188.42.. 

... 85.414 

15.4.. 

... 6366.9.. 

...287.453 

.5.. 

... .25004 .. 

.... 91.790 

5.6... 

... 7.9263.. 

...248.481 

10.6.. 

... 201.81.. 

... 89.449 

16.5.. 

... 5731.6.. 

...291.497 

.6.. 

... .80010 .. 

.... 92.578 

5.6... 

... 8.4371.. 

...252.472 

10.6.. 

... 215.09.. 

... 93.485 

15.6.. 

... 6132.3.. 

...295.542 

.7.. 

... .35022 .. 

... 93.509 

5.7... 

... 8.9831.. 

...256.465 

10.7.. 

... 229.82.. 

... 97.621 

15.7.. 

... 6561.4.. 

...299.586 

.8.. 

... .40043 .. 

... 94.582 

6.8... 

... 9.6666.. 

...260.459 

10.8.. 

... 245.57.. 

...101.668 

15.8.. 

... 7020.6.. 

...303.631 

.9.. 

... .45077 .. 

... 95.798 

6.9... 

... 10.187 .. 

...264.455 

10,9,. 

... 262.41.. 

...106.594 

15.9.. 

... 7512.0.. 

...307.676 

1,0.. 

... .50130 .. 

... 97.156 

6.0... 

.. 10.850 .. 

...268.452 

11.0.. 

... 280.42.. 

...109.631 

16.0.. 

... 8038.0.. 

...311.721 

1.1.. 

... .55209 .. 

... 98.655 

6.1... 

.. 11.668 .. 

...272.461 

11.1.. 

... 299.67.. 

...118.669 

16.1.. 

... 8601.0.. 

...315.766 

1.2.. 

... .60323 .. 

. ..100.295 

6.2... 

.. 12.313 .. 

...276.462 

11,2.. 

... 320.26.. 

...117.706 

16.2.. 

... 9203.6.. 

...319.811 

1.8.. 

... .65482 .. 

...102.074 

6.3... 

.. 13,119 .. 

...280.454 

11.3.. 

... 342.27.. 

...121.744 

16.3.. 

... 9848.6.. 

...323.856 

1.4.. 

... .70698 .. 

...103.991 

6.4... 

.. 13.978 .. 

...284.467 

11.4.. 

... 365.81.. 

...126.782 

16.4.. 

... 10639 .. 

...327.901 

1.5.. 

... .75985 .. 

...106.045 

6.5... 

.. 14.896 ,. 

...288.463 

11.5.. 

... 390.98.. 

...129.820 

16.5.. 

... 11278 .. 

...331,947 

1.6.. 

... .81858 .. 

...108.232 

6.6... 

.. 16,876 .. 

...292.469 

11.6., 

... 417.89.. 

...133.859 

16.6.. 

... 12069 .. 

...335.992 

1.7.. 

... .86887 .. 

...110.661 

6.7... 

.. 16.921 .. 

...296.477 

11.7.. 

... 446.68.. 

...137.898 

16.7.. 

... 12916 .. 

...340.037 

1.8.. 

... .92441 .. 

...112.999 

6.8... 

.. 18.037 .. 

...300.487 

11,8.., 

... 477.46.. 

...141.937 

16.8.. 

... 13822 .. 

...344,083 

1.9.. 

... .98192 .. 

...116.672 

6.9... 

.. 19.228 .. 

...304.498 

11.9.., 

... 510.38., 

...146.976 

16.9.. 

... 14792 .., 

...348.129 

2.0.. 

...1,0412 .. 

...118.266 

7.0... 

.. 20.500 .. 

...308.510 

12.0... 

... 546.69.., 

...150.015 

17.0.. 

... 16831 

...352.174 

2.1.., 

...1.1024 .. 

...121.077 

7.1... 

.. 21.858 .. 

...312.623 

12.1... 

... 583.25.., 

...154.055 

17.1.. 

... 16942 

...356.220 

2.2... 

...1.1669 .. 

...124.001 

7.2... 

.. 23.308 .. 

...316.538 

12.2... 

... 623.52... 

...158.095 

17.2.. 

... 18132 

.266 

2.8... 

...1.2321 .. 

...127.080 

7.8... 

.. 24.856 .. 

...320.554 

12.3... 

... 666.60... 

...162.135 

17.3,., 

... 19406 ... 

... 4.312 

2.4... 

...1.8012 .. 

...130.161 

7.4... 

.. 26.509 .. 

...324,671 

12.4... 

... 712,67... 

...166.176 

17.4.., 

... 20770 ... 

... 8.358 

2.6... 

...1.8736 .. 

...133.387 

7.5... 

.. 28.274 .., 

...328.589 

12.6... 

761.96... 

...170.216 

17.6... 

... 22230 ... 

,.. 12.404 

2.6... 

,..1.4498 .. 

...136.701 

7.6... 

.. 30.169 ... 

...332.608 

12.6... 

.. 814.67,.. 

,..174.256 

17.6... 

... 23793 ... 

... 16.450 

2.7.., 

...1.5300 .. 

...140.098 

7.7.,. 

.. 32.171 ... 

...336.628 

12.7... 

.. 871.06... 

..178,297 

17.7... 

... 25466 ... 

.. 20.406 

2.8... 

..1.6148 .. 

...143.670 

7.8... 

.. 34.321 ... 

...340.649 

12.8... 

.. 931.37... 

..182.338 

17.8... 

,.. 27268 ... 

.. 24.542 

2.9.., 

..1,7046 .. 

...147.110 

7.9... 

.. 36,617 ... 

..344.670 

12.9... 

.. 995.89... 

..186,379 

17.9... 

,.. 29176 ... 

.. 28.688 

8.0... 

..1.7999 .. 

...150.713 

8.0... 

.. 39.070 ... 

..348.693 

13.0... 

..1064.9 ... 

..190.420 

18.0... 

.. 31229 ... 

.. 32.635 

8.1... 

..1.9011 .. 

...154.372 

8.1... 

.. 41.689 ... 

,..362,716 

13.1... 

..1138.7 ... 

..194.462 

18.1... 

.. 33427 ... 

.. 36.681 

3.2... 

..2.0088 .. 

...158.080 

8.2... 

.. 44.487 ... 

..356.740 

13.2... 

..1217.7 ... 

..198.503 • 

18.2... 

.. 36780 ... 

.. 40.727 

3.8... 

..2.1236 .. 

...161.882 

8,3... 

.. 47.476 ... 

.. .766 

13.3... 

.,1302.2 ... 

..202.545 

18.3... 

., 38300 ... 

.. 44.774 

3.4... 

..2.2458 .. 

...165.622 

8.4... 

.. 50.669 ... 

.. 4,791 

13.4... 

..1392.6 ... 

..206.587 

18.4... 

.. 40997 ... 

.. 48.820 

3.5... 

..2.8763 ,. 

...169.445 

8.5... 

.. 54.081 ... 

8.817 

13.5... 

..1489.3 ... 

..210.629 

18.5... 

.. 43885 ... 

., 52.867 

3.6... 

..2.5155 .. 

...173.296 

8.6... 

.. 67.725 ... 

.. 12.844 

13.6... 

..1592.8 ... 

..214.671 

18.6... 

., 46978 ... 

.. 56.914 

3.7... 

..2.6640 .. 

...177.171 

8.7... 

.. 61.619 ... 

16.871 

13.7... 

..1703.6 ... 

..218.714 

18.7... 

.. 50289 ... 

.. 60.060 

3.8... 

..2.8227 .. 

...181.066 

8.8... 

.. 66.779 ... 

.. 20.900 

13.8... 

..1821.9 ... 

..222,756 

18.8... 

.. 53834 ... 

.. 66.007 

3.9... 

..2.9920 .. 

...184,978 

8.9... 

.. 70.224 ... 

.. 24.928 

13.9... 

..1948.6 ... 

..226.799 

18.9... 

.. 57629 ... 

.. 60.054 

4.0... 

,.3.1729 .. 

...188.905 

9.0... 

.. 74.974 ... 

., 28.967 

14.0... 

..2084.2 ... 

..230.842 

19.0... 

., 61693 ... 

.. 73.101 

4.1... 

..3.3660 

...192.842 

9.1... 

.. 80.049 ... 

.. 32.987 

14.1... 

,.2229.2 ... 

..234.885 

19.1... 

.. 66045 ... 

.. 77.148 

4.2... 

..3.5722 .. 

...196,790 

9.2... 

.. 86.473 ... 

.. 37.017 

14,2... 

..2384,5 ... 

..238.928 

19.2... 

.. 70704 ... 

.. 81.195 

4.3... 

..3.7924 .. 

...200.744 

9.3... 

.. 91.269 ... 

.. 41.048 

14,3... 

..2550.5 ... 

..242.971 

19.3... 

.. 76694 ... 

.. 85.242 

4.4... 

..4.0274 ... 

...204.705 

9.4... 

.. 97.463 ... 

.. 45.079 

14.4... 

..2728.2 ... 

..247,014 

19.4... 

.. 81036 ... 

.. 89.280 

4.5... 

..4.2783 ... 

...208.671 

9.5..., 

,.104.08 ... 

,. 49.111 

14.6... 

..2918.4 ... 

..261.057 

19.6... 

.. 86766 ... 

.. 93.336 

4.6.«. 

..4.5460 f,, 

...212.641 

9.6..., 

..111.16 ... 

.. 53.143 

14,6... 

..3121.9 ... 

..265.101 

19.6... 

.. 92881 ... 

.. 97.383 

4.7... 

..4.8317 ... 

.. .216.615 

9.7.... 

.,118,72 ... 

.. 67.176 

14.7... 

..3339.6 ... 

..259.145 

19.7... 

.. 99440 ... 

..101.430 

4.8... 

..5.1366 ... 

...220.591 

9.8. 

.126.80 ... 

.. 61.208 

14.8... 

..3572.6 ... 

..263.188 

19.8... 

..106460 ... 

..106.477 

4.9... 

..5.4619 

..224.670 

9.9.... 

.135.44 ... 

.. 65.242 

14.9... 

..3821.9 ... 

..267.232 

19.9... 

..113980 ... 

..109.525 










20.0... 

..122040 ... 

..113.672 
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Aluminum-Nickel-Cobalt Brake Magnets 
for Watt-Hour Meters 

STANLEY GREEN 

MEMBER AIEE 


I N 1932 a new aluminum-nickel perma¬ 
nent-magnet material was announced. 
It may desirably contain a small percent¬ 
age of cobalt and in that form is commer¬ 
cially available in castings from several 
dependable suppliers. A typical analy¬ 
sis is aluminum 12 per cent, nickel 20 per 
cent, cobalt 5 per cent, with the rest iron. 
As compared with previously available 
materials, it has such a high coercive 
force as to affect design radically. No 
discussion of the material itself will be 
given as this has been presented else¬ 
where.^"® 

This article deals with the application 
of the new alloy to watt-hour meters. 
Permanency and resistance to the effect 
of transient magnetic disturbances are the 
most important considerations. Appli¬ 
cation of the material requires new fea¬ 
tures of design and provides radical econo¬ 
mies in space and weight. In discussing 
the design for the new material, a com¬ 
parison with the present chromium-steel 
damping unit will be made because much 
of the knowledge accumulated with this 
widely used and successful form of mag¬ 
net can be applied with benefit to the 
problem of utilizing the high-coercive 
material. 

General Structure 

Figure 1 gives typical second-quadrant 
values of the hysteresis loops of various 
permanent-magnet materials. Opposite 
these curves, in the first quadrant are 
drawn the corresponding energy-product 
curves for the respective materials. 
Watt-hour-meter magnets have pre¬ 
viously been made of a chromium steel 
represented by curve A while curve D is 
typical for the aluminum-nickel-cobalt 
material. For watt-hour meters, mate¬ 
rials B and C have been restricted in gen¬ 
eral Use because of high inherent cost. 


Paper number 3J>-74, recommended by the AIEB 
committee on instmments and measurements, 
and presented at the AIBB winter convention, 
New York, N. Y,, Janumr 23-27, X939. Manu¬ 
script submitted November 14, 1938; made 
available for preprinting December 27, 1938. 

Standby Gbbbn is vice-president and chief engineer 
of the Duncan Electric Manufacturing Company, 
Lafayette, Ind. 

1. Far all numbered references, see list at end of 
paper. 
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The new damping unit must be different 
from the old in size, cross section, and 
shape. No simple substitution of mate¬ 
rials is possible. 

Figure 2 shows the general form of the 
chromium-steel damping-magnet unit. 
It is formed of two C-shaped magnets 
having a developed length as compared 
with air-gap length of at least 60 to 1. 

Figure 3 shows the general form of the 
new unit. It has a single horseshoe¬ 
shaped magnet on one side of the disk 
with a soft-iron armature opposite. The 
ratio of the magnet developed length to 
the combined length of the two air gaps 
may be as low as 16 to 1. The disk-gap 
length in the average unit approximates 
0.100 inch. A bidirectional field form 


Figure 1. Second-quadrant hysteresis loops 
and energy-product curves of permanent- 
magnet materials 

A —3.5 per cent chromium steel 
B —^17.0 per cent cobalt steel 
C—36.0 per cent cobalt steel 
D—Nickel-aluminum-cobalt steel 

with the pole tips approximatdy 0.36 
inch apart is the most effective for acting 
upon a meter disk and it will be noted 
that both units produce this form of field 
but that the new unit is simpler, doing it 
with only one magnet instead of two. 
The double gap in the flux circuit is an 
ideal way of utilizing the high coercive 
force of the new material. Ninety-five 
per cent by weight of the constituent ele¬ 
ments in the new magnet are inexpensive. 
Cost resides in the difficulty of fabrica¬ 
tion. The small horseshoe magnet is 
easy to cast. All of the material in it is 
effectively used. The resultant design, 
because of its simplicity, becomes eco¬ 

Green—Magrietsjor Watt-Hour Meters 


nomically possible in the watt-hour-meter 
field where cost is critical. 

Figure 4 shows a photograph of the two 
chromium-steel magnets and the equiva¬ 
lent new magnet taken together. Both 
units are suitable for damping the mov¬ 
ing element of a modem watt-hour meter 
having a torque range of from 46 to 54 
gram-millimeters at rated load and a 
nominal rated speed of 30 rpm. The 
weight of the two chromium-steel mag¬ 
nets is 351 grams as compared with 95 
grams for the new magnet. This is a re¬ 
duction in weight of 73 per cent and an 
even greater decrease could have been 
made by designing to as close limits for 
the new material as for the old. Instead 
of this, the new unit was made with an ex¬ 
cess of strength which makes it possible 
to give it a liberal “knockdown,'* to be 
discussed in greater detail, and which 
also allows a somewhat greater gap for 
the disk than for the chromium-steel unit, 
which is an operating and manufactuiing 
advantage. 

The shape of the magnet was chosen 
after a comparison of the performance of 
a series of experimental models. It is 


tapered to give a maximum cross section 
at the midpoint where both useful and 
leakage flux must be carried. The slight 
departure from 90 degrees on the pole 
faces is for structural convenience in the 
meter and has no magnetic significance. 
Figure 5 shows the complete new damp¬ 
ing unit on the frame of a single-phase 
meter of modem design. The magnet 
and armature are clamped in their relative 
positions on a small aluminum die cast¬ 
ing. An advantage of this is that the 
gap between magnet poles and armature 
can be accurately adjusted. Figure 6 is 
a disassembled view giving a better idea 
of the clamping washer and screw as well 
as the temperature-compensating member 
between the magnet and the clamp 
washer. 

Adjustment as to magnitude of damp¬ 
ing (commonly known as full-load adjust¬ 
ment of the meter) is made by forming the 
armature in three pieces and moving one 
of them with reference to the other two in 
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order to vary the reluctance of the flux 
path through the armature. Figure 7 is 
a view of the full-load unit with the arma¬ 
ture, but without the magnet, in two po¬ 
sitions— (a) with the fuU-load-adjustm^t 
piece all the way out which gives greatest 
reluctance and least damping, and (b) 
with the full-load-adjustment piece all 
the way in which, in effect, gives a solid 
armature and greatest damping. It is 
easy to make the adjustment bar oper¬ 
able from the front with a screwdriver 
and it can be depended upon for an ad¬ 
justment range of **=20 per cent as re¬ 
ferred to meter registration. Construc¬ 
tional variations, especially as to adjust¬ 
ment features, will occur to many. These 
could be made without departing from the 
general plan in which the horseshoe mag¬ 
net is used. 

Temperature Compensation 

For the particular damping unit de¬ 
scribed in the new material, somewhat 
less temperature compensation is required 
than for the chromium-steel luait. Over 
the range from —20 degrees centigrade 
to 60 degrees centigrade, the coefficient of 
the uncompensated damping unit is + 0.11 
per cent per degree centigrade and refers 
to percentage meter registration. By 
compensation this coefficient can be re¬ 
duced to as low a value as desired. The 
compensation is applied on the side of the 
magnet in the form of a thin sheet of one 
of the alloys having a negative coefficient 
of permeability with respect to tempera- 



Figure 2. General form of chromium-steel 
damping unit showing flux paths 


ture. Such a compensating piece is 
shown in figure 6 and needs no discussion 
as its application is generally understood. 

Permanency 

For many magnet uses a change in 
strength of a few per cent in a few years 
would be unimportant. In an instrument 
magnet it would be highly objectionable. 
Small changes can be most conveniently 
detected in terms of meter registration 
with a magnet unit on a watt-hour meter. 
Since braking power varies as the square 
of the flux, small changes in registration, 
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expressed in per cent, will closely approxi¬ 
mate double the actual percentage brak¬ 
ing-flux changes which cause them. First 
an example will be given of appreciable¬ 
time aging on a group of improperly 
treated magnets to show that the small 
changes are readily detected by this 
method. A group of properly treated 
chromium-steel units which are substan¬ 
tially nonaging will then be compared 
with a corrresponding group of the new 
damping units. 

With the familiar chromium-steel meter 
magnets it has always been necessary to 
age them artificially by a baking treat¬ 
ment. Curve A of figure 8 shows what 
happened to a group of 20 such chromium- 
steel magnet units of standard construc¬ 
tion but with the baking purposely 
omitted. This curve and all following 
aging data are in terms of meter registra¬ 
tion as against elapsed time in months. 
The curve shows the increase in average 
meter registration for the group over a 
period of 36 months. Increase in regis¬ 
tration means a faster meter and hence 
less damping or a decrease in magnet 
strength. After three years the curve 
flattens out at a two-per-cent increase in 
registration. Individual meters in the 
group may increase as much as 3.5 per 
cent while some of the units age very 
little or none at all. 

About 65 per cent of the total change 
occurs in the first 12 months and after 
two years approximately 90 per cent of it 
has occurred. If the magnets are not 
properly heat treated or are going to 
change at all, the first two years after 
manufacture may, therefore, be consid¬ 
ered as an initial critical period which 
once left behind insures constancy where 
time is the only consideration. 

With the c^omium-steel magnet this 
two-year period can be eliminated by a 
suitable artificial *‘aging’* process after 
tempering, which is accomplished by 
baking. Curve B in figure 8 shows the 
results for another 20 similar magnet units 
which have been baked for 120 hours at 
105 degrees centigrade, which is a stand¬ 
ard aging treatment for one manufacturer. 
The increase in average registration of 0.15 
per cent over the period of three years is so 
small as to leave doubt as to whether 
limitations in the methods of measure¬ 
ment may not be the cause rather than 
any real magnet change. 

Comparison With New Material 

Data are most conveniently presented 
on the basis of the initial two-year critical 
period although some of the new units 
have been on test three years or longer 
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and observations on many units will be 
continued for a long time. 

Table I presents the critical 24-inontli-* 
initial-period results for three groups i>f 
meters. Group A is for the same 20 me¬ 
ters used in determining the upper ctir^’e 
of figure 8. Group B is for the properly 
treated 20 chromium-steel units comprise 
ing the lower curve of figure 8. Group C 
is for 20 of the new aluminum-nickel-co- 
bait magnets. Units in all groups arv 
unselected. 

It can be seen that there is little to 
choose, as regards permanency, between 
either the properly treated chromium' 
steel unit or the unit of the new material. 
Both are perfect within the limits of mea,s- 
urement. It must be remembered tlmt 
the variations include changes which 
could occur from all possible contingen¬ 
cies, such, for example, as a change in 
torque of an electromagnet driving unit. 
They also include the inevitable charac¬ 
teristic errors of the type of measurement 
involved as well as personal error. A 
laboratoiy wattmeter with a dock-con 



Figure 3. General form of new unit showing* 
flux paths 


trolled timing circuit was used through 
out the tests. 

Table I has its limitations in picturing 
the minute variations which it is neces* 
sary to try to detect so that figure 9 is 
given to show the performance of another 
small group of five new units, this time 
over a period of 30 months. The varia¬ 
tions appear large because of the choice of 
scales but everyihing shown is happening 
within a zone less than one-per-cent wide. 
Although the variations are annoying, 
they do not predude consideration of u 
number of meters together and thus, fnnn 
averages, a more reliable result may lx? 
obtained than with one unit alone. By 
testing a large number of magnets it is 
possible to get more representative results 
and to check samples from different heats 
and from various sources of supply. This 
was consistently done. 

From a study of the available experi^ 
mental data, only a small portion of 
which has been induded, it seems clear 
that within the first two or three years 
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the change in the new damping imits is 
too small to detect. There is no reason 
to suppose that there will be any change 
after that time. 

Appendix I details the composition, 
heat treatment, and dimensions of the 
new units on which permanency data are 
given. Appendix II gives the composi¬ 
tion, heat treatment, and processing of 
the chromium-steel magnets on which 
permanency data are given. 

Effect of Baking 

One reason advanced for the change in 
untreated chromium steel is that the final 
operation in hardening is quenching from 
a high temperature, which leaves portions 



Figure 4. View of two chroTnium magnets 
and equivalent new magnet taken together 

of the magnet under strain. These strains 
increase the magnetic qualities but they 
tend to relieve themselves gradually over 
a period of time, causing slight weakening 
of the magnet. As shown in figure 8, 
curve A they are substantially all re¬ 
lieved in three years and 90 per cent of 
them in two years after the tempering 
process. The amount of strain, and pos¬ 
sible magnetic change, left in a magnet 
depends to an extent upon the forging 
process and hence upon shape, but even a 
straight bar is subject to some change. 
Curve A of figure 8 holds for the shape of 
chromium-steel magnet shown in figure 2. 
The long bake at 105 degrees centigrade 
stabilizes the material by accelerating the 
changes so that they are complete in 120 
hours. It makes no difference whether 
this bake is given the magnets before or 
after magnetization. In practice it is con¬ 
venient to give it before. 


It could be argued that the new mag¬ 
netic material is also full of strains and 
that a similar or even more severe bake 
would be required to stabilize it. To in¬ 
vestigate this, baking tests were made on 
three chromium-steel bars and three bars 
of the aluminum-nickel-cobalt material. 

Values of coercive force and residual flux 
were measured for all samples initially 
and at intervals during a bake lasting 1,000 
hours at 105 degrees centigrade. For the 
chromium steel, coercive force decreased 
9.5 per cent and residual flux increased 
4.9 per cent as determined from average 
values for the three samples. Nearly all 
this change occurred in the first 200 hours. 
For the new aluminum-nickel-cobalt steel, 
coercive force decreased only 1.1 per cent 
and residual flux changed only 0.4 per 
cent. These latter values are so small 
as to throw doubt on whether any change 
really occurred because of limitations in 
the accuracy of measurement. This test 
indicates that no reasonable amount of 
baking at as low a temperature as 105 de¬ 
grees centigrade will have any effect on 
the new alloy. Various other baking 
cycles and temperatures were tried, rang¬ 
ing as high as 315 degrees centigrade 
for 38 hours and 150 degrees centigrade 
for 120 hours, all without having any 
detectable effect on stability. These re¬ 
sults were suspected from the start in 
that the new magnet is a product of pre¬ 
cipitation hardening instead of rapid 
quenching from a high temperature and 
in addition as a last step, the makers hold 
it in a furnace at a 1,250 degrees Fahren¬ 
heit for 15 minutes. It is possible that 
even this latter heat treatment is not 
necessary for time stability, but addi¬ 
tional exhaustive tests would be necessary 
to determine this. In the meantime, in 
view of the small added expense of the 
1,250-degree treatment, it should be con¬ 
tinued for instrument magnets. 

Magnetizing 

Magnets as received from the foundry 
are cleaned by tumbling and sandblasting. 
Each magnet, after tumbling, is individu¬ 


ally ‘‘rung** by hitting it lightly with a 
small hammer and any cracks or flaws 
can be detected by the sound. A protec¬ 
tive coating, such as enamel, can be omit¬ 
ted as the new material falls within the 



Figure 5. View of complete new clamping 
unit on frame of a single-phase meter 


classification of corrosion-resistant alloys. 
Although the magnets are brittle, a negli¬ 
gible loss through breakage is suffered 
during the tumbling process. The elimi¬ 
nation of paint on magnets is an operat¬ 
ing advantage as diflSculty has been ex¬ 
perienced in the past in getting it to stick 
to magnets over a long period of time. 

The magnets are magnetized by placing 
them on a magnetizing fixture and apply¬ 
ing at least 5,000 ampere turns per inch 
acting through their flux circuit to satu¬ 
rate them thoroughly. In production it is 
desirable to make this current more than 
sufficient, even by twice the amount, and 
to keep the apparatus cool by allowing the 
current to flow for only a fraction of a 
second. 

When the magnet is taken off the mag¬ 
netizing apparatus, a large gap is inter¬ 
posed in its flux circuit and this on ^e 
average magnet has the effect of bringing 
the material to approximately the point 
marked X on curve J) of figure 1. Later 
on by an a-c demagnetizing process or 
“knockdown** the material may be still 
further brought down to a point which 
may be represented at about Y on curve 

D. The amount of additional a-c “knock¬ 
down** to reach the point Y may be set 
at any desired minimum depending upon 
tlie liberality of design in the unit. 
Since the magnet under discussion is 
tapered and of varying cross section, the 
points X and Y of figure 1 while approxi¬ 
mately correct for the average cross sec¬ 
tion of the average unit, should be con¬ 
sidered as subject to some variation. 


Table I. Natural Aging of Magnet Units Over an Initial 24-Month Period 


Group 


Description 


Change From Initial Meter 
Registration in Per Cent 

ly fflviTniiTn Maximum 
Slow Fast 


Group 

Average 


A .Untreated chromium-steel units.V* ;** A..in’vn.lo’lfi 

3.Chromium-steel units baked 120 hours at 105 deg C. “S oS. 12*12 . 12* if 

C.A1»«ijnmii-mckel-cob alt units, various treatments.-0.27.-bU. .-ru. 

rwentjT magnet units are in each group. 

rhe mwimum slow and maximum fast values are ttose found for tte extreme 

froup. An increase in meter registration would indteate an apparent decease m dampmg umt strength. 
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A-C ^^Enockdown’’ 


The value of an a-c “knockdown” in 
stabiKzing instrument magnets has been 
discussed before.® The unusually large 
amount of knockdown in gilberts per cen¬ 
timeter resulting from the a-c demagneti¬ 
zation for the average aluminum-nickel- 



Fisure 6. View of disassembled masnet unit 


cobalt magnet can be seen in figure 1 as 
the abscissa of point Y minus the ab¬ 
scissa of point Xt or 120 oersteds. The 
general effect is to “immunize” the mag¬ 
net to the susceptibility of further weak¬ 
ening from another demagnetizing force 
when subsequently encountered in serv¬ 
ice up to as great a value as the knock¬ 
down force. In addition to this protec¬ 
tive action against magnetic disturbances, 
the knockdown has other stabilizing ten¬ 
dencies. As an example, a meter 
equipped with one of the new magnet 
units with no knockdown may gain in 
registration as much as one per cent in 
the first 24 hours. With knockdown, no 
change can be detected. Also, as will be 
seen, adequate knockdown insures sta¬ 
bility of the magnet regardless of the ef¬ 
fect of temperature cycles. 

Effect of Temperature Cycles 

Watt-hour meters, especially with 
modem outdoor installations, are subject 
to continued cycles of heat and cold. 
These may affect magnet strength, unless 
proper precautions are taken in the mag¬ 
net processing. Tests were made bn this 
subject with results too voluminous to 


record in detail but it is desirable to sum¬ 
marize the conclusions. A very severe 
temperature cycle was used from —40 de¬ 
grees centigrade to 90 degrees centigrade, 
which exceeds anything encountered in 
actual service. 

(а) . Chromium steel magnet units, even 
though properly aged and given an ample 
a-c '"knockdown,” may weaken by as much 
as one per cent (expressed in terms of meter 
registration) as a result of three tempera¬ 
ture cycles. Ninety per cent of this weak¬ 
ening occurs as a result of the first cycle and 
more specifically as a result of the first heat¬ 
ing, Succeeding cycles above three have 
no effect. For this reason it has been stand¬ 
ard practice to give chromium-steel units 
an additional short bake at 106 degrees centi¬ 
grade as a last step in their processing. This 
is in addition to the long bake for artificial¬ 
aging purposes. This latter bake takes away 
the effects of future temperature cycles. 

(б) . The new high-coercive magnets, if 
given no "knockdown,” will weaken as a re¬ 
sult of temperature cycles. To determine 
this, a number of the new units were mag¬ 
netized with the armature in place and an 
iron vane occupying the normal disk-gap 
space. After assembly this vane was pulled 
out. Under these conditions the group of 
units averaged 1.8 per cent increase in meter 
registration as a result of three temperature 
cycles. As with the chromium steel, the 
first cycle did the greater part of the dam¬ 
age and additional cycles beyond three had 
no effect. 

(c) . Different groups of the new magnets 
with the proper a-c "knockdown” were then 
tested by passing them through not less than 
three temperature cycles. No change in 
braking flux cotdd be observed as a result of 
such temperature cycles. If a change had 
occurred, it could have been eliminated by 
an additional bake as with the chromium- 
steel units but such a bake is not necessary 
providing that the a-c knockdown is prop- 
erly applied. By proper application of the 
a-c knockdown is meant that at least one- 
half of it must be applied by passing the al¬ 
ternating current through the inside of the 
horseshoe with an armature in place so that 
all portions of the magnet flux circuit are 
subjected to the demagnetizing force. 

(d) . As a matter of academic interest, tests 
were made to see if temperature cycles ap¬ 
plied to the magnets before magnetization 
would immunize them from the effects of 
such cydes after magnetization. The re¬ 
sults indicated that the previous tempera¬ 
ture cydes were of little use. This result 


is in contrast to the condition with respect 
to the "aging” bake which does just as much 
good before magnetization as after. 

Effect of Magnetic Transients 
on Meters 

Watt-hour meters like other dectrical 
apparatus suffer from undesirable mag¬ 
netic transients. Weakened magnets are 
the result of such disturbances when they 
are great enough to overcome the im¬ 
munity of the magnets conferred by 
their “knockdown.” 

Three sources of magnetic transients 
can be listed: 

(a) . Surges through the potential coil of 
the meter as a result of overvoltage or of 
lightning. 

(b) . Surges through the current coil as a 
result of either short drcuits or of lightning, 

(c) . Current singes through any wire pass¬ 
ing near, below, or in back of the meter such 
as a neutral wire. 

Disturbances under (a) are least ca¬ 
pable of damaging the magnets. The 
inductance of the meter potential coil is 
high and repeated surge tests have dem¬ 
onstrated that with even a moderatdy 
steep wave front, a breakdown will occur 
to ground in the case of lightning before 
enough current can be forced through tlie 
coil to damage the magnets. 

Under (6) it is possible to weaken the 
chromium-sted magnets of a good mod¬ 
em meter slightly but only under the 
most extreme short drcuits of from 6,000 
to 7,000 amperes, peak value. With the 
usual meter these values can be obtained 
only in the short-circuit laboratory as the 
impedance of modem distribution cir¬ 
cuits will not allow such currents. Fur¬ 
thermore, power surges of such high value 
cannot be obtained in service on the usual 
single-phase meter as used with 30- or 60- 
ampere fuses. The fuse opens the circuit 
before these extreme current values are 
attained. If a lightning surge, instead of 
a-c power current acts on the current 
windings, its steep wave front tends to 
make it flash across the coil rather than 
through it, if the current value is high, 


Figure 7. Unit wlth^ 
out magnet, in two 
positions 

(a)—^Minimum damp¬ 
ing 

(fe)-~Maximum damp¬ 
ing 
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and thus fall under (c ). Magnet weaken¬ 
ing is possible under (b) but as a factor it 
is unimportant as compared with the next 
classihcation. 

Under (c) the current surge may be 
caused as a result of lightning. It usually 
is in the neutral wire of a three-wire 
grounded-neutral system although it 
could be in one of the outside wires on 
occasions. All bad lightning disturb¬ 
ances result in condition (c) in that if the 
surge is strong enough, most of it flashes 
over the coils in the meter and goes di¬ 
rectly to ground along some wire passing 
near tlie meter. Condition (c) can be 
simulated in the surge laboratory by a 
straight wire behind and near the meter. 
In contrast with the first two cases, mag¬ 
nets can be damaged with severe surges. 
Condition (c) is the most severe and con¬ 
sequently comparative tests were made 
under this condition. 

Resistance to the 
Effect of Surges 

A number of meters were tested to de¬ 
termine the relative resistance to the ef¬ 
fect of surges under condition (c). To do 
this a circular loop was used which was 
40 inches in diameter and had tliree turns. 
By placing a meter close to and on one 
side of the loop, a vertical straight con¬ 
ductor behind the meter could be closely 
approximated. Placing the meter dose 
to and at the bottom of the loop simulated 
a straight horizontal conductor behind 
the meter. 
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Figure. 8. Natural aging curve on chromium- 
steel uruts over three years 


(/\)—Untreated 


(6)^Tredted 



Figure 9. Five aiumlnum-nickel-cobalt units 
over 30 months 


Mean effective ampere turns in the 
loop could be adjusted from 1,500 to 15,- 
000. Duration of surges in the loop was 
controlled by blowing a fuse of predeter¬ 
mined size and oscillograph records were 
taken on each surge. Duration of surges 
was in no case less than three full cycles. 
Demagnetizing effect depends upon crest 
values but for convenience results are 
here reported in terms of root-mean- 
square values. 

As a result of the tests on meters 
equipped with the new aluminum-nickd- 
cobalt damping units, it was found that 
the least resistant units would withstand 
a-c values of 13,000 ampere turns verti¬ 
cally and directly behind the meter with¬ 
out being affected. Some of the stronger 
units were able to withstand up to 15,000 
ampere turns. The wire vertical and be¬ 
hind the meter, for which the results are 
given, proved to be more damaging than 
horizontal, although tests were made in 
both positions, the horizontal test being 
made first. 

On a few meters having chromium- 
steel magnets, the surge-current ampere 
turns that could be withstood without 
damage ranged from 2,300 to 3,500. It 
should be realized that these are labora¬ 
tory surge values expressed in root-mean- 
square figures and that even the lower 
amounts as measured for the chromium 
units are satisfactory in normal service. 


Effect of Abnormal Surges 
on Chromium Steel Units 

More contrasting laboratory tests in 
determining the merit of the improved 
damping tmit are possible by subjecting 
a few meters having magnets of the chro¬ 
mium-steel variety to surges of 13,000 
ampere turns. Although this surge will 
not harm the new unit, it increased the 
registration of the chromium-steel meters 
under test from a minimum of 100 per 
cent to a maximum of 430 per cent. It 
must be emphasized that these changes 
are laboratory effects as produced by the 
13,000-ampere surge and that the crest 
values of this surge were at least 18,000- 
amperes. The large range of variation 
can be accounted for partly by the fact 
that all the chromium-steel units had not 
been subjected to the same “knockdown” 
in manufacture. Also there is some 
variability between tests because the 
magnitude of the transient current peaks 
may have different values dependent 
upon exactly when the circuit is closed. 

The surge-test setup in the laboratory 
did not simulate correctly the variations 
in locations and spacings of conductors 
to be found in the field, but conditions in 
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this setup were the same for both the 
chromium-steel and the new high-coer- 
dve unit.. The results should, therefore, 
have a comparative value and a valid 
meaning. 

Summary 

Application of the powerful new alu- 
minum-nickel-cobalt permanent magnet 
steels to watt-hour meters requires com- 



Figure 10. Dimensions of high-coercive 
damping magnet 


plete redesign of damping units. No 
mere substitution of the new material is 
possible. Permanency in the new design 
is demonstrated. Great savings in weight 
and space result and the new design can 
be made much more resistant to transient 
magnetic disturbances than the common 
form of chromium steel damping magnet 
unit which has preceded it. 

Appendix I 

Approximate analysis of the new magnete 
for which permanency data are given is 
nickd, 20 per cent; aluminum, 12 per cent; 
cobalt, 6 per cent; carbon, low; iron, re¬ 
mainder. Dimensions of the magnet are 
given in figure 10. Materials in the alloy 
were melted under close metallurgical con¬ 
trol in a high-frequency induction furnace. 
Magnets were cast from this furnace mto 
sand molds. After cooling and cleaning, 
individual magnets were heat treated. 

Heat treatment consisted in slowly heat¬ 
ing the magnets to 2,000 degrees Fahrenheit 
and holding at this temperature for a suffi¬ 
cient time to soak the castings thoroughly. 
Castings were then removed from the fur¬ 
nace and cooled at a predetermined rate in 
an air blast to 1,260 degrees^ Fahrenheit. 
Time required for this cooling ranged from 
iVi to 2 V 4 minutes. They were then 
placed in a second furnace and held at 
1,250 degrees Fahrenheit for 16 minutes, 
after which they were allowed to cool natu¬ 
rally in air. 

After magnetization to saturation, an a-c 
^^knockdown” of not less than 250 ampere 
turns, mean effective value, was applied 
around the flux circuit of each magnet with 
the armature removed. Soft-iron arma¬ 
tures were used separated from the magnet 
poles 0.120 inch to 0.130 inch. Magnet 
units were then placed on permanency test. 
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Production units on single-phase meters 
have disk gaps averaging 0.100 inch. Per¬ 
manency figures were, therefore, taken on 
units with longer gaps and slightly more se¬ 
vere conditions than standard. 


Appendix II 

Approximate analysis of the chromium- 
steel magnets for which permanency data 
are given is carbon, 0.95 per cent; chro¬ 
mium, 3.60 per cent; silicon, 0.25 per cent; 
iron, remainder. Developed length of the 
magnet is six inches with a gap of 0.095 inch. 
After forging to shape, magnets were 
brought up from room temperature over a 
period of about 20 minutes to 1,520 degrees 
Fahrenheit. They were allowed to soak at 
this temperature for two minutes and were 
then quenched in a bath of oil. Absorption 
speed of the oil was about four minutes from 
1,520 degrees Fahrenheit to a temperature 
of approximately 100 degrees Fahrenheit. 

After cleaning and grinding the gap, mag¬ 
nets were baked 120 hours at 105 degrees 
centigrade. They were then surface finished 
and assembled in brass holding clamps and 
magnetized to saturation. '"Knockdown” 
by alternating current was applied using at 
least 180 ampere turns mean effective value 
for each magnet. A final baking of from 
four to six hours at 105 degrees centigrade 
was given. 

Magnets in group B of figure 8 had both 
baking steps mentioned above. 

Magnets in group A of figure 8 had both 
of these baking steps omitted. 
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Discussion 

J. P. I/arkin (nonmember; Crucible Steel 
Company of America, Harrison, N. J.): 
Mr. Green's excellent paper is of great 
interest to the writer as a representative 
of one of the licensed manufacturers of 
Alnico magnets and I would like the op¬ 
portunity of making a few comments. 

As a matter worthy of note in this par¬ 
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ticular application of Alnico magnets I can 
say that our company has supplied many 
thousands of the magnets Mr. Green refers 
to, over a period of almost three years, to 
his company. Every magnet shipped has 
been individually tested magnetically prior 
to shipment. These magnets are retested 
before assembling into the meters by a "reg¬ 
istration test” and to date no magnets have 
been returned to us because of low magnetic 
properties. 

Such a record is of interest to the user of 
magnets because cast magnets of the Alnico 
tsrpe are always furnished by the manufac¬ 
turer in the heat-treated condition. In the 
past it has been the practice of many large 
users of formed or forged magnets to fabri¬ 
cate and heat-treat these magnets in their 
own plants which always has entailed cer¬ 
tain ^zards. With the use of Alnico mag¬ 
nets such hazards, of whatever magnitude 
they may be, are diminated and the user of 
these magnets is guaranteed to receive sat¬ 
isfactory and uniform quality because the 
manufacturer tests each magnet shipped 
under conditions simulating its actual ap¬ 
plication in the magnetic circuit. 

As stated by Mr. Green, Alnico is mdted 
in high-frequency induction furnaces in 
relativdy small heats. Test bars are poured 
with eadi heat and are tested by means of a 
Leibing model 2 permeameter to establish 
the Bf and He values of each heat. This 
permeameter and its associated fluxmeter are 
of quite special design, and used in our labo¬ 
ratory for magnetic standardization work. 
With this permeameter, H’nuuc values up to 
3,000 oersteds can be obtained without un¬ 
due heating, and it is so designed that ac¬ 
curate demagnetization curves can be taken 
on the finished magnets, for about 90 per 
cent of the various shapes and sizes which 
our company is called upon to produce. 

By means of permeameter tests and fur¬ 
ther checks in the customers magnetic cir¬ 
cuit, standards can be set for the various 
magnet designs. Such standards are the 
basis of production testing of magnets which 
tests are made either by means of slip coils, 
search coils, or special testing machines in a 
circuit with a fluxmeter. 

Some questions have arisen regarding the 
brittleness of Alnico alloys. These allo 5 rs 
are very brittle. Alnico magnets, however, 
are used generally in tachometers, magnetos, 
and other moving mechanisms which are 
subject to impacts and severe reversals of 
mechanical stress. It is a matter of record 
that tachometers with rotating Alnico mag¬ 
nets have been in successful use for a period 
of more than two years when mounted on 
steam locomotives and aircraft engines. 
In both cases there is severe impact and 
vibration, and no mechanical failures have 
been reported. The same is true for thou¬ 
sands of magnetos used on tractors, sta¬ 
tionary engines, and aircraft engines. 

For best results Alnico magnets should be 
designed in the simplest shapes possible. 
Care should be exercised by the designing 
^gineer to avoid unnecessary constrictions 
in the sectional area, such as holes or slots 
for which no allowance has been made. 
This is detrimental not only from a mag¬ 
netic standpoint, but also structurally, due 
to possible weakening of the casting. 

Regarding the permanency of Alnico, 
tests over a period of years indicate that its 
stability under any given condition is at 
least as good as the other magnet steels such 
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as cobalt, cluromium, or tungsten magnet 
steel. Its resistance to the demagnetizing 
effects of temperature and repeated shock 
or impact is greatly superior to the other 
magnet steels. 

Based on three years of our experience in 
the manufacture of Alnico magnets under 
increasingly closer control and inspection, 
it is safe to say that on production runs of 
magnets very close uniformity to accepted 
standards be maintained. By close 
and constant co-operation between the re¬ 
search and laboratory staff with the pro¬ 
duction department better methods of proc¬ 
essing are being developed continuously 
which will result in still Iflgher quality and 
uniformity than now commercially obtain¬ 
able. 

The variation in either Br or He can be 
maintained within plus or minus three per 
cent of the accepted standard when tested 
in a given type of permeameter. In addi¬ 
tion to this range of variation in actual mag¬ 
netic quality, a range of plus or minus one 
per cent should be allowed for due to varia¬ 
tion in magnet size or weight (particularly 
on small castings), making the maximum 
variation in flux to be expected on finished 
magnets to be in the order of plus or minus 
four per cent maximum. In discussing 
variations of this magnitude it should be 
borne in mind that various standardizing 
laboratories do not guarantee the accuracy 
of He measurements to be closer than five 
per cent on high-coercive magnetic alloys. 

A. B. Craig (Boston Edison Company, 
Boston, Mass.): Mr. Green's paper on 
the design and application of aluminum- 
nickel-cobalt brake magnets will be read 
with interest by meter engineers. Re¬ 
search and new developments always make 
for constructive progress and as such are 
always welcomed by the utility industry. 
It is only reasonable that careful and 
thorough study must be made of the applica¬ 
tion of this new material, not only in the 
laboratory but also in the field under serv¬ 
ice conditions. 

Mr. Green has established that under 
laboratory conditions the permanence of this 
new magnet material is entirely comparable 
with that of the existing magnet material. 
From the data contained in his paper, it ap¬ 
pears reasonable to expect that field condi¬ 
tions will confirm this permanence. 

Mr. Green has also demonstrated that 
under laboratory conditions the new mag¬ 
net material has a greater resistance to the 
effect of transient 60-cycle magnetic dis¬ 
turbances. As Mr. Green has pointed out 
in his paper, 60-cycle disturbances of the 
magnitude required to affect watt-hour me¬ 
ter magnets are rarely encountered in ser¬ 
vice. No data have been presented to dem¬ 
onstrate that the new material is superior 
wh^ subjected to a transient with a steep 
wave front. 

A study of the operating experience of 
utilities discloses that for one company the 
record of over 100,000 tests shows only 1.0 
per cent of all meters tested were over 102 
per cent on full load and only 0.3 per cent 
were found over 104 per cent. Likewise 
the records indicate that 1.2 per cent of the 
meters were less than 98 per cent and 0,6 
per cent were less than 96 per cent. These 
results , are consistent with the records of a 
large number of utilities and include weak- 

AIEE Transactions 



Equivalent Circuits of Transformers and 
Reactors to Switching Surges 
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T he calculation of switching 

surges occasioned by drcuit-brealcer 
operations requires that transformers, 
reactors, generators, and other appa¬ 
ratus be replaced by their equivalent 
circuits. To be of much practical use 
these equivalent circuits must be simple, 
as well as reasonably exact. Great ac¬ 
curacy, however, is not required—a 20- 
per-cent departure from exact values 
being regarded as tolerable. But the 
approximate circuit must be very sim¬ 
ple; for it is merely one dement in a 
network which may consist of many 
other elements, all of which enter into 
the equations which describe the switch¬ 
ing surge. 

Now a transformer, reactor, or other 
distributed winding, even in the idealized 
case, consists of a complicated network 
of self and mutual inductances, ground 
and shunt capacitances, series resistances, 
etc. This circuit is entirdy too involved 
for use in the calculation of switching 
surges; so it therefore becomes expedient 
to examine the possibility of a much sim¬ 
pler drcuit which will react to switching 
in essentially the same manner as the 
apparatus which it replaces. It is, then, 
the object of this paper to make a theo- 

Paper number 39-76, recommended by the AIEB 
committee on power transmission and distribution, 
and presented at the AIBB winter convention, 
New York, N. Y., January 23-27, 1939. Manu¬ 
script subxnitted October 4, 1938; made available 
for preprinting December 31, 1938. 

L. V. Bbwlbv is an electrical engineer with the 
General Electric Company, Pittsfield, Mass. 


ening of the magnets from all causes. These 
figures do not indicate any serious meter 
troubles. 

The use of aluminum-nickd-cobalt brake 
magnets for watt-hour meters may, if Mr. 
Green*s predictions are justified by fidd 
experience, prove another step in the steady 
devdopment and improvement in watt-hour 
meters. 


Stanley Green: Since first drafts of this 
paper were prepared, months have gone 
by during which a continuation of the 
permanency tests on the new high-coercive 
magnets has been made. A great many 
of these magnets have now been on exact¬ 
ing permanency tests for over three years 
without a single instance being observed 
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retical enquiry concerning suitable ap¬ 
proximate equivalent circuits of this na¬ 
ture, to compare their behavior with test 
results, and to suggest how they may be 
used in switching-surge calculations. The 
scope of the paper is spedfically re¬ 
stricted, however, to transformers and re¬ 
actors. 

Switdiing surges are calculated on the 
assumption that the drcuit breaker inter¬ 
rupts the current at a 60-cycle '^current 
zero,'* and the switch operation is 
simulated mathematically by suddenly 
applying an equal, but opposite, 60-cycle 
current which cancds the steady-state 
value thereafter, and thus, in effect, opens 
the drcuit. Now for all practical pur¬ 
poses this “cancellation current’* may be 
regarded as a current with a linear rate 
of rise; for during the first few hundred 
microseconds after a 60-cyde current 
zero the sinusoid is essentially a straight 
line. It is to current-surges of this nature 
that equivalent drcuits are to be deter¬ 
mined. 

Reactors 

A reactor, under steady-state condi¬ 
tions, is simply an inductance; but when 
subjected to a suddenly applied surge of 
either voltage or current it may exhibit 
a violent oscillation due to its capad- 
tances to ground and between turns. 
These capacitances are small, and there¬ 
fore the natural frequences of osdllation 


to indicate anything contrary to the 
conclusions of the paper that the new 
magnet units are perfect as regards per¬ 
manency with respect to time. 

The immunity of the new high-coerdve 
units with respect to other types of disturb¬ 
ances, such, as magnetic or mechanical, is a 
still further insurance of permanency with 
respect to other factors than time. 

The dearth of discussion on the paper may 
be taken to indicate, I bdieve, a substantial 
agreement of readers with respect to the con- 
dusions reached rather than as any lack of 
interest in the general subject of the appli¬ 
cation of these new high-coerdve magnets 
to watt-hour meters. As was so kindly men¬ 
tioned by one of those who discussed the 
paper, the new magnets are a definite ad¬ 
vance in the watt-hour-meter art. 

Bswlcy — C^vouits 


are high—of the order of 10® to 10® cycles 
per second. 

The idealized equivalent drcuit for a 
uniformly distributed winding, such as a 
reactor coil on an iron core, is shown in 
figure 1, in which the distributed capad- 
tance to ground is represented by C, the 
capadtance between coil sections by K, 
and the inductance by L (which indudes 
the effect of the mutual inductance be¬ 
tween turns). 

Of course in the conventional air-core 
current-limiting reactor the capadtance 
to ground, C, is not entirely uniformly 
distributed along the stack, but no great 
error is committed by assuming it to be 
so. 

On the basis of certain simplifying as¬ 
sumptions regarding the distribution of 
the mutual inductance between coil sec¬ 
tions, the drcuit of figure 1 is solved for 
current surges in appendix I for both a 




Figure 1. Complete Idealized equivalent 
circuit of the transformer to high-frequency 
transients 


grounded and isolated “neutral** (the end 
opposite to which the surge is applied). 
While the complete solution, equation 23, 
contains an infinite number of harmonics, 
it is found that only the fundamental is 
of any practical importance. The line 
terminal response of a grounded neutral 
winding to an uniformly rising current 
surge of the form 

i « n (1) 

is essentially a pure sinusoidal oscillation 

e = 7 -( 1 - cos — 7 ==== ) (2) 

3\ 2VLC(4a2 + x*)/ 

This equation contains three parameters: 

• the effective inductance L of the winding 
under high-frequency conditions; the 
capadtance C of the winding to ground; 
and the charac terist ic initial distribution 
factor a » V C/K where JT is the series 
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capacitance from end to end of the wind¬ 
ing. 

It is clear from the form of the equation 
that after the transient oscillation has died 
out that the voltage is simply 


S V 2 (capacitance to ground) -|- 

(series capacitance) ( 6 ) 



and therefore X /3 must represent, the 
total inductance of the winding, 

^ Consider, now, the parallel U — C 
circuit of figure 2 subjected to the cur¬ 
rent surge of equation 1 . Its response 
voltage is 

e' » Ji'fl -cos—(4) 
\ ■VL'C'J 

Comparison of ( 2 ) and (4) shows that 
the simple circuit of figure 2 is equivalent 
to that of figure 1 , under switching surge 
conditions, if 

r/ ^ 

3 * over-all inductance of the 

winding (5) 



Figure 2. Simplified equiveJent circuit of a 
grounded-neutral transformer to current surges 



Thus the uniformly distributed wind¬ 
ing with grounded neutral oscillates with 
a single frequency about its final voltage 
as an asds; and behaves as though it 
were a simple L'—C' circuit in which 
X' is the inductance of the winding, and 
C is the sum of half its capacitance to 
ground and its series capacitance along 
the stack. 

If the neutral is isolated, it is shown 
in the appendix that the equivalent cir¬ 
cuit is that of figure 3a. This, however, 
is an unsymmetrical circuit, the induc¬ 
tance is not directly identifiable, and it is 
not possible to reduce it to the grounded 
neutral case by the closing of a switch. 
The S 3 nimietrical circuit of figure 3&, in 
which half the capacitance-to-ground is 
lumped at each end of the winding, and 
the inductance is that of the winding, 
has the same qualitative characteristics 
as figure 3a, and upon grounding the 
open terminal reduces to the grounded 
neutral case of figure 2 . 

It is therefore proposed to adopt figure 3b 
as the equivalent circuit for a reactor» 

The capacitance-to-ground, C, for air- 
core current-limiting reactors varies, de¬ 
pending upon their size and voltage 
rating, from 50 to 300 micromicrofarads, 
but the bulk of. them have a capacitance 
between 100 and 200 micromicrofarads. 
Placing a reactor in a metal cell will in¬ 
crease the capacitance some 25 per cent. 
The series capacitance, K, cannot be 
measured directly, since the turns are 
continuous, but the calculated values 
lie between 5 and 25 micromicrofarads; 
thus may be ignored in comparison with 
C, and the equivalent circuit reduced to 
that of figure 3a. 

A typical oscillogram of the current 
surge and resulting voltage transient on a 
grotmded neutral reactor is shown in fig¬ 
ure 4. This oscillogram was taken with a 
transient analyzer developed by C. M. 
Foust and G. W. Dunlap to study circuit 
transients of this nature by the ‘‘current 
injection method.” 

Transformer 

A transformer differs from a reactor in 
having two or more windings, and its sim¬ 
plest distributed network would consist 
of two circuits such as shown in figure 1 
superposed. But the solution of the 
differential equations for two mutually 
coupled (both magnetically and electro¬ 
statically) circuits of this nature is a 
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Figure 4. Current-surge and recovery-voltage 
transient of a reactor (C. M. Foust and G. W. 
Dunlap) 


rather formidable job; and to effect a 
solution at all necessitates introducing 
such simplifpng assumptions regarding 
the flux leakages as may seriously in¬ 
validate the results. Also, such a solu¬ 
tion would hold only if the windings were 
all on one core leg. For these reasons it 
is better to build up an equivalent cir- 
cuitfor a transformer by inference, taking 
advantage of both theory and test in its 
construction. 

The circuit of figure 5 appears to fulfill 
the requirements. It is a double-fre¬ 
quency circuit, just as would be expected 
from the superpositions of two single¬ 
frequency circuits (figures 1 and 2 ). It 
reduces to a single-frequency circuit if the 
secondary winding is grounded through¬ 
out its length, or if the two halves of 
the winding are on different legs of the 
core. The accessible terminals corre¬ 
spond to the actual terminals of the trans¬ 
former. In this circuit Cj « Cj/2 is half 
the total capacitance between windings; 
Ca = C 2/2 is half the total capacitance 
from the secondary to ground (the core). 
The terminal voltage corresponding to a 
switching surge, as given in appendix II, is 

a =» i/ (1 — cos 6 )/ — B sin Qt) ( 7 ) 

in which A and B are fractions whose 
sum is unity, and L is the leakage react¬ 
ance between the two windings. Equa¬ 
tion 7 is also the solution to figure 5&, and 
this simpler circuit may therefpre be re¬ 
garded as the equivalent circuit of the 
grounded-neutral transformer with short- 
circuited secondary. 

When the leakage reactance between 
the two halves of the secondary becomes 
very large, as when the winding is in 
series on two legs of the core, it is shown 
in appendix II that the transformer equi¬ 
valent circuit reduces to the single-fre¬ 
quency circuit of figure 2 , in which V is 
then the leakage reactance between pri¬ 
mary and secondary windings. Thus it 
is to be expected that when the windings 
are all on one core leg, that the voltage 
transient will have a double frequency, as 
shown by the oscillograms of figure 6 . 
But when the windings are on two legs, 

AIEE Transactions 



Tablet 




Figure 5. Equivalent circuit of a two-winding 
transformer to switching surges 



Figure 6, Current-surge and recovery-voltage 
transient of a transformer—all windings on 
one leg (C. M. Foust and G. W. Dunlap) 


there is essentially only one frequency 
present, us shown in figure 7. In the 
former case the oscillatory component was 
considerably reduced by the shunt resis¬ 
tor used as an oscillograph divider. 

While sufficient experimental data are 
not at hand to permit drawing a blanket 
conclusion, yet it is believed that it is per¬ 
missible to regard figure 2 as the equivalent 
circuit of a grounded neutral^ short-dr- 
cuited-secondary transformer to switohing 
surges. 

The capacitances C and K and the 
initial distribution factor a may be ac¬ 
curately calculated from the design 
sheet. 

Average values of the capacitance to 
ground, C, of single-phase core-type con¬ 
centric-winding power transformers are 
given in figure 8. The corresponding 
values per phase for three-phase trans¬ 
formers are approximately half the 
values of figure 8. It will be observed 
that the capacitance increases as the volt¬ 
age rating decreases, for the reason that 
the insulation distances are less for the 
lower voltages. However, as the volt¬ 
age teaches the lower levels there is very 
little cliange in the capacitance, because 
the insulation distances at these lower 
voltages are fixed by thermal (oil ducts) 
and mechanical (cylinders and spacers) 
considerations, rather than by voltage 
stresses. Figure 8 also shows that for 
the higher voltage ratings, the capacitance 
does not change much with either kilo¬ 
volt-amperes or kilovolts. These curves 
show the general trends, but individual 
transformers may deviate considerably 
from them. 

The ct factor for unshielded single¬ 
phase core-type, concentric-winding 


Bushing Rating (KiloTolts) 

IS 25 37 50 73 02 115 138 161 230 


Standard bushing.150_126... .100_100... .100_140... .180... .180... .180_220 

Capacitance bushing.225... .225... .225... .300 


power transformers is given as a band in 
figure 9. While this factor has a very 
definite tendency to decrease with an 
increase in voltage rating, there does not 
appear to be any correlation with kilovolt¬ 
ampere ratings, as evidenced by the criss¬ 
crossing of the kilovolt-ampere rating 
lines inside the band. The band, how¬ 
ever, is sufficiently narrow so that no 
great error is committed by taking a 
median value. The a. factors for three- 
phase transformers are given in figure 
10. In this case there is a distinct dif¬ 
ference between those transformers hav¬ 
ing single-circuit and those having paral¬ 
lel circuit windings, but otherwise the 
tendency is the same as for the single¬ 
phase case. It is to be emphasized that 
the a factors given in figures 9 and 10 
represent the average initial distribution 
throughout the winding, and are not an 
index of the steepness of the initial dis¬ 
tribution at the line end corresponding to 
an abrupt voltage surge. Actual trans¬ 
formers depart from the idealized one 
analyzed in the appendix, in that their 
initial distributions do not follow the 
theoretical a curves near the line end, but 
exhibit a greater concentration of volt¬ 
age there; unless this is corrected by 
shielding. 

The series capacitance K is easily es¬ 
timated from the curves of figures 8, 9, 
and 10 by the formula 



For example, a 30,000-kva 115-kv single¬ 
phase transformer has a capacitance to 
ground, according to figure 8, of C = 
4,600 micromicrofarads. A reasonable 
a. factor from figure 9 is « = 16. There¬ 
fore, the series capacitance would be of 
the order of 

« 1:55? « 18 micromicrofarads 
16* 

thus negligibly small compared to the 
capacitance to ground C. 

The approximate capacitance in micro¬ 
microfarads for standard bushings is given 
in table I. 

If the transformer secondary, instead 
of being short-circuited, is connected to 
some external impedance, then in the 
equivalent circuit that impedance is re- 

Bewley—Equivalent Circuits 


fleeted to the primary side by the square 
of the turn ratio, in the usual way, as 
shown in figure 11. 


Example 

What is the equivalent circuit of a 
6,667 - kva 116/23 - kv single - phase 
grounded-neutral transformer connected 
to a 500-ohm-surge-impedance transmis¬ 
sion line on the 116-kv side, and faulted 
to ground near the 23-kv terminal? The 
situation is shown in the top diagram of 
figure 12. The transformer has eight 
per cent reactance. 

The inductance dement is simply the 
leakage inductance of the transformer 
referred to the 23-kv side and is 


V 


i?. 

2irf 


(per cent IX) 


(kv)* 

(kva) 


10 X 8 X 23* 
377 X 6.667 X 3 


0.0056 henry 


The surge impedance of the transmis¬ 
sion line, referred to the 23-kv side, is 

n*Z = 


( 23 )* 
lll6f 


500 — 20 ohms 


From figure 8 the winding capacitance 
to ground of a 6,667-kva 23-kv trans¬ 
former would be 


C « 4,900 micromicrofarads 

From figure 9 the a factor would be of 
the order of a = 28 and the series ca¬ 
pacitance therefore 


K 


£ 4 ^ 

«* “ 28* 



Figure 7. Gihode-ray oidllograms of re¬ 
covery voltage on power traniformen (W. F 
Skeati) 
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From the table of bushing capacitances, 
for a 23-kv bushing 

Cfr » 125 micromicrofarads 

Therefore, the equivalent capacitance 
is 


Figure 9. Average 
a factors for single- 
phase core-type con¬ 
centric-winding trans¬ 
formers 


2 + + Cb 


, = -V- + 6 + 125 » 
2 

2,600 micromicrofarads 


The complete equivalent circuit is 
shown in the bottom diagram of figure 12. 

It is dear from the relative values of 
the capadtances as calculated for this 
example, that the series capadtance K 
and the bushing capadtance C& are of 
little consequence compared with the 
ground capadtance C, and may be ig¬ 
nored in comparison therewith. 


Tests 

There are two methods of making 
switching-surge tests: (1) actual drcuit- 
breaker operation, recording with a cath¬ 
ode-ray osdllograph, and (2) the “cur¬ 
rent injection*’ method with a spedally 
•designed transient analyzer. 

The two osdllograms of figure 7, fur¬ 
nished by W. F. Skeats, show the result 
of switching-surge tests on large power 



transformers: In both of these cases 

the cathode-ray osciUograph divider was 2 wotdd therefore be ample for these 
a capacitance at the terminal of the trans- cases. 

former, the effect of which was to slow The oscdloKrams of figures 4 and 6 
down the natural frequency. It will be T^re taken by C. M. Foust and G. W. 
noticed that in these oscillograms the Dunlap with a modified transient analy- 
oscfflations are essentially single frc- zer similar to that developed by K. J. R. 
quency, and in the second case it is a p^ Wilkinson‘ for studying switching surges 
mnusoid as near as can be told by in- tjig “current injection” method. This 
apection. The equivalent drcuit of fig- method consists of injecting current 

surges into the circuit under test at in¬ 
tervals sufficiently dose together so that 
Figure 8. Capacitance between windings of a steady image is projected onto the 
power transformers screen of the oscilloscope, which image 



maybe photographed for a permanent rec¬ 
ord. The current surge is a straight line 
starting at zero and rising at a uniform 
rate, and therefore simulates a switching- 
surge current. The osdllogram of figure 
6 was taken on the outside winding of a 
single-phase transformer, the inner wind¬ 
ing being short-drcuited and grounded. 
Both windings were entirely on the center 
core leg. There was, therdore, inductive 
coupling between the two halves of the 
inner winding, and in accordance with 
the theory, the recovery-voltage transient 
shows the characteristic double-frequency 
osdllations. Unfortunately, the voltage 
divider of the transient analyzer was a 
shunt resistor of such low value that the 
oscillations were severdy reduced, the 
high-frequency component being nearly 
'critically damped. 

Appendix I 

Grounded-Neutral Sin^e-^^ding 

The differential equation for the idealized 
transformer of figure 1, under high-fre¬ 
quency transient conditions, and neglecting 
the losses, is^ 

b*e 

a? 

1. For all numbered references, see list at end of 
paper. 
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Fisurc 10. Average time is required to build up a current in an 

a factors for three- inductive circuit. Thus at / *= 0 

phase core-type con- ^ 

centric-windins trans- 0 « 7 - ^ ^(C + A cos \x (19)’ 
formers 

Expressing 7 as a cosine series on the wave 
length X, 


^ __.sin -- 

4 _ 2 srx 

— 7 > -cos — =s 

TT S 2 

A cos (20) 

Therefore, substituting for X from (17), the 
A coefficients are found to be 


16 a sin -- 


^ - 7 


1C 5* X V4 


a - VcTk 


is the characteristic initial distribution fac¬ 
tor* of the transformer. 

The voltage equation now becomes, ex¬ 
plicitly: 


■4E 


16 a sin 


OW tw 

KILOVOLTS (line TO LINE) 


sm — sm— y ■ •= (23; 

2 2'V/7 C(4 a* -h 5* x*) 


_^ 5 ^ J .1 _j_j. T uniform rate s ** It, then the application or 


current is the applied current 7, so that 


a = S (il sin Xac-sin wt + B sinXx• coswi + 

C cos X*-siii w< + D cos >*-cos U) ^ j ^ ^ ^ ^ 

Substitution of (10) in (9) yields the from which it is dear that 

following relationsldp betwe^ the space 

wave length X and the time wave length w, j, . ^ j , ^ « fl . ^ 


uniform rate i * It, then the application of 
Duhamers theorem to (23) gives 


I == m - C A cosx-cosarf (16) 32 st 

sin-sin-X 


«- . - (n) 

Vi(c + Ja*) 

At the grounded neutral of the trans¬ 
former, jc * 0, the voltage is zero for all 
time, and (10) then gives 

0 = 2)(C sin -h P cos tat), or 
C « P « 0 (12) 


7(/) 7 and X «; s =» 1, 3, 6, . . . (17) 

2 

That part of the through current confined 
to the inductance is 


. • . • rr 

— J — ^ ^ X ^ IvX'COS < 


1 — cos 


S* X* Oti 


2ViC(4a» + s*) 



Li “LEAKAGE 
INDUCTANCE 


voUa^^felMSly ^ be zero, since 

finite current cannot instantaneously build 

up a voltage across a capacitance network. circuit 

Therefore by (10) ■ 

0 »■ SB sin \‘COS wi, or B =0 (13) J 1 ^ 

FAUUrV^ g 

The voltage equation thus reduces to | g 

c « Sil sin Xz*sin (14) ^ 

The total current flowing through the trans¬ 

former is* 

i “ C j ^ RgurelS. Example o— 

illusiratins use of the c'*c+k+c-^ 

B — C/ —A cos X3ff*cos wf + 7(0 (IS) simplified equivalent ^ 

^ circuit of a trans- 

in which 7(0 is an integration constant with former ^ 


- T\ T 

n«TURN RATIO C*«(§+k) 

Figure 11. Equivalent circuit with external 
impedance In secondary circuit 


faultV 

1 




(23 ftllS 
JKV ©KV 


TRANSMISSION LINE 
2« 500 OHMS 


> TRANSFORMER 
iPER CENT1X“S 


^L'-^ (PERCENT K) 


C'*-|*+K+Cb 
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Due to the presence of in the denominator 
of this equation it is clear that only the 
fundamental is of importance. For ex¬ 
ample, the next harmonic—^the third—^is 
only l/3< a 0.012 of the fundamental. 
Therefore, for all practical purposes 


y,- 32 VX 
« ^ /i sin — X 




(25) 


and at the line terminal of the transformer 
this becomes 


(26) 


Single*Phase Isolated Neutral 


When the neutral is isolated, there must 
be a continual increase in voltage for an 
applied unit function current, for charge is 
indefinitely accumulating on the capaci¬ 
tance to ground. Assume a solution of the 
form 


a = JS/ + HD cos X«‘sin tat 


(27) 


substitution of which in the differential 
equation 9 again yields (11) as the rela¬ 
tionship between the space and time har¬ 
monics. The total current flowing along 
the stack is 

/ be 

— « Hi) + CEx -h 

C ^ sin Xrc • cos <at (28) 

The current flowing in the inductance is 
b^e 

- JT — - /(o + 

CBx + (C -f- sin Xx<cos 

The boundary conditions are: 

e =» 0 at ^ = 0 
i «“ 0 at flc 0 
i - I at X =* 1 
= 0 at / — 0 


(29) 


(30) 


These are satisfied by putting 

CE =* I, I(t) =0, X = rir (31) 


and 

0 ^Ix + 




(C-hiOv,*) sinX, » (32) 


Multiplying (32) by (sin \x-dx) and inte¬ 
grating between the limits of 0 and 1 there 
results 


p.-^jzzr. 


cos Sir (33) 


The voltage equation now becomes 




sv 


X 


1 

cos sir 


C-^Ks^ir* 
cos sirx • sin Cist (34) 


If the applied current increases at a 
uniform rate, an integration of (34) between 
the limits / *= 0 and t ^ t gives 




cos si r , 


(1 — cos a>,0 cos sirx (35) 
The fundamental at the line end (x =» 1) 


IS 


(36) 


The circuit of figure 3a subjected to a 
uniformly rising current surge responds as 

^ 1 — cos ^ ■—^1 

\ TX"(Cia+GC3+C2C3)/J 


Equations 36 and 37 are of the same 
form and become identical if 

c, =jC. Ci=-C. 

9 2ir^ 


and therefore suggests figure 3a as the 
appropriate equivalent circuit. 


Appendix 11 

The canonical equations for the three- 
winding transformer of figure 6a are^: 


4* ^12*2 

(39) 

Z^i%\ -|- ZnH 

(40) 

tiiii 4“ fhH 

(41) 


in which, since windings number 1 and 
ntunber 2 are alike and symmetrical, 

ni as W3 =* » = (turns of number 1 or 
number 2)/(tums of number 0) 

<^11 *= ^22 ** n*Zo-i as n^pU s= leakage 
impedance, number 0 to number 1 

^12 “ — (^o-'l + Zo-2 — ^J-2) 

>^n*pL'-JPL" 

= leakage impedance number 1 to num¬ 
ber 2 


The constraints of the circuit are: 


^1 + d2 =* 0 

(42) 

=» S2 4* Cipei — Czpiec — ^) 

(43) 

i ^ It ^ Cspifii — di) 4* *0 

(44) 

Solving these six simultaneous equations for 
the terminal voltage: 

ft 4- ft ,, 

-■ C.C1 =< 


4 .C. + CA^,, 

4 

^ \«*X*^ft Xftft } ^ ' h^UCzCk 


(45) 


where L = (L' — i*^/4) » leakage impe¬ 
dance from number 0 to number 1 and 
number 2 in series. Equation 45 may be 
expressed in the form 


^ _ ft H" Cs _ H- 

ft ft {p^ + <a^){p^ “h Q*) 

The solution to (46) is 


(46) 


tfo -L/(l A cos tat — B sin (47) 

where 



The solution to the circuit of figure 56 is 

■ S+i; 


Thus figure 56 is equivalent to figure 5a if 


La 


AL; Lj, 
Ca « 


aa BL; 
1 

ta^Al} 


ft 


1 


(50) 


If the leakage inductance X"* between the 
two halves of the secondary winding is very 
large (L** «), as is the case when the 

windings on the two legs of the core are in 
series, then the terms of (45) containing L* 
drop out and its solution becomes the single¬ 
frequency transient 

eo - L/^1 - cos-^|»(SI) 
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L Introduction 

W HEN Marconi electrified the world 
in 1901 by sending radio signals 
across the Atlantic Ocean, he incidentally 
proved that the upper atmosphere is 
electrified. Diffraction was insufiSicient 
to explain the bending of the electro¬ 
magnetic waves around the 30 degrees 
of the earth’s curved surface. The waves 
could not penetrate the earth. So there 
was only one way they could go the in¬ 
credible distance, and that was by re¬ 
flection from one or more conducting 
strata in the atmosphere. So reasoned 
Professor A. E. Kennelly, and he pub- 
lished^ the idea a few months after Mar- 
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coni’s demonstration. Oliver Heaviside 
reached the same conclusion and pub¬ 
lished* it at nearly the same time; his 
paper however mentioned only a single 
layer. This postulated layer was known 
for a number of years as the Kennelly- 
Heaviside layer, and the entire ionized 
region in the upper atmosphere which 
affects the transmission of radio waves 
is now called the ionosphere. Radio 
waves transmitted by means of it are 
called sky waves, in contradistinction 
to the ground waves, those which are 
propagated along the earth’s surface. 

MHiile it might at first be astonishing 
that the extremely rare upper atmosphere 
could contain enough material to affect 
the passage pf radio waves, yet the very 
thinness of the air is what permits this to 
happen. At a height of 100 kilometers 
(62 miles) above the earth’s surface, for 
example, the air pressure is probably 
much less than a millionth of what it is 
at the earth’s surface, or the equivalent 
of a vacuum in an ^ectric-discharge 
vacuum tube. The air particles are 
separated so far from one another that 
collisions are far less frequent than in the 
lower atmosphere, and when an atom is 
ionized by solar radiation it remains 
ionized for a considerable time. There¬ 
fore at any given time a large proportion 
of the air particles are in an ionized con¬ 
dition. When a radio wave passes 
through such ionized air the electric 
force of the wave acederates the ions, 
which take on a certain amount of motion 
at the wave frequency, this accelerated 
motion in turn giving rise to radiation. 
There is thus an interchange of energy 
between the ionized air particles and the 
radio waves, with a net effect of reflection 
or refraction of the waves. 

It has been found from radio experi¬ 
ments that this ionized condition does 
not increase uniformly as the air pressure 
decreases with altitude. Because of 
varying distribution of chemical com¬ 
position of the air with height, and be¬ 
cause of the different gases’ differing 
capability of absorption of solar radia¬ 
tion of different frequencies, there are 
cert ain strata or layers in the air in which 

2, "Telegraphy,” Oiivw Heaviside, Encyclo¬ 
pedia Britannica, tenth ediUon, volume 83, De¬ 
cember 19, 1902, page 216. 
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a maximum of ionization exists, that is, 
the ionization is greater than it is either 
above or below the layer. 

The ionization of the ionosphere layers 
is principally due to ultraviolet radiation 
from the sun. The detailed processes by 
which the ionization is produced and 
maintained at any given levd, are ob¬ 
scured by the almost complete lack of 
precise knowledge of the composition, 
state of dissociation, and temperature 
at those levels. The ionization pro¬ 
duced in the da 3 rtime is carried over into 
the night by chemical, diectrical, or other 
reactions which are at present unknown. 
Some speculation has appeared in print 
on some of the details, but that is outside 
the scope of this paper, which is essenti¬ 
ally a presentation of the known facts. 
These facts are fairly complicated, and 
it is noteworthy that while some of them 
have been explained by some of the specu¬ 
lative theory, such theory has in each 
case been developed to fit the facts after 
the facts had been discovered. 

Ionosphere Structure 

Since the distribution of energy in 
the spectrum of radiation from the sun, 
and ibtewise possibly the chemical com¬ 
position and temperature of the air at 
different heights, vary at different times 
of the day and year, the ionized layers 
in the atmosphere do not remain always 
at the same height but vary diumally, 
seasonally, and otherwise, in both height 
and ionization. There may be a con¬ 
siderable number of such layers at a 
given time. Of these, two are permanent, 
and two others are semi-permanent. 
The two permanent ones axe called the 
E and F layers. The E layer is at a 
height of 90 to 140 kilometers at different 
times, usually about 110 kilometers. 
The term F-layer is ordinarily reserved 
for the other layer as it exists at night; 
in the daytime during most of the year 
it divides into two layers which are called 
the>xandJ^ 2 . The night i? layer is at a 
height of 180 to 350 or more kilometers. 
The Fx layer exists in the daytime (except 
in winter), at a height of 130 to 250 
kilometers. The Ft layer exists every 
day, at a height of 260 to 350 or more 
kilometers in the summer, dropping to 
about 150 kilometers in the winter day. 
(The “virtual” heights, defined later, 
are higher than these values.) The 
fourth layer, which is semipermanent, 
is the D layer; it exists only in the day¬ 
time and its height is of the order of 50 to 
90 kilometers. Little has been done on 
the determination of the quantitative 
characteristics of the D layer, its ^ects- 
being largely inferred rather than directly 
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observed. Existing knowledge covers 
mainly tbe E, E, Fi, and Fi layers.^ 

The structure of the ionosphere may 
be visualized in an elementary way from 
figure 1, which is for a typical su mme r 
da 3 rtime condition, the Fi and F 2 layers 
both being present as well as the E, 
This is drawn to scale, so the angles of 
reflection of radio waves from the layers 


sorption capability of each of the iono¬ 
sphere layers. Since each layer has a 
certain thickness it is necessary to define 
the sense in which the term height is 
used. A ray or wave train starts to 
bend toward the ground immediatdiy 
upon entering the layer, as illustrated in 
figure 2, and follows a curved path in the 
layer until it emerges at the same vertical 


of volume, that is, the ionization density. 
It requires a greater density of ioniza¬ 
tion to reflect the waves back to earth, 
the higher the frequency. It has been 
shown that, for electron ionization, the 
relation^ (for the ordinary ray) is 

N » 0.0124 f (1) 

where N is the number of electrons per 



may be estimated correctly. The three 
layers are shown as mere thin Hnes, for 
simplicity. The layers have in fact a 
certain thickness, and the density of 
ionization varies somewhat in this thick¬ 
ness. At the right of the diagram is a 
rough illustration of a possible distribu¬ 
tion of ionization density with height. 

Dotted lines indicate two of many pos¬ 
sible paths of radio waves from a trans¬ 
mitter to a receiver as transmitted by 
reflection from the ionosphere layers. 
This picture, simple as it is, does in fact 
represent the basic mechanism of radio¬ 
wave transmission over long distances. 
When we consider the variations of 
ionization and height of the layers with 
time, and the effects of the ionization 
upon the received intensity and the limits 
of transmissible frequency at any par¬ 
ticular time, the picture loses its sim¬ 
plicity. The purpose of the present 
paper is to outline the principal known 
facts and implications of this complicated 
situation. We shall see that the phe¬ 
nomena of long-distance radio trans¬ 
mission may be completely explained by 
the ionosphere. 

Ionosphere Characteristics 

There are three principal ionosphere 
characteristics which determine radio 
transmission. These are the height, the 
ionization density, and the energy ab- 

2a. The D, B, and F layers were first identified 
by E. V. Appleton (Papers of the TJRSI General 
Assembly, Washington, 1927, volume 1, part 1, 
page 2). The Fi and Ft layers were first identified 
by J. P. Schafer and W. M.' Goodall iNature, 
volume 131, 1933, page 804) and S, S. Kirby, L. V. 
Berkner, and B. Id, Stuart (IRE Proceedings] 
volume 21, 1933, page 757). The Z> layer was 
first shown to serve as a reflecting layer by N. 
Smith and S. S. Kirby (Physical Review, volume 
61, 1937, page 890). 


Figure 1. The principal layers of the iono¬ 
sphere, drawn fo scale for a particular time 
of day and year 


angle at which it entered. It has been 
shown* that the time of transmission 
along the actual path BCD in the ionized 
layer is the same as would be required 
for transmission along the path BED if 
there were no ionized particles present. 
The height h, from the ground to E, the 
intersection of the two projected straight 
parts of the path, is called the virtual 
height of the layer. This is the important 
quantity in all measurements and applica¬ 
tions. 

The virtual height of a layer is meas¬ 
ured by transmitting a radio signal from 
A, and receiving at F botli the signal 
transmitted along the ground and the 
echo, or signal reflected by the ionosphere, 
and measuring the difference in time of 
arrival of the two. The signal is a 
special, very short pulse in order that the 
two may be separated in an oscillograph, 
as the time differences are mere thou¬ 
sandths of a second. The difference 
between the distance {AE •+■ EF) and 
AF is found by multiplying the measured 
time difference by the velocity of light. 
From this and the known distance AFy 
the virtual height h is calculated. It is 
usually convenient to make AF zero, 
that is, to transmit the signal vertically 
upward and receive it at the same place 
(and the term “virtual height,'’ rigor¬ 
ously defined, is for this case). 

The effectiveness of the ions in re¬ 
flecting the waves back to earth depends 
on the number of ions present in a unit 

8. Page 671 of curtide, **Jh Test of the Existence 
of the Conducting Layer,** G. Breit and M. A. 
Tuve, Physical Review, volume 28, 1926, page 654. 


cubic centimeter and / is the highest 
frequency, in kilocycles per second, at 
which waves sent vertically upward are 
reflected back to earth. Waves of all 
frequencies higher than tliis pass on 
through the ionized layer. This fre¬ 
quency is called the critical frequency, 
and measurement of it is, with the equa- 



Figure 2. Diagram for explanation of virtual 
height of ionized layer 


tion just given, a means of measuring the 
max imum ionization density in an ionized 
layer. 

The critical frequency is thus the 
practical measure of the ionization den¬ 
sity, the second of the principal quan¬ 
tities determining the role of the iono¬ 
sphere in radio transmission. The way 
the critical frequency is measured is to 

4. Rdation evolved through the work of Eccles 
(1912); Larmor (1924); Breit and Tuve (1926); 
Appleton (1981); GilUland, Kenrick, and Norton 
(1931); and given as equation 6a of **8tudies of 
the Ionosphere and Their Application to Radio 
Transmission,** S. S, Kirby, L. V. Berkner, D. M. 
Stuart, Bureau of Standard Journal of Reseat^, 
volume 12, 1984, page 16 (research paper 632). 
A summary of the scientific aspects of the iono¬ 
sphere is given in **The Physics of the Ionosphere,** 
H, R, Mimno, Reviews of Modern Physics, volume 
9,1937, page 1; this article also presents a valuable 
bibliography, comprising 309 references (the litera¬ 
ture is so extensive that even this list is far from 
complete). 
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determine the virtual height of the layer 
by the method mentioned above, using 
vertical or nearly vertical transmission 
(that is, with the transmitter and receiver 
not far apart), and keep increasing the 
frequency until signals are no longer 
received back from the layer. The high¬ 
est frequency at which signals are re¬ 
ceived back from the layer is the critical 
frequency of that layer. (For some 
purposes this definition is not exact; 
see discussion of ‘‘sporadic E** in section 
IV.) The results of such a measurement 
are illustrated in figure 3. Starting at 
a frequency below 2,000 kilocycles per 
second, the virtual height is found to be 
about 110 kilometers, and remains at 
about this height until about 3,000 
kilocycles per second. The critical fre¬ 
quency of the E layer at the time of this 
measurement is thus 3,000 kilocycles per 
second. At this frequency the waves 
penetrate the E layer and go on up to a 
higher layer, the F 2 . The F 2 layer has a 
greater ionization density and so it re¬ 
flects back waves of frequency greater 
than 3,000 kilocycles per second. It is 
not until frequencies greater than 12,000 
kilocycles per second are used that the F 2 
layer fails to reflect them, in the case 
illustrated. 

Near the critical frequency the waves 
are excessively retarded in the ionized 
layer, which accounts for the abnormal 
rise of the curve at the critical frequency. 
At the right of the curve appear two 
critical frequencies for the F 2 layer. This 
is an indication of double refraction of 
the waves due to the earth’s magnetic 
field, two componentsof different polariza¬ 
tion being produced. One is called the 
ordinary ray and the other the extra¬ 
ordinary ray. The symbols 0 and x 
are used for these, respectively. The 
critical frequency of a layer n is repre¬ 
sented by the symbol /„, and to such 
symbol the c? or ac is added as a super¬ 
script. Thus the critical frequencies of 
the F 2 layer for tlie ordinary and extra¬ 
ordinary rays are indicated by the re- 

Fisure 3. Relation between observed virtual 
height and frequency of radio waves 


spective S 3 niibols, /f 2 ® and /j' 2 *. In the 
case of the E layer, usually the ordinary 
ray predominates and the extraordinary 
ray is so weak it does not affect radio 
reception. 

Automatic recording equipment is 
used by the National Bureau of Stand¬ 
ards and a few other laboratories to 
record the virtual heights and critical 
frequencies of the ionosphere layers. A 
sample record is shown in figure 4. In 
this case (afternoon in May 1933) the 
£-layer critical frequency was 2,900 
kilocycles per second and the Fi-layer 
critical frequency was 3,800 kilocycles per 
second. The dark curved line in the 
upper right comer of the figure of the 
same shape as the line below it, is a 
multiple reflection, that is, the wave was 
not only reflected back from the F 2 
layer, causing the lower line, but was 
then reflected back up from the earth’s 
surface and down again a second time 
from the F 2 layer. 

Measurements of the type just de¬ 
scribed are usually made at vertical 
incidence, that is, the waves are trans¬ 
mitted straight up to the ionosphere and 
received at a place not far from the trans¬ 
mitter. Strange as it may seem, such 
measurements tdl us a great deal about 
long-distance radio transnfission. Thus, 
from the results of such measurements 
can be calculated the upper limit of 
frequency usable over any given distance. 
A simple relation for reflection from a 
sharply defined layer follows from con¬ 
sideration of its dielectric constant and 
index of refraction. To a first approxi¬ 
mation,® 

fm “ fe sec (ft = /<j/cos <!> (2) 

where fm is the maximum usable fre¬ 
quency over any distance,is the critical 
frequency measured as above described 
at vertical incidence, and <l> is the angle 
of incidence of the waves at the iono¬ 
sphere, that is, the angle between the 
wave’s line of travel a and the vertical 
line giving the virtual height h in figure 
5 . This is only a first approximation, 
as we shall see later, but it is close enough 
to permit estimating certain important 
effects and results. From figure 5, 
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SECOND 


Figure 4. Example of frequency-height rec¬ 
ord as recorded by automatic multifrequency 
recorder of ionosphere echoes 

May 8,1933 


sec < 3 ^ = a/hy h being the virtual height 
of the ionized layer. Also, 

Id* 

a « -y- + ^2 

d being the horizontal distance of trans¬ 
mission. Therefore, 

fm =/.J— + 1 (3) 

If 4^* 

This is the approximate rdation between 
the usable frequency at a 

distance d between transmitter and re¬ 
ceiver, and the two important characteris¬ 
tics of the ionosphere layer, the virtual 
height h and critical frequency /<.. 


Skip Distance 

An interesting consequence of this 
rdationis: the distance at which a given 
frequency is the maximum usable is 
also the minimum distance over which 
that frequency is receivable, that is, 
there is a zone around the transmitter in 
which the frequency is not receivable 


L Kdation following directly from Sn^'s law 
»f refraction and Eedes-Larmor equations ^ for 
odex of refraction in an ionized medium. Derived 
>y my colleagues in National Bureau of Standards 
n 1934; published in *‘Multifrequency Ionosphere 
Recording and Its Significance,” by T. R. GilUland, 
!Tational Bureau of Standards Journal of Researeht 
rolume 14, 1936, page 283 (research paper 768); 
n document ”Study of Question 7 Proposed for 
he Fourth Meeting of the C.C.I.R., Report Sub- 
nitted by U.S.A.,” 1936; and elsewhere, for 
sample, in ‘‘Maximum Usable Frequencies fm 
Etadio Sky-Wave Transmission, 1933 to 1937, 
)y T. R. GilUland, S. S. Kirby, N. Smith. S. E. 
Reymer, National Bureau of Standards Journal 
)f Research, volume 20, 1938, page 627 (research 
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but outside of which it is receivable. 
Thus figure 6 shows the calculated upper 
hmit of frequency of waves reflected 
back by the ionosphere for various dis¬ 
tances, for a particular time (midnight, 
December 1937, layer). This was 
calculated by the simple formula (3) 
with the virtual height h ~ 310 kilo¬ 
meters and fc * 4,180 kilocycles per 
second. The maximum frequency re¬ 
ceivable at a distance of, say, 1,200 kilo¬ 
meters is 8,300 kilocycles per second, and 
this is higher than that receivable at any 
shorter distance. This means that radio 
waves of a frequency of 8,300 kilocycles 
per second are reflected by the F layer 
of the ionosphere and receivable at a 
distance of 1,200 kilometers or more, but 
at any shorter distance such waves 
pass on through the F layer to outer 
space and are lost. Consequently the 
zone around the transmitter of a radius 
of 1,200 kilometers is a skipped zone for 
the frequency of 8,300 kilocycles per 
second, and the distance of 1,200 kilo¬ 
meters is called the skip distance for that 
frequency at that time.' There is good 
reception beyond the skip distance and 
none within it. This is subject to the 
qualification that there is a short dis¬ 
tance close to the station in which recep¬ 
tion by the groimd wave is possible; this 
is of no interest in long-distance reception 
and is outside the scope of this paper. 
There is also some reception, usually weak 
and unsatisfactory, within the skipped 
zone due to scattered reflection of waves 
from irregular ionized patches in the 
ionosphere (see section IV hereinafter). 

The reality of the skip distance is quite 
striking. It frequently happens that, in 
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Figure 5. Simplified a^ometiy of angle of 
Incidence of radio waves on ionosphere 
layer 


order to get radio messages through on a 
certain high frequency over a short dis¬ 
tance, two stations not far apart com¬ 
municate with one another by rda 3 dng 
their messages through a third station a 
great distance from both. For example, 
two stations in Pennsylvania 100 kilo¬ 
meters apart may be unable to send mes¬ 
sages directly to each other on 15,000 
kilocydes pq: second but both may easily 
communicate with a station in South 
America and relay messages through it to 
each other. 


n. Regular Characteristics 
of the Ionosphere 

Since the upper limits of frequency 
usable for radio transmission over a given 
distance depend directly upon the virtual 
heights and critical frequencies of the 
layers of the ionosphere, and since these 
are constantly var 3 ring with time of day, 
season, and other factors, it is particularly 
important to have definite data on the 
variations of these two ionosphere char¬ 
acteristics. Radio transmission condi¬ 
tions in general follow the critical fre- 
quendes; for example, when the critical 
frequendes are high the maximum usable 
frequendes and the best frequencies for 
radio communication are also high. In 
view of the known relations between radio 
transmission and ionosphere data, the 
facts of radio transmission can indeed be 
summarized in far more compact form in 
terms of ionosphere data than in terms of 
direct radio data. 

A survey of the factual data of the 
ionosphere is in some respects like a sur¬ 
vey of weather conditions. Like the 
predominant roles played in weather 
phenomena by atmospheric pressure, 
temperature, and humi(Hty, we have the 
predominant roles played in ionosphere 
phenomena by the ionization, the virtual 
height, and the absorption. Our task 
is to learn the characteristic variations 
of these factors. While the two realms, 
weather and ionosphere, have this simi¬ 
larity, they are, so far as we know, inde¬ 
pendent of each other. Weather is local; 
the ionosphere phenomena are world¬ 
wide, Weather is due to happenings in 
the troposphere, extending about ten 
kilometers above the earth^s surface, while 
the ionosphere phenomena occur at 
heights many times this. The seasonal 
effects in the ionosphere are s 3 mchro- 
nous with the sun’s position, not lagging 
a month or two as do the seasons of 
weather. Ionosphere phenomena esdiibit 
a greater regularity than weather phe¬ 
nomena and are in some respects better 
understood, 

A large body of facts regarding the 
virtual heights and critical frequencies 
of the ionosphere layers is now available. 
Much less is known about the absorp¬ 
tion. All three vary from hour to hour, 
from season to season, and from year to 
year. Each of these variations would 
be expected because of their dependence 
upon radiation from the sun. The ultra¬ 
violet radiations from the sun vary in an 
11-year cyde. The last minimum was in 
1933, and there were maxima in 1927 
and 1938. The ionosphere was under 
study throughout this cycle, and we have 
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consistent data particularly for the last 
six years. The present is a good time to 
summarize the facts of the ionosphere, 
for it is only now that we have come into 
comprehensive possession of such facts 
throughout the entire significant period 
of half a solar cycle. 

The only place where the ionosphere 
is known to have been continuously under 
observation for this period is the National 
Bureau of Standards at Washington. 
The measuring technique® involves oscil¬ 
lographic observation of radio echoes of 
a sharp pulse. Similar work has been 
done from time to time by numerous 
observers and laboratories, and continu¬ 
ous observations are now in progress in 
many countries. Knowledge of the be¬ 
havior of the ionosphere is coming to be 
so important in the operation of radio 
services that the National Bureau of 
Standards broadcasts information on the 
ionosphere characteristics and vagaries 
from its radio station WWV one day 
each week. These regular broadcasts 
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Figure 6. Relation between limit of fre¬ 
quency receivable and distance of transmis¬ 
sion, calculated by simplified formula for a 
particular time (midnight, December 1937, 
F layer) 

were begun in 1937. It may be necessary 
in the future to have such service daily 
from a number of places, like the weather¬ 
forecasting service. 

Virtual Heights 
AND Critical Frequencies 
A satisfactory way in which to present 
and use the data on ionosphere layer 

6. “A Test of the Existence of the Conducting 
Layer,” G. Breit and M. A. Tuve, Physical Review, 
volume 28, 1926, paire 654. 

“Preliminary Note on an Automatic Recorder 
Giving a Continuous Height Record of the Ken- 
nelly-Heaviside Layer,” T. R. Gilliland and G. W, 
Renrick, Bureau of Standards Journal of Research, 
volume 7, page 783, 1931 (research paper 373); 
IRE Proceedings, volume 20, 1932, page 640. 
“Note on a Multifrequehcy Automatic Recorder 
of Ionosphere Heights,” T. R. Gilliland, Bureau 
of Standards Journal of Research, volume 11, 
page 661, 1983 (research paper 608); IRE Pro- 
ceedings, volume 22, 1934, page 236. 

“Studies of the Ionosphere and Their Application 
to Radio Transmission,” S. S. Kirby, L. V, Berk- 
ner, and D. M. Stuart,' Bureau of Standards 
Journal of Research, volume 12, 1934, page 15 
(research paper 632); IRB Proceedings, volume 22, 
1984, page 481. 
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heights and critical frequencies is by 
means of graphs of monthly averages of 
these quantities as a function of time of 
day. The monthly average is significant 
because the variations from day to day are 
small, usually less than 15 per cent, except 
for disturbed days, which constitute a 
separate subject, treated in section IV. 
Typical examples of the monthly average 
graph are given in figure 7, showing sum¬ 
mer and winter conditions. Similar 
curves have been published’ by the Na¬ 
tional Bureau of Standards for every 
month from May 1933 to the present, 
and continue to be published in the 
Proceedings of the Institute of Radio 
Engineers each month. Such data are 
also published® in tabular form every 
quarter. 

The virtual heights shown in these 
graphs are the heights for the lowest 
frequencies used in the determinations. 
There is a slight variation of height with 
frequency, as suggested in figure 3, and 
as discussed in section III hereinafter, 
but the variation is small and can be 
neglected for many purposes. The ver¬ 
tical dashed lines on the graphs are for 
the times of sunrise and sunset at the 
ground, not the earlier sunrise time and 
later sunset time at those heights in the 
atmosphere where the ionosphere layers 
are located. While this is surprising at 
first sight, the ground times of sunrise 
and sunset are the logical ones to con¬ 
sider, because the sunlight arriving tan¬ 
gentially to the earth^s surface cannot 
reach any atmospheric level above the 
dark hemisphere without having first 
traveled down through that and lower 
levels above the lighted hemisphere, 
and the ionizing radiation would be 
largely absorbed in those lower levels. 


7. "Mttltifrequency Ionosphere Recording and 
Its Significance/* T. R. Gilliland, Bureau of 
Standards Journal of Researcht volume 14, 1935, 
page 283 (research paper 769); IRB Proceedings^ 
volume 23, 1935, page 1076. 

Characteristics of the Ionosphere and Their 
Application to Radio Transmission,** T. R. Gilli¬ 
land, S. S. KUrby, S. B. Reymer, and N. Smith, 
Bureau of Standards Journal of Research, volume 
18, 1937, page 645 (research paper 1001); IRB 
Proceedings, volume 25, 1937, page 823, 

** Characteristics of the Ionosphere at Washing¬ 
ton, D. C., January to May, 1937,** T. R. Gilliland, 
S. S. Kirby, N. Smith, and S. B. Reymer, IRE 
Proceedings, volume 25, 1937, page 1174. 
**Charact^stics of the Ionosphere at Washing¬ 
ton, D. C., .../* published each month in IM 
Proceedings for Uie second month before, starting 
with the September 1937 issue. 

8. ^'Averages of Critical Frequencies and Virtual 
Heights of the Ionosphere Observed by the Na¬ 
tional Bureau of Standards, Washington, D. C., 
1934-36,*’ T. R. Gilliland, S. S. Kirby, N. Smith 
and S. B. Reymer, Terrestrial Magnetism and 
Atmospheric Electricity, volume 41. 1936, page 379. 
Similar summaries in each succeeding quarterly 
Issue. 


9. Relation given on page 251 of '‘Radio Observa¬ 
tions of the Bureau of Standards During the Solar 
Bdipse of August 81, 1932,*' S. S» Kirby, L. V. 
Berkner, T. R. Gilliland, K. A. Norton, IRE 
Proceedings, volume 22, 1934, page 247, 
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Figure 7. Typical summer and winter monthly 
averages the diurnal variation o^ virtual 
heights and critical frequencies 

Doubtless some of the ionizing radiation 
does reach the ionosphere somewhat be¬ 
fore ground sunrise and after ground sun¬ 
set, but it is by scattering, diffusion, or 
other special process. 

The abscissas in figure 7 are time of 
day (Eastern standard time), on a 24- 
hour basis, for example, 0 = midnight, 
14 = 2 p.m., etc. The following sym¬ 
bols are used: 

fs critical frequency of the E layer. 
This is the critical frequency of 
the ordinary ray unless otherwise 
specified. When it is desired to 
specifically indicate it as that of the 
ordinary ray, the symbol is /g®. 

fpf « critical frequency of the Fi layer, 
extraordinary ray. 

= critical frequency of the F 2 layer, 
extraordinary ray. The night por¬ 
tions of the curve are for the 
F layer. The symbols for F and 
F 2 at night are sometimes used 
interchangeably. 

Variations With Time op 
Day and Season 

No regular diurnal or seasonal varia¬ 
tion is observed in the virtual height of 
the E layer; which appears to be almost 
always between 110 and 120 kilometers. 
The critical frequency of the JS layer 
has however a regular diurnal and sea¬ 
sonal variation. It varies synchronously 
with the altitude of the sun, reaching the 
diurnal maximum at noon, and having 
a higher diurnal maximum in the sum¬ 
mer than in the winter. This behavior 


accords with the simple theory of ioniza¬ 
tion by ultraviolet radiation from the 
sun, according to which, assuming re¬ 
combination of ions to be sufficiently 
rapid,® 

fs « ( 4 ) 

where ^ is the zenith angle of the sun, 
and K is 0 , factor depenifing on the in¬ 
tensity of the solar radiation. This holds 
within fairly close limits for values of ^ 
not too dose to 90 degrees, during the 
daylight hours of any one day. 

No such simple relation characterizes 
the variation of the critical frequendes 
of the F, Fi, and F 2 layers. As may 
be seen from figure 7, the daytime critical 
frequendes of the F 2 layer are much 
higher in the winter than in the su mm er 
(although reports from the southern 
hemisphere indicate that the reverse is 
true there), and the night critical fre¬ 
quendes are somewhat lower in winter 
fha-n in summer. The diurnal m ax i m um 
of the F 2 critical frequency almost always 
occurs after noon, and is much later in 
the day in summer than in winter. The 
post-sunset drop in the night F critical 
frequency is much more rapid in the win¬ 
ter than in the sunamer; indeed in s umme r 
the midnight F critical frequency is 
sometimes as high as the noon F 2 critical 
frequency. The outstanding characteris¬ 
tics of the F 2 critical frequency are (1) 
a seasonal variation inverse to that of the 
E critical frequency, and (2) a diurnal 
lagging bdiind the altitude of the sun. 
The F and F 2 maximum critical fre¬ 
quency occurs in the winter day, and the 
mininniiTn in the winter night. The day 
and night summer values are between 
these extremes. 
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The i ?2 layer also differs markedly from 
the other layers in having much greater 
height in the summer than in the winter. 
The F 2 layer acts as though it were ex¬ 
panded by the heat in summer, resulting 
in higher virtual height and also greater 
volume for a given number of ions and 
thus lower ionization density and lower 
critical frequency. This is not a com¬ 
plete explanation, as the F 2 layer has 
many other anomalies, for example, a 
slight drop of critical frequency in mid¬ 
winter from the seasonal TnaYiminn . 

Year-to-Year Variations 

Superposed on the variations of the 
ionosphere characteristics with season 
are the long-time variations with the 
solar cycle, caused by the rising and 
falling in an 11-year cycle of the sun^s 
ultraviolet radiations. Practically the 
entire period of the observations imder 
discussion, 1933 to the present, has been 
one of increasing solar radiation, as we 
are now at about the top of the cyde. 
There has consequently been an increase 
from year to year in the ionization and 
the critical frequency of all the layers. 
The trend reversed in 1938 and the 
critical frequencies will in general de¬ 
crease until about 1944. 

The heights of the various layers do 
not change appredably from year to 
year. The chief change in respect to 
them is the disappearance of da 3 rtime 
jP-layer stratification in the winter as the 
solar cycle advances. Thus, figure 7 
shows no Fi layer in December 1936, 
whereas in 1933 to 1935 there was a 
stratification into Fi and F 2 layers in 
winter as well as in the summer although 
the stratification was much less marked in 
the winter than the summer. 

Both seasonal and year-to-year changes 
of the E-layer critical frequency are 
shown in figure 8, curve 5. This gives 
the average fg at noon for each month. 
The full-line curve h shows the rise each 
sum m er and drop each winter, the dimb 
to higher values each year, and also some 


minor fluctuations. To examine these 
three things separatdy, it is possible to 
redraw the curve with the seasonal 
variations eliminated, and this has been 
done. By means of equation 4, it is 
possible to calculate the value of the E- 
layer critical frequency at that point on 
the earth’s surface where the sun’s 
radiatio n is p erpendicular; this is JT, 
or /b/'^cos and it is plotted as the 
dashed curve. 

For comparison, curve a gives average 
sunspot numbers for each month. The 
spots on the sun increase in number and 
activity as the solar cyde progresses, and 
it is believed that the intensity of the 
ultraviolet radiations causing the ioniza¬ 
tion of the layers of the ionosphere 
increases along with the sunspots. 
Neither the sunspots nor the ultraviolet 
radiations are the cause of the other, but 
both are manifestations of those pro- 
foimd activities within the sun which 
undergo the 11-year variation. It is not 
possible to compare directly against 
measured ultraviolet radiation from the 
sun because all the radiations which 
produce the ionosphere phenomena are 
absorbed in the ionosphere and do not 
reach the surface of the earth. The 
comparison with sunspot nmnbers is 
merdy a comparison with a crude index 
of solar activity, but it is of some value. 

The detailed correspondence of the 
dashed curve b with sunspot numbers is 
in fact impressive. It shows not only 
that the E-layer ionization follows the 
general trend of the sunspot numbers, but 
that the detailed changes from month to 
month show a fair amount of agreement. 

Figure 8, Variations of monthly average 
sunspot numbers and critical frequency of the 
E layer, 1933 to 1938 

The solid curve (h) is the E-layer critical 
frequency as observed at Washington, and 
the dashed curve is the calculated E-layer 
critical frequency at the point where the 
sun’s radiation is perpendicular 


There is also fair week-to-week but not 
day-to-day corrdation. 

The F 2 layer presents a more compli¬ 
cated picture, since purely terrestrial 
influences, such as the temperature of the 
layer, play an important part. No such 
simple method therefore exists for elimi¬ 
nating diurnal and seasonal variations as 
may be done for the E layer. Figure 9 
shows the variation, by average for each 
month, of the F 2 and F critical frequency 
for various parts of the day. The 
“midmoming” curve is for the time 
halfway between midnight and sunrise, 
and the ‘‘diurnal minimum” curve is for 
the time when the F critical frequency 
reaches its lowest value, about 30 minutes 
before ground sunrise. The midforenoon, 
midaftemoon, and midevening curves 
are for times halfway between sunrise 
and noon, noon and sunset, and sunset 
and midnight, respectively. All of these 
curves show the general rise in critical 
frequencies superposed on the seasonal 
variation. The amplitude of the seasonal 
variation, as well as the average value, 
has risen each year, and is thus greater 
for greater solar activity. The high 
da 3 d;ime values in winter, and high night 
values in summer, stand out. The mid¬ 
winter dip in the daytime curves should 
also be noted. The diurnal minimum 
curve shows the least seasonal variation; 
this might be more or less expected, 
since the influence of the sun is least at 
this time. 

Twelve-month running averages, which 
eliminate the seasonal variations, are 
given as dotted lines for the noon and 
the diurnal minimum values. They show 
more clearly the trend from year to 
year, and also make it easy to see the 
amplitude of the seasonal variations. 
It is interesting to compare them with the 
curve of sunspot numbers in figure 8. 

The long-time trend of the ionosphere 
critical frequencies is shown more clearly 
in figure 10. The general trend paralld 
to that of the sunspot numbers is striking. 
All had their minimum in 1933 and maxi- 
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Figure 9. Varia** 
tions of monthly 
average F 2 and F 
critical frequency, 
1933 to 1938 


1933 


1935 


1936 


1936 


mum in 1937. Again we see evidence 
that the sunspot numbers and the ultra¬ 
violet radiations which ionize the iono¬ 
sphere have a close interrelation. The 
situation revealed in figure 10 is one of 
the most interesting of all the results 
3 delded by radio-wave-transmission re¬ 
search. 

Variations With Longitude 

AND Latitude 

The data presented in tWs paper are 
mostly those obtained in and near Wash¬ 
ington, D. C., where the latitude is 39 
degrees north. It is important to in¬ 
quire how representative these are: are 
the ionosphere characteristics the same 
at other longitudes and latitudes? There 
is no a priori reason to expect any variation 
with longitude other than the large 
variations characteristic of the local time 
of day prevailing simultaneously at dif¬ 
ferent longitudes. Ionosphere data from 
different longitudes in the same general 
range of latitude are limited. However, 
some information has been published in 
the past year, particularly from Japan, 

10 , "On the Long-Period Variations in the Ft 
Refi^on of the Ionosphere,” K. Tani, Y. Ito, H. 
Sinkawa» Report of Radio Research in Japan, 
volume 7, 1937, page 91; also IRE Proceedings, 
volume 26, 1938, page 1340. 

"Annual Variations in Upper-Atmospheric Ioni¬ 
zation,” K. Maeda, T. Tukada, T. SZamoshida, 
Report of Radio Research in Japan, volume 7, 
1937, page 109. 
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and no material differences from the 
Washington data are found. 

Latitude is quite another matter. It 
is to be expected that the varying angle 
of incidence of the solar radiations with 
latitude would lead to greater ionization 
in equatorial than polar regions. Data 
are limited; the available information^^ 
indicates that changes with latitude, other 
than those occasioned by the difference 
of season as the equator is approached or 
crossed, are not great. Measurements 
at latitude 12 degrees south indicate that 
the amiual average critical frequencies 
(and thus the ionizations) are somewhat 
higher, and the virtual heights somewhat 
lower, than at Washington, 39 degrees 
north. There is relatively little seasonal 
variation near the equator. Measure¬ 
ments at latitude 70 degrees north, on the 
other hand, show lower average critical 
frequencies, and greater variations with 
season, than at Washington. 

The variation with latitude is bound up 
with another effect, the occurrence of 
ionosphere disturbances, different types 
of which produce effects which are dis¬ 


11 . "Annual Variation of the Critical Frequencies 
of the Ionized Layers at Tromso During 1937,” 
L. Harang, Terrestrial Magnetism and Atmospheric 
Electricity, volume 43, 1938, page 41. 

”The Ionosphere at Huancayo, Peru, November 
and December 1937,” H. W. Wells and H. B. 
Stanton, Terrestrial Magnetism and Atmospheric 
Electricity, volume 43, 1938, page 169. 

DelUnger—Ionosphere 


tributed differently in latitude. In par¬ 
ticular, disturbances called ‘‘ionosphere 
storms,” lasting a day or more and 
causing great changes in the layer 
height and ionization, are more intense 
and more frequent as the magnetic pole is 
approached. It is therefore important 
to separate days of this type from the 
undisturbed days, particularly when 
considering data from higher latitudes. 
This is discussed further in section IV. 

m. Normal Radio Transmission 

As explained in section I, some of the 
important facts of radio wave transmis¬ 
sion over great distances are determin¬ 
able from the characteristics of the iono¬ 
sphere. We shall now inquire more 
carefully into the way in which this is 
done, and explain the application of these 
facts to practical radio-communication 
problems. 

Relation of Oblique to 

Vertical Incidence 

To compute long-distance radio data 
from ionosphere data is essentially to 
determine the relation between radio 
transmission incident obliqudy on an 
ionosphere layer and transmission inci¬ 
dent vertically on the layer. This is 
because ionosphere data are an expres¬ 
sion of, and are determined by, radio 
transmission incident vertically on the 
ionosphere. When radio waves are trans¬ 
mitted over some horizontal distance, 
they are sent obliquely into the ionized 
layer, and as we have seen the ionized 






















Fisure 11. Average for June 1933 of 
maximum usable frequency at various dis¬ 
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medium is able to reflect such waves of 
frequencies considerably in excess of the 
vertical-incidence critical frequency. As 
indicated by the approximate equation 

fm = fc sec 4>, a layer of given ioniza¬ 
tion density returns waves of frequencies 
which are higher, the greater the angle 
of incidence upon the layer. Thus, ex¬ 
cept as limited by the curvature of the 
earth, higher frequencies can be reflected 
the greater the distance of transmission 
and the lower the height of the reflecting 
layer. 

In figure 1, for example, the E layer is 
shown reflecting a ray (1). Supposing 
the frequency to be the highest frequency 
which can be reflected by the E layer at 
that angle of incidence, then the ray 
(2) with a slightly smaller angle of 
incidence would not be reflected by the 
E layer but would penetrate it and go on 
up to the Fi or Fz layer and be reflected 
by one of them because of its greater 
ionization density. As the angle of 
incidence is decreased (angle of take-ofl 
increased), we arrive at a ray (3) which 
would not be reflected by the F 2 layer 
but would penetrate it and be lost to 
outer space. This is suggested by the 
arrow at the end of ray 3. 

The approximate relation,« /c sec 
gives a rough idea of the relation between 
fc, the vertical-incidence critical fre¬ 
quency, and ffn, the maximum usable 
frequency, at any obHque angle of in¬ 
cidence, that is, at any distance. The 
exact relation^* has to take into account 
a number of other factors. In the first 
place, the angle <l> is itself a function of 
frequency, because the virtual height of 

12 . ^'Application of Vertical-Incidence Ionosphere 
Measurements to Oblique-Incidence Radio Traos- 
mis^on/* N. Smith, Bureau of Standards Journal 
of Researoht volume 20, 1938, page 683 (research 
paper 1100). 

^*The Relation Between Atmospheric Transmis¬ 
sion Phenoniena at Oblique Incidence and Those 
at Vertical Incidence,” G. Millington, Physical 
.Society (Great Britain) Prouedings, volume 50 
1938, page 801. 


waves penetrate. Thus, in figure 3 the 
virtual height rises slightly with fre¬ 
quency; this figure is for vertical in¬ 
cidence, and a similar rise appears in the 
relation for oblique incidence. 

Secondly, the simple relation is modified 
because the earth’s surface and the iono¬ 
sphere layers from which the reflection 
takes place are not plane but cun^ed, 
altering the geometry. Thirdly, the 
presence of the earth’s magnetic fidd 
alters the relation, depending upon the 
length, direction, and location of the path 
of transmission. 

AH of these effects together make the 
calculation of maximum usable fre- 
quendes somewhat compUcated. The 
National Bureau of Standards therefore 
pubHshes^* curves of tna.xtmi itn usable 
frequences as weH as of critical fre-. 
quendes in its monthly and other pub- 
Hcations on the ionosphere. Examples 
are given in figures 11 to 14. Comparison 
of figure 14 with figure 6 shows how the 
simple secant rdation or its equivalent, 
equation 1, is inadequate to repre^nt 
the actual facts of radio transmission. 

Maximum Usable Frequencies 
AND Skip Distances 

Figures 11 to 14 give the averages (for 
the days free from ionosphere storms) 
for the months shown, of the upper limits 
of usable frequendes, as a function of 
distance, for various times of day. The 
characteristic differences between summer 
and winter are shown, and also the strik¬ 
ing increase of frequency with the advance 
of the cyde of solar activity during 1933 
to 1937. This is what would be expected 

18. "Maximum Usable Frequencies for Radio 
Sky-Wave Transmission, 1933 to 1937,” T. R. 
Gilliland, S. S. Kirby, N. Smith., and S. E. Reyrntf, 
Bureau of Standards Journal of Research, volume 
20, 193S, page 627 (research paper 1096); IRE 
Proceedings, volume 26,'1938, page 1347. 
"Characteristics of the Ionosphere at Washing¬ 
ton, D, C.,....,” published each month in IRE 
Proceedings for the second month before, starting 
with the September 1937 issue. 


from the ionosphere changes depicted in 
figures 8 to 10. In fact, the diurnal, 
seasonal, and other effects shown in these 
curves foHow directly from the ionosphere 
data of the type presented in section II 
of this paper. 

In figures 11 to 14, the layer which 
determines the maximum usable fre¬ 
quency is marked on each curve. As 
shown, the F and Fz layers determine it 
most of the time; this is because their 
ionization so much exceeds that of the 
lower layers. In the daytime in summer, 
however, the JE-layer ionization is so 
great, and beyond a distance of about 
600 kilometers the lower height of the 
E layer results in so much more oblique 
transmission, that the E layer is control¬ 
ling. The curvature of the earth and of 
the E layer Hmits tlie reflection distance 
to about 1,700 kilometers; beyond that 
the F 2 layer is controlling as the curves 
show. The Fi layer is seldom (summer 
day, for 2,000 to 3,000 kilometers) enough 
lower than the Fi layer, and enough more 
ionized than the E layer, to determine the 
maximum usable frequency. 

There are times when transmission 
does take place at frequencies higher 
than these critical frequencies, either 
because of ‘‘sporadic JE” layer or scattered 
reflections. These special phenomena 
are discussed in section IV. 

Each point on these curves not only 
gives the upper limit of frequency whi<i 
is usable over the distance, but also 
conversely gives the lower limit of dis¬ 
tance over which the frequency gives 
satisfactory sky-wave transmission. The 
curves thus serve the additional pur¬ 
pose of giving data on skip distance. 
Where skip distances are of primary 
interest, the relation between frequency, 
distance, and time of day may be 
more conveniently shown by curves 
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of skip distance as a function of time 
of day, for various frequencies. Such 
a curve is shown in figure 16; it is 
for June 1937, and thus gives the same 
data as figure 13. Curves of skip dis¬ 
tance against time, as in figure 15, are 
useful in selecting frequencies for a mobile 
radio station, such as an airplane or a 
ship, where the distance of transmission 
continually varies and it is necessary to 
determine a time and distance at which 
to change from one frequency to another. 

Another useful form in which the data 
may be put is a set of curves of frequency 
as a function of time of day, for various 
distances. The data for June 1937 are 
shown in this form in figure 16. The 
curve for zero distance is identical with 
the curve of vertical-incidence critical 
frequency. Curves of this type are given 
in the monthly ionosphere reports of 
the National Bureau of Standards.^® 
Such curves are useful in the operations 
of radio stations communicating between 
fixed points, as they are an aid in selecting 
the frequencies to be used during various 
times of day, for communication over a 
given distance. 

Since all tlie curves change with time of 
day, and since on any long radio trans¬ 
mission path (except north-south) the 
time of day is different at all parts of the 
path, it is important to select the proper 
time of day in using these curves. The 
proper time is that of the locality where 
the waves reach, and are reflected by, the 
ionosphere. For paths in which the 
waves go from transmitter to receiver by 


tance of transmission by a single hop, 
that is, reflection from any ionosphere 
layer, is limited by the geometry of the 
earth’s surface and the layers, and also by 
absorption at the ground of those waves 
which are nearly tangential. It is found 
in practice that the minimum angle with 
the ground of the radio waves transmitted 
or received averages about 3 V 2 degrees 
over land. From the geometry it results 
that the maximum distance along the 
earth by a single hop is ordinarily about 
3,500 kilometers. for the layer, and 
about 1,700 for the E layer. These may 
be exceeded in particular cases. 

While the curves are drawn for single¬ 
hop transmission, they are nevertheless 
available for solving problems of multi¬ 
hop transmission, that is, multiple re¬ 
flections from the ionosphere, with inter¬ 
mediate reflections from the ground. 
Calculation of the maximum usable fre¬ 
quency for multihop transmission is 
necessarily somewhat complicated. In 
the first place, we have to consider the 
time of day of the locality where each 
reflection from the ionosphere layer takes 
place. To a first approximation, the 
maximum usable frequency is the lowest 
one of the several corresponding to the 
times of day at the several localities where 
reflection takes place, for the distance 
on the curves equal to the transmission 
distance divided by the number of hops. 

For very long paths, if very widdy 
different latitudes are involved, it may 
be desirable to use curves appropriate 


to the latitude of each hop. As men¬ 
tioned in section II, changes of iono¬ 
sphere characteristics with latitude are 
not great, and it follows that the effect of 
latitude is of minor importance in 
radio transmission, except for extreme 
differences of latitude. In particular, 
for transmission within an area the size 
of the United States, or Europe, differ¬ 
ences of latitude do not need to be taken 
into account. In transmission between 
the United States and Europe, how¬ 
ever, although the difference of latitude 
may be no greater than within either 
area, the ionosphere characteristics vary 
materially along the transmission path 
from another cause. This is the effect 
of propinquity to the north magnetic 
pole. Certain ionosphere disturbances, 
as mentioned in section II, are more in¬ 
tense and more frequent as the magnetic 
pole is approached. There may also 
be a steady or permanent set of iono¬ 
sphere effects having a maximum at the 
magnetic pole. See in this connection 
section IV. 

For very long paths in which widely 
different longitudes (that is, times of day) 
are involved, it sometimes happens that 
the waves travel different pa^ of the 
way by different layers. For such cases, 
it is necessary to take accotmt of the 


Figure 14. Average for December 1937 of 
maximum usable frequency at various dis¬ 
tances and times of day 


a single reflection from the ionosphere, 
the place of reflection is halfway between 
transmitter and receiver. 

Transmission by 

Multiple Reflections 

It may be noted that figures 11 to 16 
give no distances greater than 3,600 
Hlometers. The maximum possible dis- 


Figure 13 (below). 
Average for June 
1937 of maximum 
usabfe frequency at 
various distances and 
times of day 
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heights of the different layers to deter¬ 
mine the lengths of the several hops, and 
also to employ separate curves of maxi¬ 
mum usable frequency for each layer. 

The waves reaching a given point may 
be a combination of waves having traveled 
by different numbers of hops. For each 
of these it is necessary to take account of 
the time of day, and to consider which 
layer is effective, for the locality where 
each reflection from the ionosphere 
occurs. 

Optimum Frequencies 

It is necessary to inquire whether the 
maximiiTn usable frequency is the opti¬ 
mum frequency. It is found in practice 
that in general (especially in the da 3 d:ime) 
the absorption is greater, that is, received 
intensities are less, as the frequency is 
lowered below the maximum usable 
frequencies. Thus it requires much 
greater power to get communication 
through on frequencies very much be¬ 
low the maximum usable. On the other 
hand, a frequency should be chosen 
somewhat bdow the values indicated 
in the curves of monthly averages be¬ 
cause of the variability from day to day, 
which is generally within 15 per cent. 

Fair eflGiciency of communication is 
usually provided in the da 3 rtime by 
frequencies down to about 60 per cent of 
the maximum usable frequencies, and 
at night by frequencies down to somewhat 
less than 60 per cent of the maximum us¬ 
able frequencies. Definite limits cannot 
be set because there are large irregular 
variations of absorption with time over 
both short and long periods. At fre¬ 
quencies near the maximum usable fre¬ 
quencies there is relatively little differ¬ 
ence between night and day absorption. 
As the frequency is lowered, however, 
the daytime absorption increases rela¬ 
tively much more rapidly. 

A simple rule is to use a frequency be¬ 
tween 50 per cent and 85 per cent of the 


monthly average maximum usable fre¬ 
quency for the given distance and time. 
It is not ordinarily possible to keep 
changing frequency continuously so some 
such range of choice is necessary. Below 
60 per cent, the received waves are likely 
to be too weak for use, and above 85 
per cent communication will be impossible 
on some days. 

Interesting examples of the calculation 
of frequencies to be used for practical 
radio transmission, from the graphs of 
maximum usable frequency, have been 
published^^ recently. 

Experimental confirmation of the va¬ 
lidity of these calculations and these con¬ 
siderations of the relations between 
ionosphere characteristics and radio trans¬ 
mission conditions is given by extensive 
experience of radio stations and also by 
special experiments. The National Bu¬ 
reau of Standards continuously records 
the intensity of radio waves received 
from a number of stations at various 
frequencies and distances, in order to 
investigate this. 

An example of the type of evidence 
given by these recordings is g^ven in 
figure 17. The upper part of the figure 
is a continuous record of the field in¬ 
tensity of W6XKG, Los Angeles, Calif., 
on 26,950 kilocycles per second, at a 
distance of 3,700 kilometers. The lower 
part of the figure gives graphs of the cal¬ 
culated maximum usable frequency over 
this distance, for both one- and two-hop 
transmission. This distance is slightly 
beyond the ordinary maximum distance 
for good one-hop transmission, and thie 
one-hop transmission is thus weak. 
The changes between one- and two-hop 
transmission are well marked; the ratio 
of average received intensity is as great 
as 100 to 1. This difference in intensity 
is due partly to the unfavorable angle 
of take-off for the single hop, and partly 
to the increased absorption over the 
flatter trajectory. It should be noted 



Figure 15. Skip 
distance at various 
times of day and 
frequencies, June 
1937 

Solid curves —F 

layer 

Dashed curves—£ 

layer 


how the times of beginning and ending of 
two-hop transmission agree with the times 
the calculated maximum usable fre¬ 
quency passed through about 26 mega¬ 
cycles per second at the western and 
eastern hops, respectivdy: that is, the 
two-hop transmission began as soon as the 
western hop permitted and ended when 
the eastern hop failed. After the failure 
of two-hop transmission at 1,850 (even¬ 
ing), the station came in weakly by one 
hop. As the evening progressed (after 
1,850) the intensity increased, owing to 
the departure of the daytime absorption 
and the rise in height of the layer, with 
a consequent more favorable angle of 
take-off. The failure of single-hop trans¬ 
mission at 2,030 is seen to agree with the 
time of diminution of the calculated 
maximum usable frequency through 26 
megacycles per second, (The very low 



Figure 16. Maximum usable frequency at 
various times of day and distances, June 1937 


Solid curves—F layer 
Dashed curves—E layer 


intensity after 2,030 is electrical noise, 
that is, atmospheric disturbances or 
‘‘static.’^ 

Received Field Intensities 

AT High Frequencies 

The received field intensity of waves 
propagated via the ionosphere depends 
on so many factors as to defy expression 
in any simple summary or any set of 
graphs. Data on this are constantly 


14. ‘'Maximum Usable Frequencies for Radio 
Sky-Wave Transmisston, 1933 to 1937,” T. R. 
Gilliland, S. S. Kirby, N. Smitli, and S. B. Reymer, 
Bureau of Standards Journal of Research, volume 
20, 1938, page 627 (research paper 1096); IRE 
Proceedings, volume 26, 1938, page 1347. 

"The Application of Graphs of Maximum Usable 
Frequency to Communication Problems,” N. 
Smith, S. S. Kirby, T. R. Gilliland, Bureau of 
Standards Journal of Research, volume 22, January 
1939 (research paper 1167). 
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Figure 17, Example ol effect upon received 
intensity of change of transmission from one 


fairly large body of such information in 
the 1937 London Report of Committee 


Figure 18. Sample diagram of fines of 
equal average received intensity for a par¬ 
ticular frequency, time of day, season, epoch 
of solar cycle, and location of transmitter 

The numbers are quasi-maximum field inten- 


to two hops and back to one hop 

January 26, 1938/ W6XKG, 25,950 kilo¬ 
cycles per second, Los Angeles, Calif.; 3,700 
kilometers from Meadows, Md. 


on Radio Wave Propagation.^® In a 
series of 18 figures, it gives contour lines 
of fidd intensity on a world map for 
two frequencies (8,600 and 18,800 kilo¬ 
cycles per second), for three times of day, 


sities expressed In decibels above one micro¬ 
volt per meter, for one kilowatt radiated. 
The dotted line is the locus of sunrise (L) and 
sunset (O* The shaded areas are regions 
of zero reception 


being accumulated in the daily operations 
of radio stations and in such special 
recording laboratories as the National 
Bureau of Standards. As such data are 
analyzed they are found to be consistent 
with the ionosphere facts such as are 
reported in this paper, but detailed con¬ 
nections are limited because of the lack 
of direct measurements of ionosphere 
absorption. However, the facts of re¬ 
ceived field intensities are adding to our 
knowledge of the ionosphere, as just 
illustrated in the discussion of figure 17. 

Data on the received field intensities of 
waves propagated via the ionosphere, 
as obtained in connection with the opera¬ 
tions of radio stations, have been pub¬ 
lished in numerous articles.^® Since 
sky waves exhibit great fading, the inten¬ 
sities constantly fluctuating over a great 
range, it is necessary to deal with aver¬ 
ages. A convenient form of average for 
this purpose is the quasi-maximum, which 
is the value exceeded by the instantane¬ 
ous value of the field intensity five per 
cent of the time. 

An attempt was made to summarize a 


for one epoch of the solar cyde, 1929-32, 
and for the transmitter (or receiver) 
located at London. For other locations 
of transmitter (or receiver) the data 
would be different, both because of dif¬ 
ferent latitude and different distance 
from magnetic pole. The data given do 
not apply to times of ionosphere storms 
or other vagaries. One of these figures 
is reproduced here as figure 18. It gives 
received intensities for one kilowatt 
radiated from the transmitter. The 
curves are averages of values varying 
over a wide range. No set of graphs or 
tables would be adequate to give the 
facts of transmission for all frequendes, 
times, and other conditions. 

Received intensities are largely de¬ 
pendent on the absorption of the wave 
energy in the ionized parts of the atmos¬ 
phere below the ionized layer which re¬ 
flects the waves. The absorption in 
general increases as frequency is decreased 
below the maximum frequency trans¬ 
missible via a given layer. The absorp¬ 
tion determines the minimum u^ble 
frequency and the maximum distance of 
communication, just as the ionization 


f = 18.8 megacycles per second (16 meters); 
winter, 1200 local time 


during the summer day than during the 
winter day. A given frequency at large 
angles of incidence (long distance) be¬ 
haves, with respect to absorption, like 
a much lower frequency at small angles 
of inddence (short distance). 

Definite information about absorption 
and other characteristics of transmission 
via the different layers is given by con¬ 
tinuous graphical records of recdved in¬ 
tensities. To iUustfate the type of 
information given by many thousands of 
such graphs which have been recorded, 
two examples are given in figure 19. The 
top pair of graphs shows morning and eve¬ 
ning intensities of reception from a station 
on 6,060 kilocycles per second at a dis¬ 
tance of 648 kilometers. Shortly before 
0700 (morning) there is a sharp increase in 
the general level of received intensity, 
and shortly before 1^00 (evening) there 
is a sharp decrease and change in charac¬ 
ter of the recdved intensity. These are 
the times at which the radio transmission 


16. A few examples are: 

'*8ome Measurements of Short-Wave Trans¬ 
mission,*' R. A. Heising, J. C. Schelleng, G. C. 
Southworth, IRE Proceedings, volume 14, 1926, 
page 613. 

Short-Wave Wireless Telegraphy,” T. E. 
Ecker^ey, lEE (London) Journal, volume 66, 
1927, page 600. « 

"The Propagation of Short Radio Waves Over 
the North Atlantic,” C. R. Burrows, IRE Pro- 
eeedings, volume 19, 1931, page 1684. 
"Attenuation of Overland Radio Transmission 
in the Frequency Range 1.6 to 3.6 Megacycles per 
Second,” C. N. Anderson, IRE Proceedings, 
volume 21, 1933, page 1447. 


density or critical frequency determines 
the maximum usable frequency and the 
minimum distance (skip distance). 

The absorption is found to vary with 
time of day, season, frequency, and length 
of path. It is usually greater during the 
day than during the night. It is greater 

16. "Report of Committee on Radio Wave 
Propagation,” IRE Proceedings, volume 26, 1938 
page 1193. 


changed from F to E layer and vice 
versa. It follows that at these times the 
Tna-xitnu m usable frequency via the JE 
layer for a distance of 648 kilometers was 
6,060 kilocydes per second. The vertical- 
inddence critical frequency correspond¬ 
ing to this is 2,450 kilocycles per second. 
Determination of the times of change of 
layer from such records gives a means of 
determination of the vertical-inddence 
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Fisure 19. Typical 
changes of layer at 
a high frequency 
and a broadcast 
frequency 

Top — W8XAU 
Mason, Ohio/ fre¬ 
quency 6,060 kilo¬ 
cycles per second, 
distance 648 kilo¬ 
meters/ April 7, 
1936 

Bottom — WTIC, 
Hartford, Conn./ 
frequency 1,040 
kilocycles per sec¬ 
ond, distance 480 
kilometers/ January 
16, 1937 


critical frequencies at particular times. 
This is the reverse of the process by which 
the graphs of maximum usable frequency 
described above were obtained. 

Broadcast-Freqxxency Sky Waves 

Referring further to figure 19, the lower 
pair of graphs shows the morning and 
evening intensities of reception from a 
broadcast station, on 1,040 kilocycles per 
second at a distance of 480 kilometers. 
At about 0740 in* the morning there is a 
change of character and the start of a 
rise in intensity, and at about 1640 in the 
evening there is a marked change of 
character followed by a rise in intensity. 
These may be interpreted as the times 
at which the radio transmission changed 
from the E to a lower layer, and vice 
versa, and thus the times at which a 
layer below the E layer had a maximum 
Usable frequency of 1,040 kilocycles per 
second for the distance of 480 kilometers. 
From this it may be calculated that the 
vertical-incidence critical frequency of 
the low layer is something less than 450 
kilocycles per second; the exact value 
cannot be computed from this one ob¬ 
servation because the height is not known. 
This shows that there is a layer below 
the E layer by which waves of broadcast 
frequency are reflected in the daytime. 
(In the su mm er the absorption is so 
great there is no transmission via the 
ionosphere at broadcast frequencies 
greater than about 1,000 kilocycles per 
second.) 

This low layer may be called the D 
layer. Little is known about it, as iono¬ 


sphere measurements have not been made 
directly upon it. Its properties are in¬ 
ferred from data of the kind shown in 
figure 19. 

There is considerable empirical in¬ 
formation on received sky-wave inten¬ 
sities at night on broadcast frequencies 
(which in Europe are from 150 to 1,500 
kilocycles per second), for distances out 
to about 4,000 kilometers, and limited 
information for distances out to about 
15,000 kilometers. For these frequencies 
the known facts can be expressed very 
simply, since to a first approximation the 
received intensity is the same for dif¬ 
ferent frequencies and times of year, and 
at great distances is practically inde¬ 
pendent of ground conductivity, A 
curve of quasi-maximum values of re¬ 
ceived intensities at night on broadcast 
frequencies, for one kilowatt radiated 
from the transmitter, is given in figure 
20. The same information on an ex-‘ 
panded scale, for a part of the distance 
range, is given in figures 21 and 22. 
These two figures are for two typical 
cases of ground conductivity <r, stated 
on the figures in electromagnetic units. 

The divergences of the curves in 
figures 21 and 22 for distances less than 
about 400 kilometers arise merely from 
the fact that at those distances the ground 
wave contributes appreciably, while at 
greater distances the received intensity 
is due entirely to the sky wave, that is, the 
wave propagated by reflection from the 
ionosphere. 

The curve splits into two for distances 
beyond about 1,400 kilometers, one for 


paths far from the magnetic pole and 
one for paths relatively near the magnetic 
pole. This is because of the special 
effects in the vicinity of the magnetic 
pole mentioned above. The effect is 
very large. For instance, for transmis¬ 
sions between the United States and 
Europe, a distance of say 6,000 kilometers, 
the intensities are less than a tenth of 
what they are for transmissions over the 
same distance between the United States 
and South America. 

There are variations from year to year. 
The evidence indicates that sky-wave 
intensities at broadcast frequencies are 
less in years of high sunspot numbers. 

The data expressed by the curves repre¬ 
sent only a beginning of effort to reduce 
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Figure 20. Received field Intensity at night 
over great distances on frequencies from 150 
to 1,500 kilocycles per second 

Quasi-maximum for one kilowatt radiated 

For the significance and limits of application 
of these curves/ see text 


this complex subject to quantitative 
form. The data for distances from 4,000 
to 12,000 kilometers are based on meas¬ 
urements which although extensive, and 
averaged for several years, were all made 
at one time of year, early morning in the 
winter; it is not known to what extent 
they are representative for other times 
of the night and year. Incidentally, 
the practical importance of this is re¬ 
duced, as far as east-west transmission is 
concerned, because night conditions re¬ 
main only a short time over the whole of a 
very long path, particularly in the sum¬ 
mer; furthermore there is little broad¬ 
casting after midnight at any one place, 
and thus time differences in the broad¬ 
casting tend to prevent interference. 
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The Contributions of the Several 
Layers to Practical Transmission 
It is extremely hazardous to generalize 
about the intensity or the satisfactoriness 
of radio reception at diiOferent seasons, 
different ranges of frequencies, etc. A 
simple summary is impossible because (a) 
the constant changes of conditions in 
each layer are much too complicated, 
(b) radio transmission changes from one 
layer to another, and (c) the facts of 
absorption are largely unknown. Fur¬ 
ther complications are the various ir¬ 
regularities described in section IV. 
Furthermore, the satisfactoriness of re¬ 
ception is determined by other factors be¬ 
sides tlie received field intensity, notably 
the intensity of received noise or atmos¬ 
pheric disturbances. Noise itself ex¬ 
hibits complicated variations with time 
of day, season, place, etc.; a discussion 
of noise and its effects on radio reception 
is outside the scope of this paper. 

Some information on what layers are 
effective in radio propagation at various 
ranges of frequencies is given in the curves 
of maximum usable frequencies, such as 
figures 11 to 16, but not full information. 



Fisure 21. NigM field intensity on fre¬ 
quencies from 150 to 1/500 kilocycles per 
second/ for propagation over sea water 


er 8S 4 X ekctromagnetic units 
Quasi-maximum for one kilowatt radiated 

For the significance and limits of application 
of these curves/ see text 

When the maximum usable frequency is 
transmitted by the Fi layer, for instance, 
the curves give no information as to how 
effectively a lower layer may be serving 
at the same time as the means of trans¬ 
mission for lower frequencies. Thus in fact 
most long- and medium-distance com¬ 
munication in the summer is via the E 
layer; this is in part occasioned by the 
frequent occurrence of sporadic E. The 
Fi layer is normally useless for radio 
transmission except for narrow ranges of 
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distance and frequency, and need seldom 
be considered; this is because it is seldom 
enough lower than the F 2 layer and 
enough more ionized than the E layer 
to serve as the transmitting medium, 
particularly for considerable distances. 

Daytime sky-wave transmission at 
broadcast frequencies is via the D layer. 
Night-time transmission at broadcast 
frequencies is principally via the E layer. 
At frequencies higher than about 1,000 
kilocycles per second and particularly 
for the shorter distances, it is commonly 
via the F layer; this is particularly true 
in winter, sporadic E transmission re¬ 
placing the F during much of tlie summer. 

Specific information as to the layer 
which is operative in transmitting a 
particular frequency over a particular 
distance at a particular time is given by 
actual records of received intensities 
such as figures 17 and 19; there is, of 
course, as previously mentioned, no way 
of compressing all the information from 
such records into a simple summary. 
When the facts of radio transmission are 
examined, it is found that in general they 
follow very nicely from the facts of the 
ionosphere and the interpretations given 
here. 

IV. Effects of 
Ionosphere Irregularities 

The primary effects of the ionosphere on 
radio-wave propagation are those already 
described, which are due to the norm^ 
or regular characteristics of the iono¬ 
sphere. The modes of variation of those 
characteristics have been shown to be of 
a regular and fairly predictable nature. 
There are some other ionosphere phenom¬ 
ena which are irregular in their nature 
and make radio phenomena in general 
much less predictable. Five types of 
such phenomena have been identified; 
sporadic E-layer transmission, scattered 
reflections, sudden ionosphere disturb¬ 
ances, prolonged periods of low-layer 
absorption, and ionosphere storms. The 
last tiiree are probably due to irregtdar 
radiations of various types from the 
sun. The nature and origin of the first 
two are less well known; study of them 
must consider diffusion processes in the 
ionosphere as well as emanations from the 
sun and stars, meteors, and perhaps 
other agencies. The last three are 
primarily due to irregularities in time, 
while the first two are primarily due to 
irregularities in space; the space irregU’- 
larities are patches or ‘‘clouds’* in the 
ionosphere. 

It is only recently that these irregulari¬ 
ties have been well enough identified to 
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be distinguishable from one another and 
from some of the regular ionosphere 
variations such as changes of critical 
frequency and consequent change of layer 
in radio transmission. This is another 
reason, besides the one cited in section 
II, why the present is a good time to 
summarize the facts of the ionosphere 
and their effects in radio transmission. 

Sporadic E 

It sometimes happens that waves are 
reflected by the E layer on frequencies 
higher thau that at which the E-layer 
waves normally disappear and the re¬ 
flection of waves by higher layers begins; 
for instance, in the example shown in 
figure 3 waves may sometimes be re¬ 
flected at the E-layer height of 110 kilo¬ 
meters by frequencies higher than 3,000 
kilocycles per second. These reflections 
are due to a different process than the 
normal reflection in the ionized layer; 
the process is probably one of reflection 
from a sharp boundary of stratified 
ionization. The existence of these “spo¬ 
radic E” reflections necessitates a re¬ 
definition of the term “critical frequency, ” 
previously defined as the highest fre¬ 
quency at which signals are received back 
from the layer. When sporadic-E re¬ 
flections occur they may be received 
simultaneously wi^ reflections from 
higher layers; thus, for example, in the 
case shown in figure 3, vertical-incidence 
reflections might be received at 8,000 
kilocycles per second from both the E 
and the E 2 layers. The E-layer critical 
frequency, more precisely defined, is the 
value (3,Q00 kilocycles per second in 
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Figure 22. Night field intensity on fre¬ 
quencies from 150 to 1,500 kilocycles per 
second/ for propagation over land of average 
conductivity 

0 - B 4 X 10'” electromagnetic units 
Quasl-maximum for one kilowatt radiated 

For the significance and limits of application 
of these curves, see text 
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figilire 3) at which the observed virtual 
height shows a sudden rise to very large 
valufes as the frequency is increased. 
Except for the occurrence of sporadic-E 
reflections, all waves of higher frequency 
pass through the E layer and are not 
reflected by it. 

The action of sporadic E may be 
analogous to partial reflection in optics 
while the regular ionosphere layer action 
is analogous to total reflection in optics. 
The sporadic E is confined to limited 
regions, like clouds or patches, in the 
E layer which have a very sharp bound¬ 
ary. These patches may be from perhaps 
one kilometer to several hundred kilo¬ 
meters in extent. Waves reaching them 
are reflected, even when of frequencies 
much higher than the E critical fre¬ 
quency. Sporadic E is thus patchy in 
space as well as sporadic in time, so that 
its name is well justified. 

Sporadic E leads to interesting results 
in radio transmission. It accounts for 
long-distance transmission up to higher 
frequencies than by any other means. 
The maximum vertical-incidence fre¬ 
quency for which strong reflections by 
sporadic E have been found is about 
12 megacycles per second. By reason 
of the large angles of incidence possible 
with the E layer, this has made long¬ 
distance communication possible on fre¬ 
quencies as high as 60 megacycles per 
second. Such communication is gener¬ 
ally for only a short time and for re¬ 
stricted localities. For example, on a 
particular day a patch of sporadic E 



Figure 23. Location of large patch of 
sporadic E by reception of numerous trans¬ 
mitting stations over long distances 


Points of reflection for 56-me3ac/cle trans¬ 
missions on May 15, 1938, reported by 
W4EDD, Coral Gables, Fla. 


Figure 24. Varia¬ 
tion of the preva¬ 
lence of sporadic E, 

1936 to 1938 

Per cent of total 
time of observations 
on 4, 5, 6, and 8 
megacycles per sec¬ 
ond; 6-megacycle 
observations begin 
April 1936, 8- 

megacycle observa¬ 
tions begin August 

1937 



intense enough to reflect 56-megacycle 
transmissions was found to be somewhat 
larger than the state of South Carolina, 
as shown in figure 23; transmissions from 
distant points by a single hop, at such 
distances from a receiving point that they 
were reflected from this patch over the 
general vicinity of South Carolina, were 
received on frequencies as high as 66 
megacycles per second. Transmissions 
reflected from outside this patdi were 
limited to lower frequencies determined 
by the normal ionosphere ionization. 

Sporadic E occurs most commonly in 
the summer, particularly in the morning 
and evening but may occur any time of 
day or night. It occurs occasionally at 
all seasons, particularly in the evening. 
Detailed information on its prevalence 
is published each month in Proceedings 
of the Institute of Radio Engineers by 
the National Bureau of Standards. A 
summary of known data is given in figure 
24, expressed in terms of vertical- 
incidence transmission. The figure shows 
its year-round occurrence, its greater 
prevalence in May, June, July, and Au¬ 
gust, and its variation from year to year. 
The prevalence of sporadic E has not 
increased uniformly with the advancing 
solar cycle, like the regular characteristics 
of the ionosphere, but it is believed to 
be more prevalent at sunspot maximum 
than sunspot minimum. Its occurrence 
is not correlated with other types of 
ionosphere irregularities nor with thunder¬ 
storms or other known phenomena. 
There is evidence that it occurs more at 
high than at equatorial latitudes. 

Scattered Reflections 

An irregular type of reflection from 
the ionosphere occurs at all seasons and 
both day and night. These reflections 
are most noticeable within the skip zone, 
or at frequencies higher than those nor¬ 
mally receivable from the regular layers. 


Like sporadic E, they occur at frequencies 
which may exceed the F 2 critical fre¬ 
quencies, but are unlike sporadic E 
in that they are complex thus causing 
signal distortion. They are almost use¬ 
less for communication purposes. Some 
types of them are of very weak intensity. 
The scattered reflections are charac¬ 
terized by very great virtual heights, 
usually somewhere from 400 to 1,500 
kilometers. Their occurrence was for 
a time thought to indicate the existence 
of another layer above the ft layer 
which might be called the G layer. It 
is now, however, thought that they are 
of several types, and that some of them 
are due to complex reflections from small, 
ephemeral, scatteed patches of ioniza¬ 
tion in or between tlie normal ionosphere 
layers. It has been suggested that 
some types of these ephemeral patches 
of ionization may be due to irregular 
radiations from the stars. Scattered 
reflections are shown in portions of 
figures 27, 28, and 30, as explained in 
the text referring to each. 

Stoden Ionosphere Disturbances 

The most startling of all the irregu¬ 
larities of the ionosphere and of radio 
wave transmission is the sudden type 
of disturbance manifested by a radio 
fade-out. This phenomenon is the result 
of a btirst of ionizing radiation from a 
bright chromospheric eruption on the 
sun, causing a sudden abnormal increase 
in the ionization of a portion of the iono¬ 
sphere bdow the E layer, frequently 
with resultant disturbances in terrestrial 
magnetism and earth currents as well as 
radio transmission. The radio effect is 
the sudden disappearance of radio signals 
received on high frequencies. 

The diminution of the radio signals 
to zero t^ually occurs within a minute. 
The effects occur simultaneously through¬ 
out the hemisphere illuminated by the 
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sun, and do not occur at night. The 
effects last from about ten minutes to 
an hour or more, the occurrences of 
greater intensity in general producing 
effects of longer duration. The effects 
are more intense, and last longer, the 
lower the frequency in the high-frequency 
range (that is, the range from about 
1,500 kilocycles per second up). The 
radio, magnetic, and other effects are 
markedly different from other types of 
changes in these quantities. The effects 
are most intense in that region of the 
eaxtli where the sun*s radiation is per¬ 
pendicular, that is, greater at noon lian 
at other times of day and greater in 
equatorial than in higher latitudes. 

The effect is most striking. Fre¬ 
quently all “static” as well as the radio 
signals disappear. Many a radio opera¬ 
tor has taken his radio receiver apart, 
thinking that some wire had become dis¬ 
connected, and many a time it has been 
thought that a fuse had blown in the 
station, when one of tliese sudden fade- 
outs occurred. 

An example showing both radio and 
magnetic effects is shown in figure 26. 
The four records of received field in¬ 
tensity from distant stations show that 
the radio intensity suddenly dropped 
from normal intensity to zero at 1758 
Greenwich meridian time, that is, 12:58 
p.m.. Eastern standard time. This com¬ 
pletely wiped out radio transmission 
throughout the hemisphere; reports to 
that effect were received from many 
points in the United States, also Europe 
and Japan. As shown, the effect lasted 
much longer on 6,060 kilocycles per 
second than on 9,670 kilocycles per 
second at about the same distance. It 
did not last longer on 9,570 than on 
13,525 or 15,625 kilocycles per second 
because tlie distance (and the angle of 
incidence) was greater in the latter cases. 
As has been noted previously in other 
regards, effects on a given frequency for 
a short-distance path correspond to 
tliose on a higher frequency for a long¬ 
distance path. 

Taking due account of the variation 
of the effects with frequency and dis¬ 
tance, varying effects in differing direc¬ 
tions can be explained. Reception in 
the United States from stations in the 
southern hemisphere usually exhibits 
greater effects than reception from other 
directions (because of passing the equa¬ 
torial regions). Simitoly, when the 
disturbance occurs at a time when it is 
morning at the receiving point the effects 
are usually greater in reception from 
the east tiian from the west, and vice 
versa for the afternoon (because of passing 


the region where it is noon). A radio 
fade-out sometimes occurs when it is 
night at the receiving point, but only 
when the path of the wave is somewhere 
in daylight. 

The cause of the sudden disappearance 
of radio signals is tlie sudden production, 
by a burst of ionizing radiation from the 
sun, of abnormally great ionization below 
the E layer. This causes abnormally 
great absorption of radio waves passing 
through this ionized region on their way 
up to and down from the regular re¬ 
flecting layers. The ionization of the 
regular reflecting layers is not affected. 

There is some evidence that received 
waves of broadcast and lower frequencies 
increase rather than decrease in intensity 
during one of these occurrences. As 
such waves are reflected by, instead ot 
passing through, an ionized layer of the 
atmosphere below the E layer, this is 
consistent with the explanation of the 
disturbance as due to increase of ioniza- 


the D layer is probably from 50 to 90 
kilometers at different times. 

The reason this abnormal ionization 
is produced low in the atmosphere and 
not in the regular reflecting layers (E, 
F, etc.) is doubtless because the solar 
eruptions emit some radiation of different 
frequencies from those of the steady 
radiations which maintain the ionization 
of the E and higher layers. This ab¬ 
normal radiation is probably of such a 
frequency as to pass readily through the 
E and higher layers and be absorbed by 
the ozone which exists at heights from 
about 15 to 60 kilometers. The fre¬ 
quency of this radiation is presumably 
in the ultraviolet, nearer to the optical 
frequencies than those which produce 
the regular ionization of the E and 
higher layers. 

Study of these effects is arousing great 
interest and focusing new effort upon the 
study of the sun. The sudden iono¬ 
sphere disturbance is the only known 



tion below the E layer. It is not known instance in which a specific happening 
at just what height the ionization is on the earth follows directly from a 
produced, but it may be in the D layer, specific random happening on the sun 
mentioned in section III as the layer or other heavenly body. The ionosphere 
responsible for da 3 rtime broadcast trans- gives informalion about some of the 
mission in the winter. The height of radiations from the sun which can be 
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Figure 26. Comparison o^ recorded field 
intensity on normal undisturbed day and on 
day of prolonged period of low-layer ab¬ 
sorption 

W8XAL/ Mason/ Ohlo/ 6,060 kilocycles 
per second; 650 kilometers from Washington, 
D. C. 


studied in no other way because they 
are wholly absorbed in the ionosphere 
and do not reach the earth*s surface. 
The solar eruptions in particular can 
be studied very wdl by the aid of the 
sudden ionosphere disturbances which 
they cause. Such study may eventually 
elucidate the nature of the eruptive 
processes within the sun and the causes 
of sunspots and the 11-year cycle. 

While the evidence indicates that 
every sudden ionosphere disturbance is 
accompanied by a solar eruption, the 
converse does not appear to be true. 
And there is no reason to suppose that 
every solar eruption would emit radiation 
of the particular frequencies which 
penetrate through the earth's ionosphere 
to the D layer. Probably many eruptions 
rise high enough in the solar atmosphere 
to permit the escape of visible light but 
not high enough to permit the escape of 
this ultraviolet radiation. 

There is no seasonal variation in the 
occurrence of the sudden ionosphere 
disturbances or the solar eruptions 
which cause them. The solar eruptions 
produce the effect regardless of location 
on the sun's surface. An eruption 
usually, but not always^ takes place ne^ 
an active sunspot group. Most of the 
eruptions whi<^ produce sudden dis¬ 


turbances of the ionosphere are much 
brighter than the average eruption. 

There were 17 known instances of the 
sudden ionosphere disturbance in the 
year 1935, 103 in 1936, and 220 in 1937. 
There was a similar increase of solar 

Rgure 27. Effects of prolonged period of 
low-layer absorption on two different fre¬ 
quencies 

January 27, 1938 

Top—W1XK, MINIS, Mass., 9,570 kilocycles 
per second/ 600 kilometers from Washington, 
D. C. 

Bottom—^WSXAL, Mason, Ohio, 6,060 kilo¬ 
cycles per second; 650 kilometers from 
Washington, D. C 


eruptions in these years, which were 
also years of increasing sunspot numbers. 
The variation of number of sudden 
ionosphere disturbances from week to 
week, and from month to month, corre¬ 
sponds fairly well with the number of 
solar eruptions, but not with the number 
of sunspots. Thus, just as we found in 
the case of the ionosphere critical fre¬ 
quencies (figure 10), the sunspot numbers 
show a year-to-year but not a short- 
time correlation. 

Prolonged Periods 

OP Low-Layer Absorption 

This phenomenon is similar to the 
sudden ionosphere disturbance in its 
effects and characteristics except that 
its beginning as well as recovery is gradual 
and it has a longer time duration, com¬ 
monly several horns. The intensity 
diminution is in g^eral not as severe 
as in the more intense fade-outs, but 
sometimes the intensities at the medium 
high frequencies fall to zero. 

The phenomenon is illustrated in 
figure 26, which shows two field-intensity 
records of transmissions from a station 
on a frequency of 6,060 kilocycles per 
second, distant 660 kilometers from the 
point of reception. The upper graph, 
for December 5, 1937, is a record of a 
normal day. The average intensity goes 
down slightly during the middle of the 
day, indicating somewhat more absorp¬ 
tion during the middle of the day than 
during the morning and evening hours. 
(The veiy low intensities at each end of 
each graph represent ^‘static.") The 
lower graph, January 16, 1938, shows a 
prolonged period of low-layer absorption. 
Here the intensity falls gradually from 
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the normal value at 0800 (a.m.) to zero, 
and is zero or very low for several hours, 
rising again to normal value at 1800 
(6 p.m.). Except for the gradual be¬ 
ginning the effect is similar to the sudden 
ionosphere disturbances. 

The different effects of this phenome¬ 
non at different frequencies are shown 
in figure 27. Both records are for the 
same day. The upper record, for a 
station on 9,570 kilocycles per second, 
shows some absorption, that is, reduction 
of intensity in the middle of the day. 
The lower record, for a station on a lower 
frequency (6,060 kilocycles per second) 
at about the same distance, shows very 
much greater absorption in the middle 
of the day. Thus, just as in the sudden 
ionosphere disturbances, the effects are 
less at higher frequencies if distance and 
other conditions are the same. 

(Other phenomena shown in this figure 
are as follows. In the top graph, for 
WIXK: scattered reflections in the 
early morning until about 0800, then 
abrupt beginning of F-layer transmission 
as the ionization increases, abrupt failure 
of F-layer transmission as the ionization 
decreases at about 1910, then scattered 
reflections. The bottom graph, for 
W8XAL, shows: a burst of F layer at 
0630, then scattered reflections until 
0730, transmission until 1600, then 
F 2 -layer transmission until some un¬ 
known time after 2000, then scattered 
reflections until 0200.) 

Figure 28 shows that the simultaneous 
occurrence of low-layer absorption and 
sudden ionosphere disturbances is pos¬ 
sible; in fact it shows two severe fade- 
outs happening during a prolonged 
period of low-layer absorption. The 
lower field-intensity record, for W8XAL, 
shows a period of low-layer absorption 
which reduced the received intensity 
to zero for several hours. Because this 
had already gone to zero it could not 
indicate the two intense fade-outs which 
occurred during this period. They ap¬ 
pear, however, on the upper record, 
which is for a station of higher frequency 
(WIXK), because the low-layer absorp¬ 
tion did not reduce the intensity at this 
higher frequency to zero. The simul¬ 
taneous occurrence of these two phe¬ 
nomena was fortuitous. 

The equivalent vertical-incidence fre¬ 
quency for station W8XAT was about 
2,300 kilocycles per second and for 
WIXK was about 6,600 kilocycles per 
second. The reason that the vertical- 
incidence critical frequencies are not 
proportional to the transmission fre¬ 
quencies over nearly the same distance 
is that the two transmissions were re¬ 
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fleeted from layers of different heights, 
F and F layers respectively. This figure 
illustrates the value of lie concept of 
equivalent vertical-incidence frequency 
in evaluating absorption over long paths. 
Records of vertical-incidence reflections 
at several frequencies are shown at the 
bottom of the figure. The reflections at 


Rgure 28. Occurrence of sudden ionosphere 
disturbances during a prolonged period of 
low-layer absorption 

January 20,1938 

Top—^X/1XK, NAlllts, Msss., 9,570 kilocycles 
per second; 600 kilometers from Washington, 
D. C 

Center—^WSXAL, Mason, Ohio, 6,060 kilo¬ 
cycles per second; 650 kilometers from 
Washington, 0. C 

2,500 kilocycles per second were lost 
between 1100 and 1630 Eastern standard 
time because of low-layer absorption, 
so the fade-outs could not be shown at 
this frequency. The reflections at the 
higher frequencies were not eliminated 
by the low-layer absorption, and the 
loss of reflections between about 1300 
and 1600 Eastern standard time in¬ 
dicates the fade-outs. 

(Other phenomena shown in figure 28 
are as follows. In the top graph, for 
WIXK: “static'' from 0400 to 0530, 
then scattered reflections until about 
0800, then F 2 transmission until 2030, 
then scattered reflections until 0100, 
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then “static.” In the bottom graph, 
for W8XAL, are shown: “static” from 
0400 to 0530, then F transmission until 
0616, then E transmission until 1820, 
then F transmission until 0200, then 
“static.”) 

The absorption causing the low-layer 
absorption effect appears to be due to 


ionization in a part of the ionosphere 
below the E layer, exactly as for the 
sudden ionosphere distturbances. The 
ionization is caused by an abnormally 
great outpouring of ultraviolet light 
from the sim, but in this case it is not so 
sudden as in the eruptions which cause 
the sudden ionosphere disturbances. The 
variation of the effects with frequency, 
and other characteristics, are the same 
as for the sudden ionosphere disturbances. 
Both phenomena occur at all seasons, 
but the prolonged periods of low-layer 
absorption have been found to occur in 
a group of several weeks duration at 
periods of high sunspot activity,* the 
groups being separated by more or less 
quiet periods of several months. They 
frequently but not always occur during 
periods when sudden disturbances of 
the ionosphere are numerous. They 
seem to occur more during years of large 
solar activity than at sunspot minimum. 

Ionosphere Storms 
An ionosphere storm is a period of 
poor radio transmission (except for the 
low frequencies, below 500 kilocycles per 

819 



^Jlll il 






■I 




mSbbAb 

















second, which are sometimes improved) 
lasting a day or more, and usually ac¬ 
companied by a magnetic storm, that is, 
a period of unustial fluctuation of terres¬ 
trial magnetic intensity. It has two 
phases, an initial turbulent phase and a 
following moderate phase. Usually only 
the second phase occurs in medium and 
low latitudes. The initial turbulent 
phase is the cause of the moderate phase 
which follows, but is confined to the 
auroral zone, that is, the region around 
the magnetic pole in which, aurora is 
visible and which is usually limited to 
within about 20 degrees of the magnetic 
pole, which region is greatly extended 
in very severe storms. 

The turbulent phase consists of a 
violent boiling or turbulence of the 
entire ionosphere in the amoral zone, 


resulting in irregularly moving small 
clouds of ionization and a disintegration 
of the normal stratification of the iono¬ 
sphere from the E layer on up. What¬ 
ever causes the storm apparently plunges 
into the ionosphere at auroral-zone lati¬ 


tudes, and literally tears it up. On the 
rare occasions when the auroral zone has 
extended as far south as Washington, an 
increase in i^'-layer ionization has been 
observed to precede the turbulent phase. 
This is consistent with the idea that the 
carrier of the energy of the ionosphere 
storm, when it first entered the high 
ionosphere, caused an increase in ioniza¬ 
tion. No consistent increase in jP-layer 
ionization has been observed to precede 
the ordinary less severe storms, when the 
auroral zone did not extend as far south 
as Washington. 

During the turbulent period of the 
ionosphere storm, high-frequency trans¬ 
missions are very erratic, both signals 
and “static” surge violently, being trans¬ 
mitted with good intensity for short 
intermittent periods, interspersed with 


periods of complete failure. This in¬ 
dicates severe turbulence in the iono¬ 
sphere with small unstable patches or 
clouds of high ionization densities. Such 
douds may not be directly over the mid¬ 
point of the great-drde path and the 


transmission may not even be by a 
great-circle path. 

The moderate phase, following the 
turbulent phase of an ionosphere storm, 
is characterized by an expansion and 
diffusion of the higher F region, extend¬ 
ing into latitudes farther from the auroral 
zone, the greater the intensity of the 
storm. This expansion and diffusion 
of the ionosphere increases the virtual 
heights and lowers the ionization densi¬ 
ties. This results in abnormally low 
critical frequencies and abnormally great 
virtual heights of the night F and day¬ 
time Ps layers, and to a less extent of 
the daytime Fi layer, and also increases 
the absorption, that is, reduces received 
intensities. (When the ionosphere storm 
occurs in a winter day, the normally 
unobservable Pi layer appears.) The 
night P layer is more complex and 
turbulent than normal. Increased ab¬ 
sorption of the X components of the day¬ 
time Pi and P 2 layers is especially notice¬ 
able. The E layer is usually not appre¬ 
ciably affected. This moderate phase of 
the ionosphere storm extends to the 
latitude of Washington much more fre¬ 
quently than the turbulent phase. It 
lags behind the severe effects of the 
associated magnetic storm by several 
hours. During the moderate phase the 
ionosphere gradually returns to normal 
conditions, but this recovery also lags 
behind the associated magnetic storm’s 
recovery. 

The maximum usable frequencies for 
night P-layer and daytime Pa-layer 
transnodssions are much reduced because 
of the lowered critical frequencies and 
increased virtual heights. Thus the 
higher frequencies are not usable. Fre¬ 
quencies low enough to be received are 
usually abnormally absorbed, especially 
during the da 3 rtime. There is usually 
increased fading and instability of trans¬ 
missions over night paths. Sky-wave 
fidd intensities at broadcast frequencies 
rise much later at night and reach , values 
much lower than normal. 

Ionosphere storm effects diminish 
greatly with distance from the magnetic 
pole. Transmissions reflected from the 
ionosphere south of a radio receiving 
point may often be received satisfactorily 
while those reflected from the ionosphere 
farther north are not. Sometimes there 
appears to be a fairly sharp line of 
cleavage between the disturbed region 
(to the north) and the undisturbed (to 
the south). Transmissions which pass 
through the disturbed regions in the 
ionosphere are affected regardless of the 
direction of transmission. 

In most ionosphere storms only the 



Figure 29. Com- 
perison of iono¬ 
sphere characteris¬ 
tics on a day of 
ionosphere storm 
and normal undis¬ 
turbed days 

June 1938 

Solid curves—Aver¬ 
age for undisturbed 
days 

Dotted curves — 
June 8 
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second or moderate phase is experienced 
at any except very high latitudes. The 
principal effects of this phase may be 
summarized as: (a) increase of virtual 
heights of F, Fu and F 2 layers, (&) de¬ 
crease of critical frequencies of the same 
layers, (c) greater sharpness of Fi critical 
frequency (d) decrease of maximum 
usable frequencies, (e) increase of skip 
distances, (/) increase of absorption 
(that is, decrease of received intensities). 
Effects (a) and (&) are illustrated in 
figure 29, which shows virtual heights 
and critical frequencies of a day of iono¬ 
sphere storm (June 8,1939) in comparison 
with the month’s average of undisturbed 
days. The E layer was the same on 
June 8 as on the undisturbed days. 
Effects (d), (c), and (/) are illustrated 
in figure 30, which shows (at top) a 
graphical record of received intensity 
for a normal undisturbed day and (at 
bottom) a similar graph for a day of 
severe ionosphere storm; on the day of 
ionosphere storm the intensities were 
extremely low, even for the ‘’static.” 

(Other phenomena shown in figure 30 
ate as follows. In the top graph: 
“static” from 0400 to 0600, then scattered 
reflections until 0700, then F 2 transmis¬ 
sion until 2200, then scattered reflections 
until 0100, then “static” until 0400. In 
the bottom graph are shown: very weak 
“static” for a few minutes after 0400, 
then scattered reflections until 0700, 
then very weak “static” until 1130, 
then scattered reflections until 0100, 
then very weak “static.” The top 
graph as recorded had values about three 
times higher from 1755 to 2205, because 
of a change of antenna at 1755; it is 
shown here as it would have been with 
constant antenna conditions.) 

Ionosphere storms (and the magnetic 
storms that usually accompany them) 
have several characteristics the opposite 
of those of sudden ionosphere dis¬ 
turbances (and the magnetic perturba¬ 
tions that sometimes accompany them). 
The former are more intense the higher 
the latitude, while the latter are more 
intense the lower the latitude. The 
former occur both day and night, and 
the latter are confined to the day hemi¬ 
sphere. The former last one or more 
days, the latter usually last less than an 
hour. 

These two types of ionosphere irregu¬ 
larity occur in general independently of 
one another but both are more likely to 
occur at times of great sunspot activity. 
They are more frequent and intense 
during years of sunspot maximum than 
sunspot minimum. A group of sudden 
ionosphere disturbances occurring on 


successive days is sometimes followed, 
after several days, by one or more iono¬ 
sphere storms. 

On account of their differences, differ¬ 
ent procediares are followed in practical 
radio communication to combat the 


Figure 30. Comparison of received intensities 
on a day of ionosphere storm and on a normal 
undisturbed day 

W1XK, Minis, Mass., 9,570 kilocycles per 
second; 600 kilometers from Washington, 
D. C. 


effects of the two t 3 rpes of disturbance. 
When a sudden ionosphere disturbance 
occurs it may be possible to continue 
communication by shifting to a higher 
frequency; communication could also 
be accomplished by using a frequency 
lower than the broadcast range, but a 
change to such low frequency would in 
general be too cumbersome for the short 
time of the sudden ionosphere dis¬ 
turbance. During the turbtdent phase 
of an ionosphere storm the only way to 
assure dependable communication is to 
use a frequency below the broadcast 
range. During the moderate phase of 
an ionosphere storm it may be possible 
to continue communication by shifting 
to a lower frequency within the high- 
frequency range. 

V, Conclusion 

The ionosphere is a new world to which 
radio research and radio operations have 
given us access in the past few years. A 
broad survey of this vast territory has 
been given in the present paper; many 
important features of the new territory 
have been neglected or barely mentioned. 

I have summarized the work of many 
men and institutions. The nature of 
the paper forbade the individual crediting 
of most data and results to the origina¬ 
tors. Splendid work has been done by 


the ionosphere pioneers (scientists and 
engineers) who have created the body 
of knowledge here reported. I am 
especially indebted to my colleagues in 
the National Bureau of Standards upon 
whose work I have drawn most heavily: 


S. S. Kirby, T. R. Gilliland, N. Smith, 
F. R. Gracely, and A. S. Taylor. 

Short-distance radio transmission by 
means of the ground wave is not included 
in this paper, which is limited to the 
sky wave. Thus the important domains 
of very low frequencies and ultrahigh 
frequencies are not covered. The ground 
wave is calculable and is rdativdy un- 
var 3 dng with time; its phenomena are 
not so complicated or interesting as the 
sky waves. It is by use of the sky waves 
that nearly all long-distance radio com¬ 
munication is carried on. 

This paper also does not include the 
subject of atmospheric disturbances (that 
is, natural dectrical noise or “static”). 
They are themsdves radio waves, origi¬ 
nating prindpally in distant lightning 
flashes, and propagated by the same 
tnef^hflnisms as other radio waves. As 
their effects are largdy produced by 
waves travding in the ionosphere, much 
of the information presented in this 
paper is applicable to thdr study. 

This paper has shown how sky-wave 
transmission is determined by, and 
calculable from, the hdghts and ioniza¬ 
tion densities and other properties of the 
ionosphere layers. The marimum usable 
frequendes at any distance, for instance, 
are directly determinable from the 
virtual hdghts and critical frequendes 
measured in vertical-inddence experi¬ 
ments. Optimum frequendes may be 
similarly estimated, though not as cer¬ 
tainly as the maximum usable frequen¬ 
des. The recdved intensities of the 
waves may be estimated to a certain 
extent from ionosphere data, but much 
more extensive data are needed for this 
purpose. Study of the behavior of the 
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ionosphere during the five types of irregu¬ 
larities or anomalies discussed in section 
IV greatly clarifies our understanding 
of certain radio phenomena, and leads 
to knowledge of how t6 overcome trans- 
misaon difficulties. 

Examination of the facts and relations 
of radio wave propagation via the several 
layers ot the ionosphere should give 
ample warning that it is hazardous to 
generalize about good and bad radio 
reception. Any conclusion must take 
into account the heights and ionization 
densities of the several layers concerned, 
the absorption at the various levels 
through which the waves pass, the time 
of day, the season, the epoch of the sim- 
spot cycle, the distance of transmission 
and angle of take-off of the waves and 
angle of incidence at the ionosphere 
layer, the latitudes and propinquity of 
the transmission path to the magnetic 
pole, and the occurrence of ionosph^e 
disturbances and irregularities. 

The more one views the complexities 
of radio transmission via the ionosphere, 
the more he marvels that it provides 
any intelligible oommunication. How¬ 
ever, as the facts of the ionosphere be¬ 
come better known, and the mechanism 
of reflection of radio waves from the 
ionosphere layers is more fully worked 
out, it becomes more nearly possible to 
assure long-distance radio transmission 
at all times. To this end it is fortunate 
that a beginning has been made on an 
ionosphere-data reporting service. As 
this is extended, it will be easier to predict 
radio-transmission conditions for a given 
time and path. The reliability of such 
prediction should surpass that of weather, 
for the controlling factors are better 
known and more uniform. Both weather 
and ionosphere phenomena are due 
primarily to the sun, but the sun’s effects 
are more direct and more uniform over 
the earth for the ionosphere than for 
weather. The weather, incidentally, has 
no relation to ionosphere phenomena, 
being produced in much lower regions 
of the atmosphere. 

Study of the ionosphere not only pro¬ 
vides means of iniproving radio services, 
but is also advancing other branches of 
knowledge. It is furnishing an explana¬ 
tion for the variations of terrestrial 
magnetism, hitherto a great mystery. 
It supplies a way of studying various 
types of radiations from the sun, many 
of which do not reach the earth’s surface 
because of being absorbed in the earth’s 
atmospihere. These advances are be¬ 
lieved to be only the beginning of gains 
which future exploration of the ionosphere 
will bring forth in abundance. 
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Synopsis: This paper deals with the funda¬ 
mentals of resonant regulators for constant 
current, and compares them with other kinds 
of regulators. It also discusses the various 
forms such regulators may take, their ap¬ 
plications and control, and protective equip¬ 
ment required for them. A simple method 
of predicting performance by means of the 
voltage diagram is developed. 

T he constant-current regulator is one 
piece of equipment that has been 
given little attention for some years. 
At a recent meeting of a Section of the 
Institute it was apparent, when the sub¬ 
ject of constant-current regulators was 
mentioned, that many engineers present 
had only a very hazy idea of what they 
were. A description of the resonant 
type of regulator, now in its fourth 
decade, was received with considerable 
interest as an entirely fresh subject. 
Here, then, is a “Rip Van Winkle*’ who 
has come back to renew acquaintance 
with some of those other hoary oldsters 
that have reappeared in new clothes and 
increased stature. In that honorable 
company we find the step-type voltage 
regulator, the wound-core transformer, 
the overhead ground wire, and the spark- 
gap lightning arrester. 

The term, constant-current regulator, 
as used here means a device that is used 
to supply a constant current to an elec¬ 
tric system in which the receiving devices 
are in series, and in which the applied 
voltage must be varied in proportion 
to the impedance of the devices in use at 
any particular time. It is assumed that 
the regulation is automatic. The dis¬ 
cussion is confined to a-c regulators. 

Types of Constant-Current 
Regulators 

A crude form of regulator can be made 
by inserting a large reactance in series 
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with a number of resistance loads. The 
reactance consumes very little energy, but 
is such a large part of the total impedance 
that resistance loads can be connected 
into and out of the circuit without making 
large changes in the current. The fixed 
series reactance does not give current 
sufficiently constant for most purposes, 
and it is not widely used. 

A variable reactance, either of induct¬ 
ance or capacity, inserted in series with 
the load and so designed that it auto¬ 
matically adjusts its reactance until the 
desired current flows in the circuit is the 
type of regulator in common use today. 
A new form of regulator of this type, 
sometimes known as a semiresonant or 
nonlinear network type, is one in which 
a saturable reactor in parallel with a 
capacitor of proper size behaves in tlie 
circuit like a variable capacitor, and 
automatically adjusts its effective re¬ 
actance until a certain current flows. ^ 
The more common form is the moving- 
coil transformer that changes its leakage 
reactance. The moving coil is replied 
from the other coil by the reaction of 
the currents in the windings. When prop¬ 
erly counterbalanced, the coils will 
approach each other' until the leakage 
r^ctance is just sufficient tb pass the 
current for which the counterbalance 
weights are adjusted. In spite of the 
wide variance in physical form of these 
two regulators, they are essentially the 
same. Each is a variable reactance in 
^es with the load. 

The inherent characteristics of the 
regulators' composed of a variable re¬ 
actance in series with the load may be 
summarized for purposes of comparison 
as follows. The input current as well 
as the output current is constant. Con¬ 
sequently, the volt-ampere input to this 
type of regulator is constant and ap¬ 
preciably greater than the full load volt- 
ampere output. The power factor is 
comparatively low. The load circuit is 
reactive in character. In case of a break 
in it a very tenacious arc is drawn which 
frequently causes damage to equipment 
or contacts. The input circuit is also 
reactive in character, so switches and 
other control devices must be capable of 
breaking* the reactive currents. The 
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losses are constant or practically so for 
the moving-coil regulator. The semi- 
resonant or nonlinear network form of 
regulator has losses which vary about 
inversely as the square of the load. 
Consequently, the efi&ciency of either 
falls off rapidly as load is decreased below 
rated full load. The characteristic which 
is the outstanding virtue of the series 
impedance regulator is its independence 
of variations in the supply voltage. 
The moving-coil type of regulator has 
a certain amount of friction in the 
balancing linkages; hence it may not 
readjust itself for gradual voltage changes 
of a few per cent. Also, the inertia of 
the moving parts prevents rapid re¬ 
adjustment in case of violent fluctuations 
of the supply voltage. But under favor¬ 
able conditions it is comparatively free 
from current changes caused by supply 
voltage change. The semiresonant regu¬ 
lator has no moving parts; hence it is 
stiU more free from the effects of supply 
voltage variation. Protective devices 
which de-energize the regulator in case of 
a break in the series circuit must be 
operated by the high open circuit second¬ 
ary voltage, or by the lack of current 
in the load circuit. 

A resonant network composed of 
linear impedances can be contrived to 
maintain a constant current in one ele¬ 
ment when energy is supplied at constant 
voltage. There are various forms that 
such a regulator may take, but the under¬ 
lying principles are the same for all. 

This resonant type of constant-current 
regulator differs from those previously 
mentioned in many important respects. 
It has one conspicuous fault. In fact, 
it is so conspicuous that it is often given 
weight far in excess of its importance when 
regulators are being chosen. This faidt 
is that it is effected by variations in 
the supply voltage. The resonant regu¬ 
lator usually operates at the same power 
factor as the load. The input current is 
proportional to the load; hence both 
open circuit and overload protection 
are provided by an overcurrent device 
in the supply circuit. The load circuit 
is usually not reactive, and in case of a 
break there is practically no arcing, 
although fllm cutouts and similar devices 
operate perfectly. The losses vary ap¬ 
proximately as the square of the load at 
the higher loads, and are approximately 
constant at lower loads. The efficiency is, 
therefore, similar to that of an ordinary 
transformer except that for small regula¬ 
tors the maximum efficiency will be near 
one-third load instead of three-fourthsload 
as it is in the case of most transformers. 
The efficiency characteristic naakes a 


resonant regulator especially adaptable 
to small regulators tlmt do not exactly 
fit the load to be carried. Because there 
are no moving parts, adjustment to 
changes in load is immediate, and there 
are no over-shooting effects dming 
voltage fluctuations. The high efficiency 
at light load makes the resonant regula¬ 
tor especially desirable for circuits which 
operate a part of the time at half load or 
less. The device is reversible; that is, 
it may be used to obtain constant voltage 
from a constant-current system. 

The semiresonant regulator or non¬ 
linear network type should not be con¬ 
fused with the resonant regulator. It 
employs capacitance and a saturabk-core 
inductance. But the regulating func¬ 
tion is performed in a manner analogous 
to the moving-coil regulator. It is 
essentially a variable reactance in series 
with the load and automatically con¬ 
trolled by the current. The same circle 
diagram that shows the performance of 
the moving-coil regulator will serve just 
as well for the semiresonant regulator. 
The only difference is that one uses the 
opposite half of the circle from the 
other. 

Then just what is a resonant regula-’ 
tor? This definition may not be rigor¬ 
ous, but it would appear that a resonant 
type of regulator is a regulator that de¬ 
pends for the primary regulating function 
on one or more pairs of linear reactive 
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Figure 1. The general wye network 


impedances each equal to the other but of 
opposite sign, and which will transform 
from constant voltage to constant cur¬ 
rent, or from constant current to con¬ 
stant voltage. 

Fundamentals 

The resonant constant-current regula¬ 
tor has been thoroughly described by 
Steinmetz, the inventor.* However, the 
existing literature is not of a type that 
permits of easy assimilation by the people 
who could make the most use of it. 
The resonant regulator is not a self- 
contained device, and will perform qtdte 
differently under different circumstances. 


For instance, it will carry more load when 
used on. a three-phase four-wire system 
with neutral return than on a three-wire 
single-phase system. Therefore, it is 
essential that the men who apply this 
device understand how it behaves. It 
is also desirabie that they have a con¬ 
venient, simple method of predicting the 
perforrnance of; a-,given regulator under 
variovis conditions. 

; .The resonant regulator can best be 
explained as a tliree-element wye-con¬ 
nected network with some special prop¬ 
erties. A three-element network is 
shown in figure 1. The cun'ents in this 
network ate easily found in terms of the 
impedances involved and the af)plied 
voltages by the use of Klirchoff*s laws. 
Solutions for the currents are as follows. 

Ii=^[Eai>(Z2 -h Zi) -1- EbcZ2]/l(Zi + Z 2 ) X 
^8 + Z,Z2\ ( 1 ) 

h “ [-B&cCZi Z 2 ) -h I^abZi]/{(Zi -h Z 2 ) X 
Z 2 + ZxZ2] (2) 

The solutions of equations 1 and 2 arc 
general. In order that the network be 
a resonant regulator, it is necessary to 
make two of the three impechinccs equal 
and opposite, the third impedance being 
the load. Let us assume that Zi is a 
capacitance and that Z 2 is an inductance, 
and tliat their scalar values arc equal. 
In that case Zi plus Z 2 will be zero. 
Therefore, the currents in the regulator 
and load are 

Ji = lEabiZz 4- Z 2 ) -f EocZ2]/ZxZ2 (3) 

(4) 

It is evident from inspection of equation 
4 that I 2 is independent of the load 
impedance Za and of voltage Fur¬ 
thermore, the load cuiTent is always in 
quAdmture witli voltage Eat, 
constant as long as Eab is constant. 

For the purpose of understanding the 
operation of the regulator, the equations 
given are sufficiently accurate. It is, 
of course, not possible to have a pure 
inductance or a pure capacitance, but 
we can neglect losses for the present. 
The effect of losses will be discussed 
later. 

If it is assumed that the supply volt¬ 
age Egt remains constant, the output 
current J 2 is not affected by the amount of 
impedance, or tlie amount of electromo¬ 
tive force,,of.whatever origin, in the load 
circuit, Ei,c can be considered as either 
a supply voltage or as a back electromo¬ 
tive force in the load circuit. While 
Ebc has no effect on the load current, 
it does have an effect on the input cur¬ 
rent Ji as is clearly shown by equation 
3. Note that a potential introduced 
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in the load circuit, causes a current in 
quadrature with it to flow as a component 
of h. Therefore, the power flowing in 
the supply unit ah may be dependent on 
the voltage jEjc, depending on the phase 
relation between E&c and Eajt,. These 
relations can best be illustrated by the 
voltage diagram. 

In flgure 2A there have been drawn the 
lines AB and CD. The conditions im¬ 
posed on their relation is that AB is 




Rgure 2. The voltase diagram 

Subscripts 1 and 2 indicate quantities Rowing 
in from machines ah and be, respectively. Sub¬ 
script 3 indicates quantities delivered to the 
load circuit 

the constant supply voltage and CD is 
the voltage drop in the load caused by 
a current which lags behind voltage 
Ea, by 90 degrees. If we draw lines 
BD and AD and BC, the completed 
diagram as shown in figure 2B represents 
all of the voltages involved in the net¬ 
work. Since reactances Zi and are 
known constants and the voltage across 
them is shown by the diagram, and since 
the current in Zz is known and the volt¬ 
age across it is shown in the diagram, 
the diagram completely determines the 
network and may. be used as the basis 
of a chart for studying its performance. 

The usefulness of the diagram will be 
greater if it is based on unit voltages.. 
Assume that E^, is a unit voltage, that 
the load current is unity, and that im¬ 
pedances Z\ and Zz are also unity. In 
that case the quantities marked on the 
diagram are represented by the lines 
alongside which they appear in figure 2C. 


For convenience in discussion we will 
assume that voltages Eai and are 
produced by machines oh and 6c, re¬ 
spectively. 

The losses can be calculated from the 
diagram also. The capacitor losses will 
be a fixed percentage of the volt-amperes 
flowing in the capacitor. The induct¬ 
ance losses will be very nearly propor¬ 
tional to the volt-amperes flowing in the 
inductance. Consequently, the diagram 
which shows the per cent of reactance 
required for any load also will show the 
per cent of full-load loss at any load. 

The diagram clearly illustrates the 
effect of using a voltage BC such that 
point C lies well above line AB. In that 
case, machine he supplies watts. At zero 
load these watts are all absorbed by 
machine ah. As load is added the 
amoxmt absorbed by machine ah de¬ 
creases until as point D reaches line AB 
it is absorbing none at aU. As point D 
falls below line ABy the machine assumes 
load. Hence, when point D is as far 
below line AB as point C is above it, the 
machines are equally loaded. 

Observe that when this condition 
exists and when AB equals CD that the 
volt-amperes of each reactance required 
is equal to only one-fourth of the load 
watts. That is the condition of load 
for maximum economy of material in the 
regulator. Note, also, that as CD is 
increased the volt-amperes of reactance 
required increases very nearly as the 
square of the load. Consequently, there 
is a very definite relation between input 
and output voltage that must be observed 
if an economical machine is to be ob¬ 
tained. However, there is a lower limit 
below which it is not economical to go 
in reducing the size of reactances re¬ 
quired. For instance, suppose that a 
supply voltage of 115/230 volts single 
phase is available, and a load voltage 
of 400 volts is desired for a 6.6-ampere 
regulator. The load voltage is 1.74 
times the supply voltage available. For 
a load voltage 1.74 below line AB, the 
capacitance and inductance required will 
be 3.53 times the load volt-amperes. 
However, the capacitor voltage will be 
1.87 times 230 or 433 volts, and that is 
about as low as it pays to go for a capaci¬ 
tor voltage. While less volt-amperes 
would be required at 230 volts, the same 
capacity in microfarads would be re¬ 
quired and it is more economical to 
provide the extra inductance than it 
would be to establish a 400-volt supply 
by a special transformer, or to build 
the smaller inductance and supply a cur¬ 
rent transformer of the proper ratio in 
the output circuit. Furthermore, it is 


more economical to use control equipment 
rated for 230-volt circuits. 

The effect of an open circuit can be 
observed by manipulating the voltage 
diagram. In the case of an open circuit 
the load impedance becomes nearly 
infinite, and voltage cannot be controlled 
by the load impedance. Voltage tends 
to increase, thereby causing increases in 
voltages AD and BD. But BD is the 
voltage across an iron-core inductance, 
and this inductance will decrease in 
value when the voltage reaches the point 
at which the iron saturates. We have 
then a capacitor and an inductance of 
somewhat smaller impedance in series 
across voltage AB. Under that condition 
point D will swing far to the right of 
point B. In other words, the triangle 
collapses to almost a straight line. The 
values which voltages AD and BD assume 
depend on the design of the reactor, but 
BD will always be somewhat larger than 
normal full-load voltage, and AD will 
be approximately AB plus BD. There¬ 
fore, in the design of a regulator it is 
possible to limit the open-circuit voltage 
across the capacitor to a known value. 
The approximate value of AB plus BD 
for the open-circuit voltage means that 
the open-circuit voltage must be, for a 
single-phase regulator, something over the 
sum of the normal load voltage and the 
supply voltage. If a regulator is blindly 
designed for the most economical size of 




reactor and supply voltage for a given 
load, the capacitor will be subjected 
to rather high voltage in case of open 
circuit. This is another reason that we 
cannot always design for input and out¬ 
put voltages that give the most economi¬ 
cal use of materials. 
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The input current under open load con¬ 
ditions is easily determined because both 
the voltage and impedance of the capaci¬ 
tor are known. Open-circuit protection 
for the regulator is obtained by setting 
the overcurrent device in the supply 
circuit to open on this current Somesuci 
device would be required to protect the 
circuit in case of apparatus failure; hence 
no additional device is required for open- 
circuit protection. A very slight amount 
of time delay is sufficient to allow film 
cutouts in the series circuit to operate 
when a lamp bums out. 

The writer has not analyzed the net¬ 
work sufficiently to determine the rate of 
rise of recovery voltage across a break 
in the load circuit, but numerous ex¬ 
periments have shown that this circuit 
does not tend to maintain an arc across 
a break in the series circuit. In fact, 
there is only a faint spark when the wire 
is broken on a regulator that has an 
open-circuit voltage of 1,000 volts. 

The overcurrent device in the supply 
side is subjected to veiy rapid rise of 
recovery voltage across the switch or 
fusable element. The writer has u.,ed a 
simple ‘‘buffer’* network consisting of a 
small capacitor (about three per cent 
of Zi) and a high resistance. This net¬ 
work is connected across the load side 
of die supply fuse or circuit breaker, 
and is effective in reducing the recovery 
voltage to a point that ordinary fuses 
and small circuit breakers break the cur¬ 
rent without any sign of distress. The 
resistor also acts as a discharge resistor 
for Zx in case a break in the load circuit 
is followed by the opening of the supply 
circuit breaker. 

When this buffer network is used, the 
duty on control equipment is light under 
all conditions. There is no high inrush 
current to lamp loads because the input 
current is only about one-tenth normal 
when the lamps are cold, and increases 
gradually as Ihe filaments heat. There 
is no inductive arcing when the circuit 
is broken because the device is easily 
made to have a noninductive character 
on the supply side. There is no inrush 
under short circuits and grounds on the 
series circuit. Ordinary normal-duty 
contacts on time switches and relays 
have been found to give trouble-free 
service for long periods. 

The regulator has no moving parts and 
no inertia; hence voltage surges cannot 
cause “pumping” or overshooting effects 
which will damage lamps dr other equip¬ 
ment. 

The regulator is reversible; that is, 
it may be used to obtain constant voltage 
from a constant-current circuit. This 


is clearly illustrated by the chart of 
figure 2C. 

Losses in the inductance and capacitor 
have an effect on the regulation. This 
effect can be shown by substituting 
the per unit values in equation 2 to 
conform to the actual impedance of the 
reactances instead of the lossless re¬ 
actances assumed previously. It would 
then read 

/2 « 

(m +in)(ri H-jri + jxij -h (^2 jxj) 
{n -h jxi 4-^2+ jx^){u + jxz) + 

(n + i«i)(^2 + i«2) 

(S) 

This reduces with certain approxima¬ 
tions to 

^2 = i[l + (w 4“ + — 

(n - n)(ri 4-rs)] (6) 

Remember that xi and x% are of opposite 
sign and very nearly equal, and that ri 
and n are very small, n is the equivalent 
per unit resistance of the capacitor, 
and r 2 is the equivalent per unit resistance 
of the inductance. They are fixed by 
the design of the regulator or rather of 
the elements of the regulator. 

The quantity {m 4- xs) can be read 
from figure 2C on the line marked VAR^, 
The quantity (fs — n) can be read from 
the scale marked Pi. 

It is possible to use equation 6 to work 
out the proper relation between rz and 
(»i 4- « 2 ) so that U remains more nearly 
constant for all values of tz than if 
(xi 4“ ^^ 2 ) were always zero. The value of 
(iici 4“ Xi) can be controlled to a certain 
extent by proper design of the air gap 
in the inductance. That feature is the 
basis of a patent issued to S. F, Farkas in 
1937. The condition necessary to per¬ 
fect regulation is 

4- 3C2 « (ri + r 2 )(ri - »)/(m 4- xs) (7) 

Note that n will usually either be zero 
or one-half times the largest value of 
rz (load resistance) for which the regula¬ 
tor is designed. In case n is zero, very 
good compensation can be secured. But 
if n is not zero, compensation may be 
worse than no compensation if the regula¬ 
tor will ever have to carry light loads. 
Perhaps it would be clearer to say that it 
is practically impossible to design Xi so 
that equation 7 will be fulfilled under the 
latter condition. 

In some cases, however, a magnetiza¬ 
tion curve can be determined for the 
inductance such that the regulator will 
give actually constant current, For 
a highly efficient regulator; that is, 
small vdues of ri and r 2 , deviations in 
current are quite small. For all ordinary 


purposes special attention to the shape 
of the magnetization curve is not neces¬ 
sary. It is sufficient to fix two points on 
the curve, one at or near full load, the 
other at or near no load. This is easily 
accomplished by unbalancing the regula¬ 
tor by means of taps on the inductance 
winding until no-load and full-load cur¬ 
rents are equal. 

The current may be adjusted by chang¬ 
ing the supply voltage or by using a 




Figure 4. Voltage diagram of regulator using 
an autotransformer with an air gap 


variable-ratio current transformer be¬ 
tween the regulator and the load. Also, 
some of the special forms of regulators 
to be described are designed so that out¬ 
put current can be adjusted. 

Practical Forms of Regulators 

Steinmetz described two forms of 
regulators whidi he called the resonant 
T and the monocyclic square. They 
could be used with or without auxiHary* 
transformers. The author has built a- 
number of regulators which combine 
the functions of the regulator and the 
auxiliary transformers in a single device. 
These various forms of resonant regula¬ 
tors will be described. The resonant T 
is represented in figures 3A and ZB and 
by the voltage diagram of figure 2C pro¬ 
vided voltage be is zero. In other words, 
the load return wire is attached to one 
wire of the ringle-phase supply system. 
This is also described by saying that it 
consists of two equal and opposite re¬ 
actances connected in series across the 
supply voltage with the load shunted 
^oss one of the reactances. Some may 
also recognize this as the familiar L 
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Figure 5. Single-phase regulator using a 
special transformer. Load circuit autotrans¬ 
former coupled 

filter tised in communication work. It 
should be self-evident that if the load 
is shunted across the inductive reactance 
as is done in a high-pass filter, any higher 
harmonics in the supply voltage will 
pass through and appear in the load 
circuit. Conversely, if the load is shunted 
across the capacitor as is done in a low- 
pa^ filter, higher harmonics in the ^pply 
voltage will not pass and the current 
wave will be very nearly a true sine, 
even though the supply voltage is rich 
in harmonics. It is sometimes desirable 
for other reasons to shimt the load across 
the inductance. In that case harmonics 
may be suppressed by using an oversize 
capacity in series with a small inductance 
as the input arm of the T* This-combi¬ 
nation will be resonant at the funda¬ 
mental frequency, but will not pass har¬ 
monics readily. The writer has not 
found any objectionable harmonics in 
the T-connected regulator except at less 
than ten per cent load. 

The monocyclic square is perhaps the 
most familiar name for a resonant type 
of regulator. The connections are as 
shown in figure 3D. The S 3 anmetry of 
the diagram immediately suggests that it 
could be cut along the diagonal to which 
the supply voltage is appH^^ and con¬ 
tinue to function. Such a regulator is 
shown in figure 3E. This latter arrange¬ 
ment is represented by the voltage dia¬ 
gram, figure 2C, if we make voltage 
equal minus one-half of voltage 
The advantage of the square over the 
half square is that it does not require 
a neutral wire on the supply circuit; 
The monocyclic square, like Hie resonant 
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T with the load shunting the inductance, 
is affected by voltage harmonics in the 
supply, and can be cured by the same 
process as that used for the T. 

Steinmetz used a back electromotive 
force in the load circuit equivalent to 
Ebe In our analysis. This usually con¬ 
sisted in the third phase of a three- 
phase circuit exactly as analyzed in 
figure 2C. But sometimes it was the 
second phase of a two-phase system 
introduced in the load circuit of a mono- 
(ydic square. At no load both halves 
of the square “folded over” so that they 
absorbed power. At full load the square 
furnished half of the power; the second 
phase of the system furnished the other 
half. This latter connection usually 
required that one or more auxiliary 
transformers be used. 

The device as it has been described is 
about as it has existed up to the last 
few years. Various improvements have 
been made to make it more useful and 
flexible in its applications. 

One improvement was to substitute 
for inductance Z 2 a transformer with an 
air gap in the core. In that case the 
transformer acts as a reactor and as a 
coupling transformer. This allows some 
leeway in the use o^ load voltages higher 
or lower than that of point D (figure 2). 
Voltage relations in such a device are 
shown in figure 44. The current de¬ 
livered from point D' is constant and 
equal to J 2 times the ratio BD/BD'. 
If the voltage diagram is not to be al¬ 
tered in shape (which will lower the 
power factor), the return current must 
be returned not to point C, but to a 
point C" chosen so that BC/BC equals 
BD/BD'. This follows because the load 
current is always in quadrature with 
voltage and to avoid pulling the 
voltage diagram out of shape a point 
for the return current must be chosen on 
the voltage diagram so that C' lies 
directly under point D' (for pure resist¬ 
ance loads) as it does in 4B. For regula¬ 
tors in which the ratio BD/BD' is small, 
there is little advantage in changing the 
point of current return. This is the case 
when a small street lighting regulator is 
equipped with taps near point D to 
enable the regulator current to be ad¬ 
justed to the supply voltage available. 
But if large currents at low voltage are 
desired from a similar regulator, it would 
be essential to reduce voltage BC' in 
proportion to the turn ratio used to get 
voltage BD. 

Realization of this essential need led 
to still another improvement. That 
was to build a special transformer such 
that voltage BD and BC would both he 
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induced in the same winding. By that 
method a change of taps to get any de¬ 
sired turn ratio BD/BD^ automatically 
selects a turn ratio BC/BC' that equak 
it. If a regulator is to be used to control 
current for a wide range of special tests, 
such as mdtmg-time tests for fuses, this 
is a very valuable improvement. One 
method of accomplishing it is shown in 
figure 5, which is a single-phase regulator. 
Figure 6B is a diagram illustrating how 
it operates. 'J In figure 6B the dotted line 



Figure 6. Single-phase regulator using a 
special transformer. Load circuit electrically 
isolated 


CB represents the voltage induced in 
coil CD by flux from winding AC. The 
dotted line BD represents the voltage 
induced in the same coil by the leakage 
flux flowing through the center leg across 
the air gap. Line CD is shown drawn 
parallel to the resultant voltage which 
will appear across coil CD. The load 
is connected across a portion of the turns 
of CD, and the coil acts as a coupling 
autotransformer; that is, the coil CD 
has three functions. It has induced in 
it part of the supply voltage. It is the 
reactor winding. It is a coupling auto¬ 
transformer winding. 

Figure 6-4 is similar except that the 
windings are arranged to use a higher 
voltage in the resonant circuit than can 
be obtained from the supply available. 
Also, the load is coupled by using a 
separate winding on the same leg of the 
core as winding CD. This arrangement 
allows the resonant-circuit reactances 
to be chosen for maximum economy 
without regard to the supply voltage 
available or to the current desired. It 
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also allows the load circuit to be insulated 
from the supply circuit. 

Figure 7A is a three-phase regulator 
in which the transformer winding also 
serves a triple purpose of supply trans¬ 
former, reactor, and output transformer. 
The diagram 7B shows the voltage rela¬ 
tions. Dotted lines BC and BD are the 
supply and reactor components of the 
total voltage induced in winding CD, 

Applications 

Recent practice in series street lighting 
shows a trend toward smaller regulators 
supplying 50 to 100 lamps. During the 
same period there has been a trend toward 
higher distribution voltages. If the 
higher primary voltage is used to supply 
these regulators, high-voltage control 
equipment is necessary. This will mean 
still higher costs for constant-current 



D 

(B) 


Figure 7. Three-phase resulator using a special 
transformer. Load circuit electrically Isolated 

regulators and control. If the number of 
regulators is kept low, the series circuit 
voltage must be high. That is not at all 
desirable. Many operators have turned 
to the multiple system for street lighting 
in order to keep the operating voltage 
low. That, too, has its disadvantages. 

There is a field for a low-voltage con¬ 
stant-current lighting regulator that is 
economical and can be economically 
controlled. If this regulator can be sup¬ 
plied from the lighting secondary lines 
instead of the primary lines, there is 


opened a still larger field for it, such as 
“for airport lighting and lighting extensive 
private grounds. Of course, the resonant 
regulator can be applied at the higher 
voltages, but it appears to be particularly 
applicable at the lower voltages. 

One of the most promising systems is 
one in which power is taken from 115/230- 
volt single-phase secondaries or from 
wye networks. The grounded-neutral 
grid is used as the return wire. In case 
of open circuit the portion of the circuit 
between the break and the regulator can 
be energized through one of the reactances 
at 115 volts to ground. By making a 
few tests with a voltmeter or test lamp, 
the fault is easily located. Hand con¬ 
trol on each unit is provided so that in 
case of failure of one circuit the cascade 
can be made operative by closing the 
manual switch on the unit following it in 
the cascade. Time-switch control can 
be used as simply as can hand or cascade 
control. Any form of control that will 
handle sufficient power to close a rday is 
easily applied. Ordinary relay contacts 
are capable of short-circuiting a portion of 
the circuit for midnight lighting circuits. 
Figure 8 shows the current regulation 
and efficiency of such a regulator. If 
overhead wires are used, adequate light¬ 
ning protection is necessary. Also, a 
fuse in the load circuit to protect the 
regulator in case of back feed from high- 
voltage circuits is desirable. 

The resonant regulator has been 
applied in testing fuses for blowing time. 
“Vinien so used it compensates for the 
change of resistance of the fuse as its 
temperature changes. It is fast enough 
to hold current constant during rapid 
changes in the resistance. The power 
requirements are held down to the actual 
power required to fuse the link. The 
resonant regulator has been applied to 
power systems in apparatus for obtaining 
high-voltage direct current.* This appli¬ 
cation has been described in some detail 
in previous publications. 

Production line testing, testing of motor 
protective devices, relays, and similar 
equipment are fields in whidi the regu¬ 
lator can be used. Constant-torque con¬ 
trol for motors can be obtained from it. 

The serving of single-phase loads such 
as electric-arc furnaces from three-phase 
power circuits has always been a knotty 
problem. The three-phase resonant regu¬ 
lator will supply single-phase constant 
current while taking its energy from a 
three-phase supply. The load balance is 
not perfect, but it will be better than 
is usually obtained in two-electrode 
furnaces. Saving in furnace construc¬ 
tion and improved control facilities make 


the possibility worth investigating. Con¬ 
trol of dectrode current would be by 
means of the regulator. Control of 
furnace voltage would be by means of 
dectrode spacing. It is believed that 
independent control of these two quanti¬ 
ties would be quite valuable in some 
processes. 

Resonant regulators can no doubt be 
applied in many fields. They are not an 
expensive device to build. However, the 
profession seems to have forgotten them; 
or perhaps it has never been really ac¬ 
quainted. If this effort serves to bring 
them to mind when a possible application 
is discovered, its purpose will be fulfilled. 

List of Symbols 

Eaji = the principal applied voltage 
Ej,c = the second applied voltage 

Ji =» current flowing in the capaci¬ 
tance 

li « the output current of the regu¬ 
lator 

Zi = the impedance of the capacitor 
Z 2 = the impedance of the inductance 

Zt = the load impedance 

m ~^jn - the components of the unit 
voltage E^c/^ah 

n + 73^1 components of the unit imped¬ 
ance ZilBah 

+ 3^ * components of the unit imped¬ 
ance ZilEah 

n ~ components of the unit imped¬ 

ance ZtfEai) 

Pi = power supplied by source of 
voltage Eab 
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Figure 8. Regulation and efficiency curves 


1— Current from a four-kva resonant regulator 

2— Efficiency of the same regulator 

3, 4/ 5, 6—Efficiency curves for one-/ two-/ 
three-/ and five-leva moving-coii regulators 
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Pi = power supplied by source of 
voltage Ej,c 

Pt — power absorbed by load 
VARi = reactive volt-amperes supplied 
by source of voltage Eai, 

VARz =» reactive volt-amperes supplied 
by source of voltage Ej,c 
VARs = reactive volt-amperes absorbed 
by load 
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Discussion 

J. Peterson (nonmember; General Electric 
Company, West Lynn, Mass.): Mr. Miner 
has presented an interesting review of the 
fundamentals of resonant regulators for con¬ 
stant current. We feel sure that his concise 
and yet comprehensive presentation of the 
characteristics of these resonant circuits 
will revive interest in their applications by 
the profession in general. 

An obvious reaction to Mr. Miner’s 
paper is the question, why have moving coil 
regulators been used almost exclusively for 
series street lighting during the last four 
decades while the virtues of resonant regula¬ 
tors have apparently gone unheeded all these 
years? 

The truth of the matter is, that resonant 
regulators have undergone considerable de¬ 
velopment by various manufacturers of 
street-lighting equipment during these dec¬ 
ades, in an effort to utilize the desirable 
properties of these circuits, and at the same 
time, to minimize or eliminate the unde¬ 
sirable characteristics. This work began 
with Steinmetz who applied and improved 
the fundamental circuit which was invented 
by Boucherot in France in 1890. 

Development work is still being carried 
on, but in its present form the simple 
resonant regulator is not a satisfactory 
device for universal application to modem 
street-lighting circuits. 

The so-called "conspicuous fault" of 
resonant regulators referred to by Mr. 
Miner (variations in load current with varia¬ 
tions in supply voltage) is by far the most 
serious objection to the application of 
resonant regulators in street lighting. 
Maintenance of lumen output with long 
life in series incandescent lamps is of vital 
importance to street-lighting operators. 
Close limits of current regulation (plus or 
minus one per cent) are necessary to obtain 
these properties, and unfortunately, in the 
resonant regulator, the current regulation 
is only as good as the regulation of the supply 
voltage. Usually it is necessary to allow 
for considerable variation of primary supply 
voltage in the distribution circuits from 
which series street-lighting equipment is 
energized. 

We grant that starting surges are present 
in the automatic types of moving-coil regu¬ 
lators^ but on the other hand, the regulator 
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design minimizes these surges and further¬ 
more the design of series incandescent lamps 
takes into account these surges and life is, 
therefore, not adversely affected. 

The presence of harmonics in resonant 
regulator circuits has always been a source 
of difficulty in applications to series lighting. 
Mr. Miner has pointed out that certain 
resonant circuits pass harmonic distortion 
in the primary supply on through to the load 
circuit. It is obvious, of course, that these 
same circuits encourage harmonic distor¬ 
tion in the load-circuit current, when non¬ 
linear load elements exist. Autotransform¬ 
ers and insulating transformers with bumed- 
out lamps on their secondaries generate 
harmonic distortion on open circuit, which, 
in the case of the monocyclic square, for 
instance, causes the root-mean-square series 
current to increase dangerously above the 
normal value. 

The increasing use of vapor lighting in 
series circuits further precludes the use of 
simple resonant regulators. Both sodium- 
and mercury-vapor lamps have arc charac¬ 
teristics which promote distortion in both 
current and voltage wave forms in resonant 
circuits. When stabilized by inductive 
reactance as in moving-coil regulators, the 
current through the lamps remains prac¬ 
tically sinusoidal and distortion appears 
in the voltage alone. Harmonics in the 
current must be avoided because both life 
and lumen output are dependent to a 
great extent on the use of sine-wave current 
through the lamp. 

Another difficulty introduced by har¬ 
monics in the series-circuit current wave 
shape is telephone interference, particularly 
from long single-wire loops. Fortunately, 
the almost universal use of moving-coil 
regulators has minimized this type of 
diffictilty on both incandescent- and vapor- 
lamp series lighting circuits. 

I would like to stress the distinction 
between the functions of open-circuit pro¬ 
tective equipment for resonant regulators as 
opposed to moving-coil regulators. Pro¬ 
tective equipment is absolutely essential to 
protect the resonant regulator itself from 
destruction due to resonance currents within 
the machine when the load is open circuited. 
On the other hand, this protection equip¬ 
ment when used with a moving-coil regula¬ 
tor is not required to protect the regulator 
itself, but rather to protect the load circuit 
external to the regulator. As a matter of 
fact, the protective equipment is optional 
in the latter case and many moving-coil- 
regulated circuits are operating today with¬ 
out protective equipment. 

An interesting characteristic of the poly¬ 
phase resonant networks not stressed by 
Mr. Miner, is the fact that the terminals of 
three-phase equipment must be connected 
to the three-phase lines in a definite phase 
sequence depending on the phase rotation 
of the pol 3 rphase lines. 

A study of a resonant regulator manu¬ 
factured in a practical form reveals some 
interesting points. There will be required a 
series of taps in the reactors and transformer 
elements. One group of these taps is 
necessary to permit the manufacturer to 
compensate for manufacturing variations 
in capacitance values in the capacitor sec¬ 
tion. The other group of taps is necessary 
tb permit the customer to adjust the ma¬ 
chine for the actual line voltage that existsr 
on the customer’s property. When an 
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insulating load transformer has been added 
to the simple resonant regulator and when 
suitable filter equipment for the elimination 
of harmonics in the load circuit has been 
added, the kilovolt-amperes of equipment 
required is such that the economics are 
favorable to the moving-coil regulator even 
when the moving-coil regulator is provided 
with power-factor-correcting capacitors. 


W. A. Wolfe (Kansas Gas and Electric 
Company, Wichita): Mr. Miner is to be 
congratulated for renewing the acquaint¬ 
anceship of the profession with the resonant- 
type of constant-current regulator, and for 
developing a regulator of this type which is 
practical for commercial use. 

Mr. Miner mentions that the resonant 
regulator has been used for testing fuses 
for blowing time. I have used one of the 
regulators built by Mr. Miner with very 
successful results for fuse testing. The 
regulator used was 6.6-ampere four kilo¬ 
volt-ampere for series-street-lighting serv¬ 
ice and designed for a 230/116-volt supply 
source. In the use I made of it the regula¬ 
tor demonstrated its ability to carry con¬ 
siderable overload on intermittent duty. 
In the fuse-blowing tests currents up to SD 
amperes were taken from the regulator at 
loads up to 15 kva. 

The company with which I am associated 
uses a considerable number of 66-kv trans- 
former-bank fuses of their own design, which 
is essentially a Micarta tube with a copper 
wire as the fusible element. Accurate 
knowledge of the blowing time of various 
size fuse wires is necessary for co-ordina¬ 
tion with relays. Since the resistance of 
copper wire increases approximately five 
times between room temperature and its 
melting point, it was practically impossible 
to get good results by attempting to hold 
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the current through the fuse constant by 
means of a hand-controlled rheostat of any 
kind. 

Using the resonant constant-current 
regulator in conjunction with a current 
transformer and an induction regulator to 
get the desired values of current, it was 
possible to get very consistent results. 

In figure 1 of this discussion the top 
group of curves were made using a hand- 
controlled water rheostat while the bottom 
group was obtained by the use of the reso¬ 
nant regulator. The improvement is pro- 
noimced, as the top group of curves is obvi¬ 
ously incoxisistent. 

Figure 2 of this discussion shows the 
diagram of the connections used to obtain a 
current through the fuse in the 400- to 600- 
ampere range. The diagram is drawn so 
that the supply voltage and the elements of 
the regulator form a voltage diagram as 
well. The letters A, B, C, and D designate 
the same relative points as in Mr. Miner’s 
paper. 

The load on the regulator for different 
values of fuse current was kept within 
limits by changing connections or cutting 
in and out the three 16-kva distribution 
transformers used as current transformers 
and by moving the point C connection to 
any one of the three positions C, Ci, or C 2 . 

The function of relay, Ri, was to short- 
circuit the regulator when the fuse blew 
thus preventing excessive voltage rise on 


the regulator and excessive current from 
the supply circuit. 


Roland R. Miner; Mr. Peterson’s observa¬ 
tion that the simple resonant regulator is 
not satisfactory for universal application to 
modern street-lighting circuits is of course 
correct. Use of a resonant regulator re¬ 
quires that consideration be given to applica¬ 
tion problems as well as to the regulator 
proper. 

However the almost exclusive use of mov¬ 
ing-coil regulators for the past 40 years 
does not prove that resonant regulators do 
not have enormous possibilities. Our series- 
street-lighting practices have been built 
around the moving regulator. Had they 
been built around a resonant regulator the 
practices and applications would not have 
been the same. 

The lack of development of this type of 
regulator is in the writers opinion largely 
the result of commercial considerations and 
engineering development at the time Stein- 
metz’s work was done. Consider that there 
was no efficient core material for reactors. 
Capacitors were very expensive, bulky, 
and not very dependable. The resonant 
regulator lacked the inherent inductance 
necessary to stabilize the arc lamps in 
common use. Furthermore few users would 
have been able to understand and properly 
apply the regulator. Later when the con¬ 
ditions had changed, the profession was 
busy at other things and the old patents 
which might once have helped justify further 
development had expired. 

As to the maintenance of propei* supply 
voltage to provide good current regulation, 
that also is an application problem. The 
writer has not found it difficult. It should 
be pointed out that most voltage variations 
occur when series circuits are not operating. 
Consequently the regulation obtained dur¬ 
ing the hours of darkness is all that needs 
to be considered. 

The effect of nonlinear elements in the 
series circuit is outside of the writers ex¬ 
perience. However, analysis indicates that 
if the harmonic content of the voltage wave 
in the load circuit is not over about 60 per 
cent and if the wave forms of all of the de¬ 
vices are similar it does not appear to be 
impossible to use a resonant regulator, 
provided it is adjusted on the wave form on 


which it is to he used, A mixture of linear 
and nonlinear loads would lead to difficulties. 

The question of current surges reducing 
lamp life is not one of starting surges. 
Starting surges occur when the lamps are 
cold and are probably harmless. The 
surges which take a toll of lamps are the 
ones which occur when a considerable por¬ 
tion of a loaded circuit is short-circuited 
while the lamps are burning and the ones 
which are caused by system disturbances. 
This is especially important if the regulator 
is lightly loaded. 

Comparison of costs of resonant regulators 
versus moving-coil regulators is largely one 
of design and of course depends on the pur¬ 
pose for which the regulator is designed. 
Whether filter equipment to correct for 
defects in wave form of certain types of 
lamps is justly chargeable to the regulator 
is questionable. The series transformer 
can be eliminated as shown in the paper. 
Taps, at least on small regulators, have not 
offered any difficulties or any great expense. 
The simplicity of control and the lower first 
cost of small units are two factors that have 
contributed savings of well over 20 per cent 
on two installations now in use. These 
installations have performed more satis¬ 
factorily than the ones they replaced. 

In order to use the resonant regulat<^ 
effectively for series street lighting it is- 
necessary to consider the whole system 
including the lamps, the type of distribution 
system, the optimum size of units, and a. 
number of purely operating features. 
While many circuits now supplied with 
moving-coil regulators could be supplied 
with resonant regulators of the same rating* 
it would not be economical in part of the* 
cases. In general small units appear to be: 
the most favorable from the standpoint of 
cost. Some circuits now served by large 
regulators and operated at high voltage 
could be cut into smaller segments and 
operated at lower voltage. Some circuits 
now using 20-ampere lamps with insulating 
transformers could be operated without 
insulating transformers by using a few/ 
small 20-ampere regulators fed from low- 
voltage networks. It certainly would not 
be safe to assume that the two types of 
regulators are interchangeable in an existing* 
system. Each should be considered only 
for the work it is particularly fitted to per¬ 
form. 
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An Automatic Voltage Regulator 
Without Moving Parts Employing 
Ferroresonance 


PALMER H. CRAIG 

FELLOW AIEE 


Synopsis: An automatic line voltage regu¬ 
lator is described which employs ferro¬ 
resonance and operates without tubes or 
moving parts of any kind. The device 
requires no maintenance attention nor ex¬ 
pense, is highly efficient, very accurate, and 
much faster in its response than previous 
large-size line regulators. 

D esirable features in a line-voltage 
regulator either for substation or 
central-station service or for industrial 
service covering applications such as those 
requiring a constant alternating volt¬ 


depends upon the ferroresonant net¬ 
works utilized. The reactors Li and 
in figure 1 are iron-core devices operated 
on the knee of their saturation curve in 
such a manner that for a slight change 
of applied voltage across these reactors 
there will be a slight change of flux in 
their cores. Due to the portion of the 
characteristic curve on which they are 
worked, this change of flux wilt change the 
apparent inductance of the coil throwing 
it either into or out of lesonance with the 
associated capacitor at the frequency of 



Figure 1. Basic wir¬ 
ing diagram of the 
voltage regulator 


age for test conditions should, obviously, 
include as many as possible of the fol¬ 
lowing: 

1. No moving parts 

2. Complete freedom from maintenance at¬ 
tention or expense 

3. A high over-all efficiency 

4. No appreciable distortion of the wave 
form 

6. Rapid response 

6. -Economy in initial cost and mainte¬ 
nance 

A regulator incorporating all of the 
above features has been on the com¬ 
mercial market for several years for loads 
of the order of a few kilovolt-amperes.^ 
Recently, the sizes in which this regulator 
is being built have been extended into the 
higher power field up to a load of 625 kva. 

All of these regulators with which the 
author has worked employ a circxut of 
which figure 1 is a simplified diagram. 
The heart of the operation of this circuit 


the impressed voltage. We see from 
figure 2 that as the impressed voltage de¬ 
creases slightly from normal, the current 
through Lx decreases very rapidly. Lx 
and Cl are associated as a parallel reso¬ 
nant circuit and their output can be 
thought of as feeding the autotransformer 
Zi. Consequently, a slight decrease in 
the line voltage from normal will increase 
the output from Zi and will impress a 
higher voltage on the series resonant cir¬ 
cuit comprised of the reactor Li and ca- 

Faper number 39-12, recommended by the AI£B 
committee on electrical machinery, and presented 
at the AIEE winter convention, New York, N. Y., 
January 23-27, 1939. Manuscript submitted 

April 20, 1938; made available for preprinting 
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tion, in developing this regulator, and of Doctor 
Benjamin L. Snavely, of Lehigh University, for 
his assistance in the preparation of the mathematical 
analysis. 

1. For all numbered references, see list at end of 
paper. 


padty C 2 . Figure 2 illustrates the man¬ 
ner in which the current through the 
series circuit increases for a slight de¬ 
parture of the impressed voltage from 
normal. The series circuit can be 
thought of as comprising a second stage 
of amplification of the changes inherent 
in the first resonant network. In other 
words, the series circuit comprising La 
and Ca increases the sensitivity of the en¬ 
tire control circuit tremendously over 
that obtained from a single stage of such 
a network. The current La flows through 
the copper-oxide-rectifier bridge R^, This 
rectifier supplies direct current to the d-c 
saturating leg of a saturable-core reactor. 
Saturable reactors are too well known to 
require further description but it will 
suffice to say that an increased direct 
current in the middle leg of this device 
will decrease tlie impedance of the a-c 
coils wound on the outer two legs. These 
a-c coils are placed in series with the 
primary of a booster transformer, the 
secondary of which is in series with the 
line. The a-c coils are, of course, so 
poled as to produce no induced electro¬ 
motive force in the middle leg, a shorted 
turn or coil usually being used on the 



Figure S. Variation of current in the control 
circuit with line voltage 
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A- VECTOR DIAGRAMS 
OF VOLTAGE RELATIONS 
AT HALF LOAD — 
»00®/o POWER FACTOR 


B- VECTOR DIAGRAMS 
OF VOLTAGE RELATIONS 
AT FULL LOAD- 
lOO^o POWER FACTOR 



50 PER CENT DIRECT CURRENT 






100 PER CENT DIRECT CURRENT 


C-VECTOR DIAGRAMS 
OF VOLTAGE RELATIONS 
AT HALF LOAD- 
eoy® POWER FACTOR 


D— VECTOR DIAGRAMS 
OF VOLTAGE RELATIONS 
AT FULL LOAD- 
60yo POWER FACTOR 


Figure 3. Vector relationships between line/ 
load/ reactor/ and booster voltages 


middle leg to insure tliat no a-c flux will 
exist in that leg. The a-c coils may be 
connected in series or parallel with each 
other as required. 

It should be noted that no part of the 
load current flows tlirough any of the 
resonant circuits, which is important be¬ 
cause the saturating currents introduce 
wave-form distortion in the current flow¬ 
ing through them. Since this current is 
rectified and used only for saturation in 



A A 

i f : ' ■ ^ ^ ^ ■ 

. ; . Lo:/J i/.'./c ' , • ^ , 

1 J ; ■ : • ' ; ■ ■ ^ ^ i 



1 ^ \W 1; 1 ; 

y. A;\ ,y'. 

A,/ A/i A/: y iV' ■: V 


'"A-, ' : ; ' 

^ r . 

. a a O 

, ■ - V.: V-: . 






the regulators being described, the 
resonant networks introduce no wave¬ 
form distortion in the load circuit. Note, 
for example, the output voltage wave form 
of figures 4 and 5. 

Since the lowest output available from 
the control circuit is never zero, a con¬ 
stant “bucking” winding is also used on 
the center leg of the saturable-core re¬ 
actor. This coil is supplied with just 
enough direct current to oppose com¬ 
pletely the variable saturation at the 
condition of highest normal line voltage, 
thus producing no net saturation at that 
condition. 

Summarizing, as the output voltage 
of the regulator tends to decrease slightly 
from normal there will be a very rapid 
increase in the d-c saturation of the satur¬ 
able reactor and a relatively large boost 
introduced by the booster transformer of 
an amount just sufiicient to offset the 
tendency of the line voltage to decrease. 

It should be noted that the added boost 


Figure 4. Oscillograms of voltage and current 
relationships. Input voltage varying 


is obtained not merely due to a higher 
voltage on the primary of the booster 
transformer but because of a shift in 
position of the vectors of the voltages 
across the a-c coils of the reactor, primary 
and secondary of the booster transformer, 
and the line voltage. 

Figure 3 illustrates the manner in 
which these vectors change for two load 
conditions at unity power factor and simi¬ 
lar conditions at 60 per cent power fac¬ 
tor. It can be easily seen from these vec¬ 
tor diagrams that the magnitude of the 
booster primary voltage is not nearly as 
important as its vector relationship with 
respect to the line-voltage vector. It is 
also apparent from figure 3 how buck may 
be obtained in the line comprising the 
booster transformer without changing 
any of the connections of that trans- 


Table I. Data Taken on Regulator for S5-Kva Load 


Number 

of 

Test 

Bin 

B Out 

iLin 

Il O ut 

Kilovolt- 

Amperes 

In 

Kilovolt- 

Amperes 

Out 

■J Is 


r 2.380... 

....2,876] 

f more than ] 

f 10 . 



...0.9 .. 

1. 


....2,376 

'...1 10 1. 



...23.76... 

... 0.95•• 


1^2,180... 

...2,376j 

I amperes j 

i 9.8 .... 


...23.2 ... 

....0.96.. 


(2.440.... 

...2,380. 


.7.35.... 

..19 ... 

...17.5 ... 

...0.72... 

2. 


.. .2,376. 

.9 . 

.7.35.... 

..19.8 ... 

...17.45... 

—iKaif 


f o Ain 

... 2 380] 

f more than \ 

j9.26_ 


...22 ... 

...1.27... 

3. 

BSRtfSMI 

!! ’.2i360 

... 10 .. 

•' 19.13.... 


...21.56... 

...2.35... 


\ 

) 

\ amperes J 

1 





(2.480.... 

...2,380. 

.6.3. 

.5.98..,. 

..16.6 ... 

...14.24... 

...0.6 .. 

4. 

lll»«iS!Sj||| 

...2,330. 

.6.85. 

.5.78.... 

..16.7 ... 

...13.6 ... 

...1.18.. 


l2,160.... 

...2,340. 

.7.65. 

.6.78.;».. 

..16.66... 

...13.66... 

...1.9 ... 


(2.440.... 

...2,360. 

.6.1. 

.6.68,,.. 

..14.88... 

...13.19... 


5. 


,...2,340. 

:.,.6.8. 

.6.62.... 

..15.36... 

...12.8 ... 

...1.34.. 


12,170... 

.. .2,340. 


.6.62.,.. 

..16.06... 

...12.8 ... 

...1.9 .. 

6. 

.. 2,180... 

-2,360. 



...16.35... 


....1.9 .. 


isR Loss 
Kilowatts in Shunt 
Out Circuit 


.;.24.3 

...24.0 

...23.7 


.. 30.5. 
..34 
.. 34.8 


..15.0 .. 
..15.25.. 


19.6.. 

33.9.. 


.. ;i2 
...12 


75.5 

20.8 









IBTiwSil 






.... 8.36.136 


Control 

Circuit 

Watts 


. 70. 
.210 
.220 

. 70. 
. 210 . 

. 70 
. 210 , 


; 70.... 
. 100 .... 
. 210 .... 

, 70.i.. 
. 120 .;., 
. 210 .... 

.210 


Power 
Factor of 
Load 


1 

.1 

.1 

0.86 

0.874 


.0.55 

0.55 


0.72 

.0.73 

0.75 


0.7 

.0.71 

,0.71 
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Figure 6A. Typical input voltage variation Figure 6B. Output voltage under input 
used for test conditions shown in figure 6A 


former. For example, referring to figures 
3C and SD, under the condition of zero 
direct current in the reactor we see that 
the position of the “boost” vector is such 
with respect to the line-voltage vector as 
to produce an output voltage lower than 
the line voltage. 

The oscillograms of figures 4 and 5 will 
give some idea of the currents and volt¬ 
ages which exist in the various parts of 
the circuit of figure 1. 

In figure 4, trace number 1 represents 
the output voltage, number 2 the total 
current of the control circuit, number 3 
the current through Li, number 4 the 
current through Ci, number 5 the cur¬ 
rent through the series resonant circuit, 
and number 6 the d-c output to the re¬ 
actor. It can be seen that the wave 
form of the load voltage is not appreciably 
distorted under any condition. The 
variation in the oscillogram was obtained 
by producing arbitrarily a system volt¬ 
age drop which produced the condition 
shown therein. 

Figure 6 is a similar oscillogram wherein 
the variation was caused by an input 
voltage drop due to impressing the load 
on the output of the regulator. 

Efficiency 

Table I gives test data on a typical 
regulator for 25-kva 2,400-volt load in 
which the input and output voltages are 
given as well as the input and output 
currents, kilovolt-amperes, shunt cur¬ 
rent (that is, the current through the a-c 
coils of the reactor and the primary of 
the booster transformer), kilowatts out, 
PR losses, control-circuit losses, and 
power factor of the load. This table 
shows an over-all accuracy under all con¬ 
ditions of a total of about 2.1 per cent 
or an accuracy of plus oi minus 1.05 per 
cent. As seen from the table, the effi¬ 


832 


ciency is very high and it should be noted 
that the power factor of the load is varied 
from 0.55 to unity, which is a larger varia¬ 
tion than would normally be encountered. 

Accuracy of Regulation 

While the accuracy shown in table I is 
only approximately plus or minus one 
per cent, it is quite easy to obtain an 

Figure 5. Oscillograms of voltage and current 
relationships. Load varying 
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accuracy very much better than this 
figure. Numerous commercial installa¬ 
tions of the smaller-sized regulators have 
been made in which the accuracy is held 
to within plus or minus one-quarter of one 
per cent. The author does not wish to 
imply that an accuracy of this magnitude 
can be maintained under all conditions, 
but for special test applications where ex¬ 
tremely high accuracies are required and 
where the conditions of application of the 
regulator are well known, the device can 
be quite easily adjusted to accuracies of 
this order of magnitude. 

Figures 6.4 and represent respec¬ 
tively the input and output voltages on a 
system regulated by this regulator, where 
the input was varied manually. 

Variation of the Magnitude and 
Power Factor of the Load 

Figure 6C illustrates the effect of vary¬ 
ing both the magnitude and power factor 
of the load through veiy wide limits. 
For a certain design of a regulator, ftfil 
load at 60 per cent power factor produced 
a range of regulation from approximately 
2 V 4 per cent buck to 10 p^ cent boost. 
The same regulator for half load at 60 
per cent power factor covered a range 
of from about V 4 per cent boost to about 
IIV 4 per cent boost. At unity power 
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Figure 6C. Range of 
regulation with vari¬ 
ous loads 
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factor the half-load range was from 
about V 4 boost to about 11 Vi 

per cent boost. For the no-load condi¬ 
tion, the range was from about 2V8 
per cent boost to about 127*2 per cent 
boost. In other words, under the worst 
possible change of power factor and load 
for this design, a range from about 2 
per cent boost to 10 per cent boost would 
have been realized. Since the time of 
that design, improvements have been 
made in the regulator so that in some 
models a net over-all range under the 
worst possible conditions of some 16 per 
cent is obtained. Obviously, by special 
design a greater range could also be 
covered. 

Speed of Response 

Figures 7i4 and 75 illustrate respec¬ 
tively the condition where the input 
voltage drop is due to impressing the 
load, and the condition wherein the load 
is kept constant and the input voltkge is 


decreased. In figure lA it is apparent 
that the output voltage is completely 
restored to normal in four cycles. In 
figure IB it can be seen that tiie output 
voltage is restored in approximately 
eight cydes. In the worst possible condi¬ 
tion wherein the input voltage is varied 
by as much as ten per cent or more all in 
one step and instantaneously, the output 
voltage is restored to normal in approxi¬ 
mately 14 cycles. The difference be¬ 
tween the above time constants can be 
explained as foEows. 

Referring to figure 1, when the drop in 
input voltage is due to an increased load, 
we see that there will be an increased cur¬ 
rent produced in the primary of the 
booster transformer when the increased 
load is impressed. This increased cur- 

Figures 7A and 7B. Oscillograms of input 
and output voltages 

Load varied in figure lA, Input voltage 
varied in figure 76 


rent is in the right direction to produce 
increased boost in, that transformer. 
On the other hand, when the load is kept 
constant and the input voltage is de¬ 
creased, this decrease in input voltage 
tends to decrease the current in the 
primary of the booster transformer 
which is in the wrong direction for regula¬ 
tion, thus the control circuit in this case 
must restore the booster primary current 
not only to normal but increase it in the 
opposite direction, that is, it must re¬ 
verse the direction of change of this 
current and then cany it to whatever 
increased value is necessary for regulation. 
This obviously requires a longer time than 
in the first case. 

Physical Arrangement of 
Various Sizes 

Figures 8^4, 85, and SC illustrate an 
exterior and two interior views of the 
regulator in sizes to handle 1- and 
2.6-kva loads. Figure 9 illustrates the 
arrangement for loads of 5, 7V2» 10 
and 25 kva. Figure 10 shows a 30-kva 
three-phase unit and figure 11 shows the 
inteiior of the transformer portion of this 
size regulator. This three-phase unit is 
essentially three single-phase regulators 
each supplied with its own control cir¬ 
cuit so that any type of unbalanced load 
may be regukted perfectly on every 
phase. The three units shown at the 
bottom of figure 11 are the saturable-core 
reactors, those on the top are the booster 
transformers, and those in the middle are 
tapped autotransformers for shifting the 
range of regulation up and down the 
scale as desired. In the small-size units, 
the later effect is accomplished by simply 
rotating the knob on the front of the 
panel which controls a small variable 
autotransformer to provide any desired 


Figure 7A 


Figure 76 
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spending upper-case letters refer to abso 
lute values. 

Ri “ XjJ — bgRiI 
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Let ic be such that E 
Then 


if we neglect terms r" 


Analysis of Parallel 
Resonant Circuit 


Fisure 9. Exterior view of regulator for 
loads of 5, 2.5^ and 10 kva 


Figures 8A and 8B. Exterior and interior 
views respectively of regulator for 2.5-kva 
load 



Assume that: 

Xip * \p bpEp 

where and bp are constants. 


I ^Ic-h 


Eff Eq, 


\p hpEp ““ Xcp 
XepO^p bpEp) 


bpEp^ + {Xav XcpbpDEp + 


Xcp\pT = 0 


Figure 8C. Rear of interior of 2.5-kva 
regulator 


output voltage and to maintain that 
voltage constant after it has been set at 
the required place. 

Analysis of Series 
Resonant Circuit 

Figure 12 illustrates the notations 
utilized in the following mathematical 
analysis. 

Assume that the reactance of the iron- 
cored reactor can be expressed in the form; 


Tis and are constants 

El = applied voltage 
Et = \e,\ 

Bold face letters will refer to the vector 
values of current and voltage. Corre- 


Let Ec be such that J « 0 
then 

^ 'Xcp “{“ bpE^ 

.\bpEp^ + (-bpEc - XcpbpDEp + XcpX 
{Xcp + hpEc)I « 0 

Ep = 2*1 XcpI =** [Ec “■ XcpD X 


^«land ^<<1 

"/} Oolite 




(Ec - XcpI) 


i'-m 


Upon discarding the negative sign; 




Combined Series and Parallel 
Resonant Circuits 

Assume that Ep > JE,; that is that the 
regulating circuit draws a leading cur¬ 
rent. 

Bo = l[Ep - B,)2 + (BJ)»]V* 

In order that the regulating circuit 
may be effective, that is that a decrease 
in current in the circuit shall correspond 
to an increase in Eo, R must certainly 

.. 



Figure lOA. Regulator for 30-kva three¬ 
-phase load 
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Fisure 10B. Interior of control portion of 30- 
kve three-phase regulator 


be smaller than that given by the equality 
HI ^ Ep — JS,. Hence 

JSo ^ Ep — Eg 


ih-DXo 

OjAc 



Figure 11. Transformer portion of SO-kva 
regulator 


Let 
Ec - 
then 
I 


OptLc 


F-£o 


(Sa) 


Power Circuit 


Let k = ratio of primary turns to sec¬ 
ondary turns on the transformer. 

Let Xi = leactance of transformer 
primary when secondary is open. Then 
we must have: 


El Er’\‘ Ep 
Eq ^ Ei Eg, 






neglected. Thus in addition to the rela¬ 
tions given above: 

AxzEr - Arg/i (7) 

Combining the above rdations: 

»= JEo + sin —sin5^ — 

-F ^^^1 cos ~ cos 0^ 


( 8 ) 


[ ifi) Ei 


Eq — -r El 
H 


El = kE, - jXi\ 

j = \/~l 

Also we may write: 

Ed = Eo JSo is real 

/o « Jo(cos 0 -Fi sin 0) lo is real 

/i = Ii(cos ^ -F i sin h is real 

0 = angle of lead for the load 

0 « phase angle to be determined 

We shall assume that the a-c resistance 
of the d-c controlled reactor may be 


— £0 "F ^ Xi ^/i sin ^ “ sin 0^^ 




h cos <f> — -r cos 
k 


0 


(9) 


Determination of 4 > 


By virtue of (7) (using the notation of 
ordinary vector anal 3 rsis'); 

Er h - 0 


Xcs 

HI- 


ns 


-ec-> 


(A) 


Xxsi*ex 

es 


tXcsL=^c 

(B) 



Figure 12. Illustrat¬ 
ing the notations 
employed in the 
mathematical analy¬ 
sis 
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£o /i “ 0 

£ 0/1 cos 4> "h 


l±k 


XiI(Ji (cos d sin cos ^ sin 0) =*0 


tan <f> 


sin 6 


' (1 + k)X,h 
cos $ 


( 10 ) 


Determination of Ii 

Let us assume that the drop across the 
d-c controlled reactor can be expressed 
accurately enough for present purposes in 
the form 


( 11 )* 

where p and p are positive constants. 

(The question of the value of Er in 
the neighborhood of points where / « 0 
need not concern us since the current 
supplied by the resonant network will 
never become zero.) 

If 


-El < - £0 


then to a fair approximation: 
Er ~ El 


•‘.Er » Bo H- 7 -—Xi X 


sin ^ ^ sin 9 ^ 


Combining with equation 11 


sin 0 — j sin 6^ 


.*./i = 


-Eo-7^ Xilo sin ^ + 7 

I 


I +k 


( 12 ) 


Xi sin 0 


Input Voltage in 
Terms of Output 

The same type of approximation that 
was used for ^ may be used with a much 
greater degree of accuracy for Ef, 

•\Ei » JSo + i sin 0 — ^ sin 

♦. For applications of. this formula see the paper by 
C. V. Aggers and W. E. Pafcgla, The meelric 
Journal^ February 1937. 
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in which h is obtained from equation 12 
and <t> is obtained from equation 10 , 
and the I occurring in equation 12 is to 
be obtained from equation 5 a. 


£< = £o “h 




^Bo sin 9^( F-Bo) +&r 


1 + ife 

L ^ 


h . 1 

sin 0 — — sin d 


(13) 


Expression for Output Voltage 

Neglecting foi the present the involve¬ 
ment of Eo in sin <^, equation 13 may be re¬ 
garded as an equation of the second 
degree which may be solved for £o. 
Equation 13 may be written: 


L « Ai sm 0J 

pr floXi . . . . 

: V "TT sm 0 -h £i I + 
-Ai sin 0 \ ife* / 

1+ ^ / 


2£o 


-Et+V- -4— * 
Xi sin 0 


4 [(^ sin 9-1-B.)- 


.^^b,h-f- 


1 


pr 


+ 

sin 0 
VEi - 


-JTi sin 0 


\ K Xi sin 0/ 


/l+4 


j Xi , pEi ^X\ 

^ k k 




Xi si 


Discarding the root: 


£9 


k ^ 


-pJoXi sin 6 — pEi — ^Xi sin 0 

£< ^ X sin 0 — pr 

Since £9 does not differ greatly 
we may, for purpose of substi 
the above equation, replace £0 
tion 10 by £g. 

sin $ - - 

_ , (1 -H k)XiI, 

..tan 0 «- 

cos 0 
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Discussion 

W. Richter (A. O. Smith Corporation, Mil¬ 
waukee, Wis.): The usual voltage regula¬ 
tor employing a saturable reactor and ca¬ 
pacitor has a rather poor wave shape on the 
output side. This is no serious drawback, 
if the regulator is to be used for the regula¬ 
tion of devices where the root-mean-square 
value only is of importance, such as for in¬ 
stance the filaments of thermionic tubes, 
but this distortion of wave shape will ma¬ 
terially affect the regulation, if for instance 
the peak value is of importance; such a 
case would arise for instance if the regulated 
voltage were rectified and then used for the 
operation of X-ray or similar tubes. While 
a root-mean-square meter connected across 
the output voltage may show a constant 
value in spite of variations of the input volt¬ 
age, a d-c meter connected across the recti¬ 
fied voltage would show considerable varia¬ 
tion if serious distortion occurs. 

It would seem that this undesirable dis¬ 
tortion should be quite less with the device 
described by Mr. Craig, due to the fact 
that he does not regulate the whole voltage, 
so to speak, but simply adds a small booster 
voltage in series with the line voltage! This 
has the additional advantage that the load 
current does not flow through the whole 
regulated voltage. Since the actual regu¬ 
lated voltage is only a small part of the 
total voltage any distortion occurring in 
this small part will distort the total voltage 
to a considerably smaller degree. 

It would have been of interest if the paper 
would have given some information as to 
the effect of small frequency variations on 
the regulated voltage. 


C, Ljnm (Westinghouse Electric and Manu¬ 
facturing Company, East Pittsburgh, Pa,): 
Several years ago the Westinghouse Electric 
and Manufacturing Company experimented 
with a regulator using saturable cores for 
controlling the voltage regulation. Thermi¬ 
onic tubes were used for rectifiers and by 
the use of two' saturable cores, both boost 
and buck to the samf extent could be ob- 
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tained. Instead of using a ferroresonant 
network for a voltage sensitive element in 
the control, the equivalent was obtained by 
means of a bridge employing resistors having 
different temperature-resistance coefficients. 
The voltage variation of this voltage-sensi¬ 
tive bridge element was applied to the grid 
of a thermionic tube to control the saturat¬ 
ing cuirent, thus giving quite accurate and 
close voltage regulation both for buck and 
boost. 

This development work was abandoned, 
however, because of the poor operating per¬ 
formance, especially efficiency, and because 
of its large size in comparison to a conven¬ 
tional induction voltage regulator for the 
amount of power regulated. 

Referring to the vector diagrams in Mr. 
Craig’s paper, it should be noted that the 
reactor voltage and the booster primary 
voltage are quite large, even greater than 
that of the line voltage. Thus for the 26- 
kva load, the booster transformer is larger 
than 2.6 kva for ten per cent range of volt¬ 
age regulation and the saturable-core reactor 
is even still larger. 

In the data in table I on this type of 
regulator, the control circuit loss and the 
I^R loss in the shunt circuits alone are as 
much as 345 watts. When to this is added 
the PR loss in the i^econdary of the booster 
transformer, the core loss of the booster 
transformer, and the much larger core loss of 
the saturable-core reactor, steps must, of 
course, be taken to maintain the total losses 
to a sufficiently low value to make this ap¬ 
paratus competitive. 

For a comparable 26-kva load using a 
conventional induction regulator, for the 
same total, ten per cent voltage ranp, only 
a lV<i-kva unit would be used giving five 
per cent boost and five per cent buck. This 
iV-i-hva regulator has a total loss, includ¬ 
ing the average loss of the control device 
and its motor (note that the control device 
only consumes power during the short inter¬ 
val when it is actually changing the voltage 
with no power required to hold a different 
voltage) of about one-half of the watts 
loss of the control circuit alone, of the 
regulator described by Mr. Craig. 

For small amounts of power there is still 
another type of voltage regulator available 
in capacities up to two kilowatts. This is 
the saturated-core capacitor type of regula¬ 
tor, also using no moving parts, nor even a 
rectifier or any separate control devices. 
This device will deliver output voltage con¬ 
stant within plus or minus one per cent or 
even better with a primary voltage varying 
30 per cent total, that is, =*=15 per cent. 
This device is particularly suited for sup¬ 
plying power for use with electronic de¬ 
vices and similar application. It has 
poor efficiency and large reactive kilovolt¬ 
ampere loss due to its having to handle the 
entire amount of power being controlled 
instead of only the portion being regulated, 
and is relatively large for the amount of 
power controlled. Thus this type is not 
comparable in this respect to any of the 
saturable-core reactor-type voltage regula¬ 
tors. 


Paul H. Odessey (Heyer Products Company, 
BeUeville, N. J.): Doctor Craig's s^ysis 
of the ferroresonant circuit used in this 
regulator employs concepts that are com¬ 
monly associated mth linear resonance con¬ 


ditions, but which appear to be of limited 
value regarding the type of phenomena un¬ 
der examination. \^^le this method of 
approach may have certain practical ad¬ 
vantages, the resulting interpretation of 
combined ferroresonant elements is re¬ 
stricted to rather idealized approximations. 
In this respect, the treatment is somewhat 
obscure concerning the physical aspects of 
such circuits. 

The behavior of simple ferroresonant cir¬ 
cuits, as is well known, is characterized by 
double-valued properties which in transi¬ 
tion are unstable and subject to abrupt 
changes in value. Under limiting condi¬ 
tions, however, such circuits exhibit char¬ 
acteristics that are both single valued and 
sensitive to slight variations (critical stable 
conditions). 

In this application, the use of a complex 
ferroresonant circuit that would have multi¬ 
valued characteristics appears to be objec¬ 
tionable because of the existence of several 
unstable conditions. Likewise, it is possible 
that the circuit may operate over a portion 
of its characteristic ineffective to the regula¬ 
tor. In circuits of this kind, this situation 
may well arise during switching operations.^ 
It is likely, therefore, that the ferroresonant 
elements combined in Doctor Craig’s con¬ 
trol circuit have single-valued character¬ 
istics and operate possibly under so-called 
critical stable conditions. 

In any case, the conditions under which 
the control circuit performs as a single¬ 
valued sensitive element do not appear to 
be correlated with analysis. The founda¬ 
tion of Doctor Craig’s treatment is based 
upon the assumption that unity power fac¬ 
tor (or more explicitly, the condition of 
equal and opposite reactive components) 
sufficiently determines the sensitive operat¬ 
ing condition. In previous work,* how¬ 
ever, critical conditions defining the sensi¬ 
tive character of ferroresonance and based 
upon circuit stability, were found to be in¬ 
dependent of unity power factor. 

Doctor Craig’s application of ferro¬ 
resonance in a regulator system is commend¬ 
able for as the performance indicates, an 
tinusual degree of regulation is attained. 
The control circuit employed in this system 
is unique and exhibits properties that 
should bear further investigation. 
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Palmer H. Craig: The voltage regulator 
described in this paper is, of course, quite 
different from that described by C. Lynn. 
Mr. Lynn states that development work was 
abandoned on his regulator because of poor 
operating performance, especially efficiency, 
and because of large size. When it is borne 
in mind that regarding operating perform¬ 
ance, the voltage regulator described in 
the present paper has, an accuracy far better 
in its commercial form than that obtainable 
from the best induction, voltage regulator, 
at a speed of response very much faster 
than could be possible with any induction 
voltage regulator, it would seem that 
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operating performance is definitely better 
from those standpoints. Efficiency was not 
considered to be a major point in connection 
with the relatively small size regulators de¬ 
scribed in the present paper, which are used 
commercially, chiefly in testing and labora¬ 
tory applications. In such applications 
efficiency is a very minor point. In the 
large-size regulators we have improved the 
efficiency to a point where it compares very 
favorably with the induction voltage regu¬ 
lator. Data in this regard will be presented 
in a future paper dealing primarily with the 
larger size regulator. 

It is true, as Mr. Lynn points out, that the 
kilovolt-ampere parts size of the booster 
and reactor utilized in the present voltage 
regulator is larger than the actual per¬ 
centage regulation obtained. The physical 
size of the saturable-core reactor utilized 
in this regulator is about times the 
kilovolt-ampere parts size of an equivalent 
transformer showing a ratio to load repre¬ 
sented by the percentage regulation. Com¬ 
pared with the advantages of the present 
regulator, however, it is not felt that this 
added physical size is a serious handicap. 

Referring to the last paragraph of Mr. 
Lynn’s discussion, it is hardly felt that the 
regulator Mr. Lynn mentions is comparable 
with the regulator described in this paper, 
since the two are designed to cover quite 
different fields of load, and since no part of 
the load circuit flows through the resonant 
network in the case of the present regulator. 
The regulator described in this paper does 
not produce an appreciable distortion of 
wave form nor introduce a large reactive 
kilovolt-ampere loss in the line, nor exhibit 
the poor efficiency of the type which Mr. 
Lynn discusses. 

With reference to the discussion of W. 
Richter, an important advantage of the 
regulator described in this paper has been 
pointed out, namely, that very little ap¬ 
preciable distortion in the wave form occurs 
in the present regulator. Mr. Richto 
points out several of the many instances in 
which an undistorted, regulated voltap is 
necessary. Similarly, in testing any iron- 
core device such as fractional-horsepower 
motors or small transformers, the pr^ence 
of harmonics in the regulated voltage is very 
undesirable. Variations in the frequency of 
the line to which the present regulator is at¬ 
tached of a magnitude such as is experienced 
on ordinary public utility power systems, 
will not appreciably effect the regulation. 
If, however, frequency departs materially 
from normal, variations in the point around 
which regulation occurs will be notice- 

able, ^ , XT 

Replying to the discussion by Paul H. 
Odessey, the author realizes that the results 
obtained in the mathematical analysis are 
restricted in their application. In devising 
an algebraic analysis of even a fairly simple 
circuit it is necessary to choose between solu¬ 
tions involving certain simplifying assump¬ 
tions, and therefore of restricted validity, 
and more elaborate solutions in which the 
primary effects of variation in the various 
parameters are difficult to follow. 

No attempt has been made in the present 
paper to prove the stability or single-yalued- 
ness of the solution obtained. While it^is 
true that a simple series ferroresonant cir¬ 
cuit possesses multivalued characteristics, it 
does not follow necessarily that the more 
complex circuit treated here is multivalued 
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ance with the thought that accuracy is 
incompatible with stability. 


Voltage Regulation 

C. R. HANNA K. A. OPLINGER C. E. VALENTINE 

MEMBER AIEE MEMBER AIEE ASSOCIATE AIEE 


Synopsis: This paper discusses the funda¬ 
mental requirements for stability in a 
generator voltage regulating system having 
several time delays. A new rheostatic 
type of voltage regulator element is de¬ 
scribed, together with a method of introduc¬ 
ing antihunting means into the regulating 
system. In the appendices, a mathematical 
treatment gives the requirements for stabil¬ 
ity and adequate damping for several typi¬ 
cal voltage regulating systems. It is 
shown that with certain systems, theoreti¬ 
cally perfect regulation and also high damp¬ 
ing are possible. 


A ll voltage regulators are in effect 
amplifiers because small deviations 
in the regulated voltage are made to 
produce relatively large changes in the 
generated voltage of the final machine to 
offset the internal voltage drop caused by 
variations in load. Recently, conven¬ 
tional electronic tubes have been used as 
amplifiers in such regulating systems.^ 
A little analysis will show that all pre¬ 
vious voltage regulators have also been 
amplifiers, although this concept has not 
been used to denote their performance 
characteristic. Such devices as vibrat¬ 
ing contacts, saturable reactors,® and 
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motor-operated rheostats® have been 
used to produce the large changes in ex¬ 
citation for small errors in the regulated 
voltage and although in some cases 
their action has been intermittent in char¬ 
acter, the net result produced has been 
amplification. 

In this paper, it will be assumed that 
the output voltage of the amplifier is 
continuously variable and is proportional 
to the deviation voltage at the input. 
This assumption represents very closely 
the net characteristic of all such 'ampli¬ 
fiers, even those using vibrating contacts, 
because the vibration effect rarely ap¬ 
pears in the output voltage of the ma¬ 
chine being regulated. Such a concept 
greatly simplifies the solution of com¬ 
plicated systems because all of the rela¬ 
tions over a limited range may be as¬ 
sumed to be linear. 

Application of the above assumptions 
to practical regulating systems has shown 
that the calculated stability and damping 
characteristics check very closely the 
actual performances of such systems. 
This is a distinct advantage as compared 
with “cut and try” methods used in the 
past. 

The theoretically perfect regulating 
system has infinite amplification. Cer¬ 
tain systems which will be described in 
the body of the paper would permit the 
use of infinite amplification wi^ stability 
and good damping provided an amplifier 
with infinite amplification were available. 
In practice, it is possible to devise sys¬ 
tems using any of the above mentioned 
types of amplifier for very high amplifi¬ 
cation and accuracy, the only practical 
limitations being mechanical friction, 
magnetic hysteresis, etc. This is at vari- 


in its response to the application of an arbi¬ 
trary constant electromotive force. As a 
matter of fact, it may be shown by a three 
dimensional graphical analysis (a method 
which is sufficiently general that it permits 
account to be taken of the nonlinear nature 
of the reactor and rectifier resistances) 
that throughout a wide range of choice of 
circuit constants, the sensitive circuit will 
have a single-valued response for all values 
of applied voltage, quite apart‘from any 


reference to the so-called critical stable con¬ 
ditions. 

While it may be desirable to operate the 
circuit with approximately equal and op¬ 
posite reactive components, such a condi¬ 
tion is by no means necessary for the func¬ 
tioning of the circuit. The discussion of 
unity power factor is therefore entirely ir¬ 
relevant and especially so since the refer¬ 
ence which Mr. Odessey gives concerns a 
very different circuit from the present one. 


New Regulator Element 

In order to make the discussion of these 
problems more concrete, a description of a 
new form of regulator element will first 
be given. Following this, the methods 
of obtaining stability of regulators in 
general and the new regulator in particu¬ 
lar, will be shown. 

The regulator, known as the “Silver- 
stat,” consists of a novel rheostatic con¬ 
trol member, requiring very small force 
and movement, arranged to vary a resis¬ 
tor having a large number of steps. Fig¬ 
ures 1 and 2 show the arrangement. 

A number of silver buttons are so 
mounted that they may be actuated in 
sequence by a driving member. Each 
button is carried on the free end of a flat 
leaf spring which normally rests against 
a block of insulating material. The 
leaves are clamped together as shown 
with insulation between them. The 
buttons are separated from each other 
when the driving member is at the left- 
hand end of its travel. A small move¬ 
ment to the right, only a small fraction of 
an inch, is required to close the gaps be¬ 
tween all of the buttons in sequence. 
Since each leaf spring is connected to a 
tap on the regulating resistance, the 
sequential closing or opening of the but¬ 
tons respectively short-circuits or cuts in 
portions of the resistance. The insulat¬ 
ing block serves to give the springs a 
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Figure 1. Schematic of Silverstat 
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definite initial loading which insures a Figure 4, Circuit 
fixed minimum pressure between each wsulator system 
pair of buttons before the next pair is 
shorted, and to space the buttons uni¬ 
formly regardless of the initial straight¬ 
ness of the leaves. Turning tlie block 
tlirough a small angle provides a simple 
adjustment by means of which the button 
spacing may be changed. 

Figure 3 shows the complete voltage 
regulator with cover removed. The 
tapped resistor is placed in the ventilated 
compailment at the rear, and the Silver- 
stat control member in an enclosed pro¬ 
jection near the top. The driving ele¬ 
ment, mounted just below, is of the 
moving iron type. It consists of a C- 
shaped iron magnetic circuit and a poten¬ 
tial coil, with an iron armature arranged 
to move in the constant air gap of the 
magnetic circuit. The arm which carries 
the armature comprises the single main 
moving portion of the regulating device. 

This arm is mounted on leaf-type springs 
arranged at right angles to each other, 
thus providing a frictionless type of axis 
witliout wearing parts about which the 
moving arm is free to turn within the 



driving member backs off, thus opening 
the silver buttons in sequence to cut 
resistance into the circuit of the exciter 
shunt field. The regulator moving ele¬ 
ment takes a position where just suf¬ 
ficient steps of the regulating resistance 
are short-circuited to give the excitation 
required for normal a-c generator voltage. 

The damping transformer shown in 
figure 4 is for the purpose of eliimnating 
hunting. Its action will be described in 
greater detail under the heading “Meth¬ 
ods of Securing Stability/’ 

The regulating resistance has sufficient 
steps so that the voltage change per 
step in the normal working range is 
small, and therefore, smooth voltage con¬ 
trol is achieved. The regulating action 
is that of a semistatic device which oper¬ 
ates only when a correction in voltage is 
necessary. 

Due to the fact that the voltage per 
step is kept below the arcing value, and 
the volt-amperes per step within reason¬ 
able limits, there is no serious pitting of 
the silver buttons by the short-dreuiting 
or cutting in steps of resistance. By 
reason of simple construction, and the 
selection of suitable mat^ials and ratings, 
the life of the device is practically un¬ 
limited. 

The use of a separate regulating resist¬ 
ance permits flexibility in the choice of 
the total resistance and the resistance per 
step, which may be varied to suit the re¬ 
quirements of the machine and type,;Of 
service for which the machine is used. 


required limits of travel. 

When the potential coil is energized, 
the armature is attracted into tlie air 
gap of the magnetic circuit. The use of a 



Figure 2. Rheostatic control member 



Figure 3. Silverstat voltage regulator 


constant air gap tends to minimize any 
change in force due to position. The 
magnetic puU on the armature is bal¬ 
anced by a coiled spring attached to the 
arm and located just above the magnetic 
circuit. Thus at normal voltage on the 
potential coil, the movable system is in 
equilibrium. 

The voltage of an a-c generator may be 
controlled as shown by the schematic 
diagram of figure 4. The generator field 
is energized by an exciter. Potential 
for the d-c coil of the voltage regulator is 
obtained by means of a suitable poten¬ 
tial transformer and a dry-type full-wave 
rectifier. 

The action of the Silverstat regulator 
in controlling the a-c generator voltage 
will be readily understood by reference 
to the schematic diagram and the follow¬ 
ing description. Assume that the a-c 
machine and exciter are brought up to 
normal speed and voltage under regulator 
control. When the voltage on the regula¬ 
tor coil is below normal, the pull of the 
Tnqin Spring on the moving element is 
greater than that of the electromagnet, 
and therefore, the main spring holds the 
driving member against the silver but¬ 
tons, maintaining them closed, thus short- 
circuiting the regulating resistance. The 
buttons remain dosed up to the moment 
when the alternating voltage approaches 
the normal value. When this takes 
place, the pull of the dectromagnet on the 
moving-iron armature overcomes the op¬ 
posing pull of the main spring and the 
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The location of the resistance in a sepa¬ 
rate compartment where it is stiitably 
protected from external injury and ade¬ 
quately ventilated, removes heat from 
the vicimty of the control element and 
the silver buttons. This arrangement 
permits enclosing the entire voltage-re¬ 
sponsive element and silver button as¬ 
sembly under a dust-tight cover. 

The performance of the new regulator 
has been determined by numerous tests. 
Figure 5 shows the action of the regula¬ 
tor when used with a 25-kva 2,300-volt 
1,200-rpm 60-cycle a-c generator. Full 
load at rated power factor was thrown 
on the generator by manual closing of an 
oil circuit breaker. This machine had a 
direct-connected 126-volt exciter, with 
the regulator circuits as in figure 4. It 
will be noted that the regulated voltage 
was returned to normal value in con¬ 
siderably less than one second. For 
usual load changes of lesser magnitude, 
for example, only a fraction of the full¬ 
load rating of the generator, the regulator 
acts to correct the voltage in a shorter 
time. For different machines, the actual 
time required for correction of voltage 
after a load change will vary, depending 
on the machine time constants. 

The satisfactory damping action of the 
regulator should be noted. There was 
no oscillation of the regulated voltage 
during its recovery to the normal value. 

In order to meet the requirements of 
portable and marine applications, the 
regulator moving arm is statically bal¬ 
anced. For this reason the regulator will 
operate satisfactorily at various angles 
of tilt from the vertical. It may be 
even laid on its back, face, or side with¬ 
out causing wide changes in the regulated 
voltage. 


Figure 5. Oscillogram showing application 
of full load to a 25-l(va 2,300.volt 1,200- 
rpm 60-cycle a-c generator 


Figure 6. Three 
time delays—no 
damping transformers 



Having described the construction 
and operation of a suitable amplifying 
device capable of handling fairly large 
amounts of excitation power, the meth¬ 
ods of obtaining stability will next be 
considered. 

Methods of Securing Stability 

The chief difficulty in stabilizing all 
regulating systems is the presence of time 
delays. These may be the time con¬ 
stants of various inductive circuits such 
as the fields of the rotating machines and 
also the time delays involved in the am¬ 
plifier itself. The latter may be elec¬ 
trical, mechanical, or both. In power- 
generation systems, the usual circuit 
consists of a voltage regulator and two 
rotating machines, the exciter and the 
generator whose voltage is to be regu¬ 
lated. Any delay in the amplifier in 
addition to the delays in the field circuits 
of the two rotating machines makes a 
total of three delays. The circuit shown 
in figure 6 idealizes such a system by 
showing the amplifier without delay, 
but with an extra exciter to represent its 
delay so that all the constants can be 
represented by simple inductive and 
resistive electrical circuits. 

With this circuit, the only possibility of 
obtaining stability is to use low amplifica¬ 
tion as shown in appendix II where a 
computation is made for: To = 0.2 
second, Ti = 1 second, — b seconds. 


It is shown that the amplification may 
not be greater than 37 if the system is to 
be free from hunting and that it must be 
considerably lower than this value in 
order to result in adequate damping for 
reasonably rapid recovery from an os¬ 
cillating condition following a disturbance 
caused by a change in load. A particular 
case is computed assuming amplifica¬ 
tion of 13; for which tlie rate of decay is 
74 per cent per cycle. 

A much more satisfactory method of 
stabilizing voltage-regulator systems is 
to introduce into the input of the am¬ 
plifier one or more voltages which are 
proportional to the rates of change of the 
various machine voltages. Such voltages 
may be obtained by various combinations 
of resistance with capacitors, reactors, or 
mutual inductances. The choice will 
depend largely upon the input characteris¬ 
tic of the amplifier. In Ihe present case 
with the magnetically driven Silverstat 
regulator, the mutual inductance or 
damping transformer is a suitable method. 
The circuit of figure 7 will be used to give 
a physical understanding of the action 
of such transformers. Assume a sud¬ 
denly applied voltage to the field of 
the rotating machine. It will be shown 
that a voltage immediately appears at the 
secondary terminals of the transformer 
and that for a certain relation between 
transformer constants and field constants 
this voltage will equal eo. At the start, 
the inductance of lie field circuit will be 



the principal factor determining the cur¬ 
rent and 

fio “ Lpifi 


En 



where p is the time derivative operator. 

In most d-c machines, the generator 
voltage and field voltage are approxi¬ 
mately equal and small changes in fidd 
voltage produce approximately equal 
changes in generator voltage after suf¬ 
ficient time has elapsed for the field cur¬ 
rent to build up. The change in genera¬ 
tor voltage will at that time equal the 
change in ioR of the field and for inter- 
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Figure 7. Anti hunting stimulus introduced by 
damping transformer 


veiling values of ia during its growth, inR 
also represents the intervening values of 
the change in generator voltage. There¬ 
fore, 


ei 



Jo 

Tp 


where 



rising current in the primary which 
(neglecting inductance) has a propor¬ 
tional rate. Induced in the secondary 
is a definite voltage equal to the mutual 
inductance times the rate of change of 
primary current. Thus an antihunting 
voltage e proportional to and in phase 
with Co appears at the input of the ampli¬ 
fier. 

This does not give any quantitative 
determination of the antihunting proper¬ 
ties of such transformers, but merely il¬ 
lustrates the physical nature of their 
action. In what follows, several systems 
employing damping transformers will be 
described and their performance shown. 

The circuit of figure 8, for example, 
shows a system with three time delays 
and with three damping transformers. 
Here again the delay in the first exciter 
may be thought of as representing the 
delay in the regulator element or ampli¬ 
fier. It is shown in appendix I that if 


The transformer is designed to have 
suflicieut resistance in its primary circuit 
as compared with its inductive reactance 
to cause the primary current to rise and 
fall approximately in phase with the 
applied voltage. With this in mind, the 
induced voltage in the secondary of the 
transfoi*mer is, 

e^ i 

e « Mpip » Mp ^ = tpex ^ co 

Thus, if the time constant M/Rp) of 
the transfonner is equal to the time con¬ 
stant T of the field of the rotating ma¬ 
chine, there will be induced instantane¬ 
ously in the secondary of the transformer 
a voltage equal to the impressed voltage 
at the field terminals. Such a feed-back 
voltage when properly connected to the 
input of amplifier in a direction to oppose 
the change in the input which caused eo 
to appear in the output will, of course, 
be a powerful antihunting influence. 

The foregoing may be stated in words 
as follows: A suddenly applied voltage 
eo produces a rate of change of current 
in tlie field winding, which in turn causes 
the generated voltage to rise with a defi¬ 
nite rate. This rising voltage applied 
to the mutual inductance produces a 


h To 
^2 = Ti 
h “ Ti 

the regulator system is more than criti¬ 
cally damped; the solution for the re¬ 
covery of ez following any disturbance 
being of the form 

L ± 1 

ez » ACT, + BCTx - 1 - CCTi 

It is seen that no damped oscillatory 
term is present and that the rate of re¬ 
covery is determined principally by the 
largest of the time delays which is usually 

This solution is true for the above 
choice of damping transfomers no mat¬ 
ter how large the amplification. Thus a 
perfect regulating system with more than 
adequate damping is theoretically pos¬ 
sible. 

In practice, a transformer k having a 
time constant comparable with that 
of the final circuit Tz would be quite large. 
Fortunately, the transformer at that 
position can be omitted because it is still 
possible to obtain adequate damping of 
the system by virtue of the other trans¬ 
formers. The circuit shown in figure 9 
is the same as the one described, but with 


k omitted. In appendix III, the damp¬ 
ing is computed for the same time delays 
as indicated in the description of the cir¬ 
cuit shown in figure 6; namely. 

To *= 0.2 second 
Ti = 1 second 
Ti = 5 seconds 

In this appendix, k is chosen equal to 0.2 
second and k equal to one second. The 
solution shows the system to be oscilla¬ 
tory, but so highly damped that the 
decay for one cycle of its oscillation 
amounts to 74 per cent. This damping is 
obtained with infinite amplification and, 
therefore, the system may be theoretically 
perfect in its regulating ability. 

In the corresponding circuit without 
damping transformers as computed in 
appendix II, it was necessary to reduce 
the amplification to 13 in order to obtain 
an equivalent degree of damping of free 
oscillation. 

The calculations in appendix HI 
show the order of time constants required 
for damping transformers in a regulat¬ 
ing system which is highly damped and 
yet which has infimte amplification. 
If a lower degree of damping is desired 
the time constants of the damping trans¬ 
formers may be reduced. A simple, 
practical method of reducing and con¬ 
trolling the time constant of a given 
damping transformer is to use a small 
adjustable resistance in series with the 
primary winding. For a given choice of 
transformers, the damping naay be in¬ 
creased by lowering the amplification. 

Experimental results with regulating 
systems as described above show that 
the calculated performance of the sys¬ 
tems checks very closely the actual per¬ 
formance. As many as four machines, 
a generator, and three exciters, have 
been set up experimentally in a practical 
regulating system. With damping trans¬ 
formers to offset the various time delays, 
satisfactory performance was secured. 
In fact, such a system might be extended 


Figure 9, Three time delays with two 
damping transformers 


Figure 8. Three time d«l«y* '*** *•"** tiewformer* 
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indefimtely as indicated by the relations 
in appendix I. 

In another application, two exciters 
with a single pair of regulating contacts 
operating in the held of the first ^citer 
were used to regulate a 4,300-horsepower 
synchronous motor operating as a gen¬ 
erator. The damping transformers for 
this installation were calculated in ad- 



Figure 10. Voltage regulator with relay 
amplifier 


vance from the time constants of the 
machines and when installed, the regu¬ 
lator performed as predicted by the 
calculations. The sudden application of 
approximately full load to the system 
showed the regulator to be stable, and 
very highly damped. The regulated 
voltage changed about one-half of one 
per cent with the above load change show¬ 
ing that the contacts were giving high 
amplification. By using several exciters 
in cascade as above, the current in the 
field of the exciter may be made very 
small so that the power handling re¬ 
quirements of the regulator element are 
reduced. The use of several cascaded 
machines does not appreciably reduce the 
rate of recovery, because the exciters are 
rapid as compared to the generator. 
Equation 16 of appendix I shows that 
only the longer time delays have much 
influence on the rate of voltage recovery 
of the generator. 

Voltage Regulator 
Systems With Relays 

Many typos of relays have been used 
in the past to increase the power handling 
capacity of voltage regulators. In aU 
such systems, a sensitive element re¬ 
sponding to the small deviations in the 
regulated voltage delivers its output to 
the relay or amplifier which in turn con¬ 
trols the excitation of the first rotating 
machine. The circuit of figure 10 shows 
the arrangement schematically with the 
addition of damping transformers for 
obtaining stability. Two such trans¬ 
formers are shown. If the regulator 
element and the relay amplifier both have 
considerable time delay, an additional 


transformer with primary connected 
across the output of the amplifier might 
be necessary. In many cases, however, 
both the piloting element and the ampli¬ 
fier are sufficiently rapid in their perform¬ 
ance that the circuit may readily be 
stabilized using only the transformer 
with primary connected across the ex¬ 
citer. 

Figure 11 shows a relay employing 
the Silverstat principle, capable of con¬ 
trolling larger amounts of field power. 
It is made up of four components simi¬ 
lar to those previously described in the 
direct-driven element. The several ele¬ 
ments may be connected in various ways, 
depending upon the current and voltage 
requirements. For parallel connection, 
a small resistance which cannot be short- 
circuited by the Silverstat buttons is 
placed in series with each branch. The 
relay is adjusted mechanically to cause all 
sections to be short-circuited approxi¬ 
mately together, the series resistance 
causing approximate equality in the divi¬ 
sion of current for possible errors in the 
mechanical adjustment. 

One pilot element is readily capable of 
controlling two or more relay amplifier 
Silverstats to increase the power to any 
value that may be needed. In such cases, 
the relay elements have their output ter¬ 
minals coimected in series so that any 
lack of synchronism between the move¬ 
ments of their mechanical parts will not 
cause improper division as would be the 
case for the parallel connection. The 
power rating, of course, increases directly 
with the number of such relays provided 
the proper choice of resistance pet Step or 
button is made for the voltage and cur¬ 
rent involved. 

Design of Damping Transformers 

With the usual connection of the damp¬ 
ing transformers in the regulator circuits 
as described, direct current flows in both 
primary and secondary windings with di¬ 
rections such as to produce ampere-turns 
in opposition. Advantage is taken of 
this fact by balancing the ampere-turns 
for the average value of the exciter volt¬ 
ages so that as large a value of mutual 
inductance as possible may be obtained 
with a given size. The relatively large 
variation in the exciter voltage from this 
mean value, however, necessitates the 
introduction of an air gap in the core to 
give best results for the condition of 
unbalance. The method of computing 
the best air gap as well as the mutual in¬ 
ductance of such transformers has been 
described in a previous paper.* 

Usually 30 per cent unbalance is as¬ 


sumed in making computations and the 
formulas of the paper mentioned above 
are directly applicable if the direct cur¬ 
rent is assumed to flow in only one wind¬ 
ing with a value 30 per cent as large as 
the actual average value in that winding. 
This procedure will result in the maxi¬ 
mum possible mutual effect for the condi¬ 
tion of unbalance stated. For the bal¬ 
anced condition, the mutual inductance 
will not be as great as could be obtained 
witli a smaller air gap, but it will be higher 
than obtained at either extreme of unbal¬ 
ance. 


Appendix I. Stability of System 
With Three Time Delays and Three 
Damping Transformers 

Consider the circuit of figure 8, wherein 
the time delays are caused by the field cir¬ 
cuits of the successive machines. In any 
one field circuit, the current and voltage are 
related according to the equation 

Ri -|- Lpi « e (1) 

where p is the time derivative operator. 
This may be written 

* “ R-{-Lp ~R^ 1 + Tp 

where T = L/R the time constant of the 
circuit. 

It is well known that for the case of a 
suddenly applied fixed voltage to such a 
circuit, the current will ultimately reach a 



Figure 11. Silverstat relay 


v^ue e/R, rising to within 1/a of this in 
time r. The quantity (1 -j- Tp) appearing 
in the denominator of equation 2 may, 
therefore, be thought of as a time delay 
operator in the differential equation. This 
is much the same as the representation of 
lag or delay by a jb when this appears in a 
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denominator of an expression for an a-c 
vector. 

In the present case, it will be assumed 
that changes in field voltage ultimately ap¬ 
pear as increased generated voltage in a 
one-to-one ratio. All currents and volt¬ 
ages shown will be considered as changes or 
deviations. During a transient, the change 
in generated voltage will, therefore, equal 
the iR drop in the field circuit. That is, for 


example: 


1 -I- 7’,/> 

(3) 

Rewriting this as 


Ba, c© (1 4 Tap) 

(4) 


indicates that changes in occur ahead of 
changes in «« as represented by (1 + Tip) 
because the factor now appears in the 
numerator. 

Similarly 

ti = (1 + Tip) 

-«»(! + TiP)(X -h TiP) (5) 

and 

«o = (1 + T{p) 

- es (1 + TiP){X + TiP)iX + T,p) ifi) 

Another relation between e© and cs will 
now be derived by considering e© as the 
amplified input voltage which is made up 
of Cl and the induced voltages in the damp¬ 
ing transformer secondaries. In any of the 
transformers, the secondary voltage is re¬ 
lated to the primary current by 

e, « Mpip (7) 

where M is the mutual inductance. 

In actual designs of transformers, the 
primary resistance predominates over its 
self-inductive effect so that 

ip approximately (8) 

Rp 

Therefore 

M 

“ IT* ** 

Rp 

where t - M/Rp represents the time 
constant of the damping transformers. 
Letting -a* represent the voltage amplifi¬ 
cation 


tf© «= — "h hp^z H" hp^ 4* hp^i) (18) 

Substituting for $2 and Ci, their equivalents 
as given by equations 4 and 6 

e© « -««« [I + tap t 2 p(l + Tap) 4* 

tiP (1 + TiP)il + TaP)] (11) 

The complete relation from which stabil¬ 
ity and damping characteristics may be 
computed is obtained by equating the two 
values of s© as given by equations 6 and 11. 

eail + T 2 P)il + TiP){l + Top) * 

—ae© [1 + taP 4" (1 + 4 

hp (1 + Tip)a + Tap)] (12) 

Equation 12 may be used in computing 
circuits having fewer time delays or dampmg 
transformers by setting the proper T or t 


♦ The negative sign is used because corrections 
must be opposite to deviations. 


equal to zero. The complete relation will 
be used in this appendix to give a better 
physical understanding of the action of the 
transformers. If we let 



that is, if the transformer time constants 
are each equal to the time delay which pre¬ 
cedes them. 


differential equation with constant coef¬ 
ficients are: 

1. All coefficients must be poative. 

2. The product of the second and third coefficients 
must exceed the product of the first and fourth. 

If the amplification is chosen with the cor¬ 
rect sign, the first condition will be met. 
The other condition leads to 

6.2 X 6.2 > a -h 1 


e^{X 4 Tip)(X + Tip){X 4 ToP) 

— aCalX 4 Tap 4 TiP (1 4 Tap) 4 
Top (1 4 Tip)(X 4 Tap)] — 
-aeaKX + TaP)(X + TiP)iX-^-ToP)] (14i 

or 

ea(a 4 1)(1 4 TaP)(X 4 TiP)(X 4 Top) 

= 0 (IS) 

The solution of this differential equation 
for any value of amplification, no matter 
how large is 

A i- -L 

Ba » ile To 4 4 C'c*”®’© (16) 

which indicates very high damping of ea 
after any disturbance. It is the equating 
of the various transformer time constants 
h, tat and ta with the values of the preceding 
delays T*©, Tu and Ta as indicated by (13) 
whidh brought about the convenient factor¬ 
ing and the highly damped solution of 
equation 14. The transformers, therefore, 
may be thought of as anticipatory in their 
action, each taking care of one dday if 
made equal to that delay. If it were 
possible to obtain infinite amplification 
over an infinite range of corrective ability, 
the regulator would permit no departure 
whatever. Practically, it is possible to 
have very high amplification, but only for a 
range as limited by the size of the exciters. 
A suddenly changing load will, therefore, 
cause departure in the regulated voltage c©, 
which will recover as indicated by equa¬ 
tion 16. Within the range for which the 
amplification is very high, the ultimate 
correction will be practically perfect, how¬ 
ever. 


or 

« < 37.4 
for stability. 

The amplification must be considerably 
below this value to obtain high damping. 
As an example of a damping computation, 
let the amplification equal 13 in equation 
18. Then, the roots of this equation are: 

p = -6.53, -0.3325 j 1.556 

The solution is of the form 

= g-o.8©2« (^ cos 1.555/4 

B sin 1.555/) 4 

The damped oscillatory term has a fre¬ 
quency 

1.566 

/ = "T— = 0.247 cycles per second 
2r 

The damping factor for one cycle is: 

€“ (Mir » e-i.846 = 0.26 

representing a decay per cycle of 74 per 
cent. 

This method of damping a system is not 
satisfactory because an amplification of 13 
yields only mediocre regulation. The use 
of damping transformers permits higher 
amplification, in fact, theoretically infinite 
amplification and is, therefore, to be pre¬ 
ferred. 

Appendix III. System With Three 
Time Delays and Two Dampin© 
Transformers 


Appendix II. Stability of System 
With Three Time Delays and No 
Damping Transformers 

Using equation 12 of appendix I, and 
setting /i*/ 2«/8 = 0asis the case in the 
circuit of figure 6. 

^©[(1 4 TaP)iX 4 TiP){X 4 

ToP) 4 a] - 0 (17) 

Such a system can be stabilized if the am¬ 
plification is kept below a certain value. 
To illustrate, let 

To « 0.2 second 
Ti * 1 second 
r© * 5 seconds 

Equation 17 becomes 

cj(/>* 4 8*2 4 6.2 4 a 4 1) 0 (18) 

The requirements for stability of a sys¬ 
tem represented by a third-order linear 


Appendix I dealt with an ideal system 
having every time delay anticipated by a 
feed-back rate of change effect. With 
very large generators, the last transformer 
would be of an impractical size. For 
tbig reason, it is sddom included in an 
actual regulator system. Figure 9 shows 
such a circuit. The omission of the last 
transformer does not cause instability or 
too low damping if the transformers m the 
other locations are properly designed. 
Theoretically infinite amplification is still 
permissible with good damping. 

In equation 12, let ta equal zero and the 
amplification equfid mfimty. The left- 
hand side of the equation can then be 
neglected, giving: 


,[1 4 fe/>(l + ^2^) + ^ ^ 

tiPiX + TiP)a + Tap)]^0 (19) 

Ising the same delays as in appendix II; 
amely, 

'’© « 0.2 Ti * 1 r© « 5 
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and correcting for the first two with trans¬ 
formers having 

h 0.2 and k ^ \ 

equation 19 becomes: 

+ 6.2 + 1.2 ^ H - 1 ) = 0 

The roots are 

p = -6.029, -0.0857 ^0.398 

The solution is of the form 

et = (A cos 0.398 ^ -f- 5 sin 0.3980 + 

Ce-®-®"' 

The damped oscillatory term has a fre¬ 
quency 

^ 0.398 

f — -- — *= 0.0635 cycles per second 
2ir 

The damping factor for one cycle is 

0»08S7 

e~ 0.0886 « €-1.86 0.259 

representing slightly over 74 per cent decay 
per cycle. 

This is the same damping as obtained in 
appendix II without transformers, but 
with the amplification reduced to 13. In 
the present instance the amplification was 
assumed infinite and the regulation is, 
therefore, theoretically perfect. 
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Discussion 

£• E. George (Tennessee Electric Power 
Company, Chattanooga); This paper on 
generator regulators is one of the most com¬ 
prehensive and interesting that has been 
presented to the Institute. The principle 
of electrical feedback is especially in¬ 
genious. The use of a feed-back trans¬ 
former for stability has been tested out on a 
d-c telemetering receiver operating off 
the output of a thermocouple supplied 
from periodic capacitor discharge. The 
action of the feed-back transformer is 
retr^kable. It is possible to damp rapid 
variations so that they are insignificant, 
although the resulting time delay in load 
response might be objectionable for some 
purposes. 

The use of high gain and heavy feedback 
in a generator regulator at once arouses a 
qu^tion as to the size of equipment re¬ 
quired. Using a large turboaltemator with 
ordinary time constants, would not a very 
large main exciter be required if high-speed 
excitation is to be as effective as the paper 


would indicate? The practical applica¬ 
tion of this scheme should be followed with 
great interest and will do much to answer 
the old question as to how much real value 
is obtained from high-speed excitation on 
large alternators with a time constant of 
several seconds. 


G. S. Lunge (General Electric Company, 
Schenectady, N. Y.): It is stated clearly 
in this paper that; 

1. ^ Direct-acting regulating devices having appro¬ 
priately designed antihunting or stabilizing trans¬ 
formers are capable of restoring the regulated quan¬ 
tity to its correct value in practically aperiodic 
manner: that is, without subsequent oscillation. 

2. The voltage introduced by such antihunting or 
stabilizing transformers can be of smaller magni- 
tude and still more effective if these transformers 
are connected to the armature of the exciter rather 
than to the voltage that is being regulated. 

It is interesting to note from the oscillo¬ 
gram in figure 5 that in the case of the 
particular machine tested, most of the time 
lag was in the exciter. It will be noted that 
the a-c generator field current reached its 
maximum value nearly as rapidly as did the 
exciter field current. It will also be noted 
that the exciter field current started to in¬ 
crease almost immediately that the alter¬ 
nating voltage dropped due to the applica¬ 
tion of load. Although this shows that the 
regulator response is very rapid compared 
with the time that it takes for the a-c ma¬ 
chine field current to build up, this oscillo¬ 
gram would have been of even greater 
interest if it had shown just how long it took 
the regulator to respond, as shown, for 
instance, by the voltage drop across the resist¬ 
ance controlled by the regulator contacts. 
It would also have been of interest if the os¬ 
cillogram had shown the complete rating, 
including the power factor and speed, of 
the a-c generator, as well as the exciter 
rating and nominal response. 

Because the authors of this paper have 
used several terms interchangeably in this 
paper, the reader should be careful to dis¬ 
tinguish between the two basic types of 
stabilizing means: 

1. AnlihufUing or restoring means, 

2. Damping means, such as provided by a dashpot 
or by eddy-current damping. 

The first class is of preventive nature, 
whereas the second simply provides brakr 
ing means proportional to the speed of mo¬ 
tion of the mechanical parts, as distinct 
from friction braking which produces an 
effect practically independent of the speed 
of motion. 

Relators utilizing true antihunting or 
restoring means of proper design can elimi¬ 
nate, or at least mitigate, overshooting and 
hence removed the initial cause of temporary 
or sustained mechanical oscillation of the 
regulator, without appreciably slowing up 
the corrective action of the regulator. 
In the interest of correcting the regulated 
voltage promptly, a moderate amount of 
overshooting is desirable, hence completdy 
aperiodic regulator action is not usually 
necessary in practice, although prolonged 
oscillations, even if damped, are objection¬ 
able. 


W, K. Boice (General Electric Company, 
Schenectady, N. Y.): This paper recog¬ 
nizes the need for analytical treatment of the 


behavior of voltage regulating systems. It 
points out a means of determining char¬ 
acteristics of equipment for stabilizing cer¬ 
tain idealized systems such as those shown 
in figures 6, 7, and 8. The actual system 
described in the paper and shown in figure 
4 differs from these idealized regulating sys¬ 
tems in certain fundamental respects. 
These include: 

1. Tbe exciter shunt field in the actual system 
is connected across the exciter armature and is 
thus affected by exciter armature voltage changes 
as well as impulses from the preceding step in the 
amplification. 

2. The time delay in the regulator driving ele¬ 
ment involves an inertia effect which cannot be de¬ 
scribed by the simple first-order differential equa¬ 
tion which expresses delays in the idealized sys¬ 
tems. 

3. The stabilizer secondary is in a current- 
carrying circuit, current changes in which will 
induce appreciable voltages in the primary. 

These features are among those which 
were taken into consideration by a group 
of engineers in the General Electric Com¬ 
pany in making a study of a practical 
system somewhat similar to that shown in 
figure 4. Results of their work have been 
submitted to the Institute for presentation 
at a future convention. [‘"The Direct- 
Acting Generator Voltage Regulator,” W. 
K. Boice, S. B. Crary, G. Kron, and L. W. 
Thompson, presented at the 1939 AIEE 
combined summer and Pacific Coast con¬ 
vention, San Francisco, Calif., and sched¬ 
uled for publication in the 1940 AIEE 
Transactions.] 

In appendix III of the paper of Messrs. 
Hanna, Oplinger, and Valentine, the decay 
of oscillations of a stabilized regulating 
system is shown to be 74 per cent in one 
cycle. It should be noted that thb is one 
cycle at oscillation frequency, so that the 
decay of 74 per cent occurs in about 16 
seconds which represents extremely slow 
decay for a practical system. 

It is of interest to note that the response 
of the actual system is better than that 
indicated by the calculations in the paper. 


C. R. Hanna, K. A. Oplinger, and C. £. 
Valentine: The authors wish to thank Mr. 
George for his generous appraisal of their 
paper, and agree with him ^at ”the action 
of the feed-back transformer is remark¬ 
able.” The regulating systems described 
are applicable to high-speed excitation with 
its attendant advantages. Large exciters 
will, of course, require a large damping 
transformer, but the size will not be ex¬ 
cessive nor will slow regulator response be 
the result. For very large swings in ex¬ 
citer voltage, the ampere turns of the trans¬ 
former are so far out of balance that the 
resulting saturation greatly reduces the 
mutual inductance. The lower feed-back 
effect, therefore, causes less damping for 
large changes in voltage than for small 
changes, and the recovery following the 
disturbance Is more rapid. 

Mr. Lunge states that the response of the 
regulator would have been indicated better 
if the oscillogram had included the voltage 
across the regulator resistance. This is 
true, but as he goes on to say, our oscillo¬ 
gram shows the exciter field current to start 
increasing almost immediatdy indicating 
very rapid regulator response. The authors 
cannot subscribe to Mr. Lungers so-called 
”basic types of stabilizing means.” The 
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Predetermination of Temperatures in 
Resistance Welds 

WALTER C. JOHNSON 
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O NE of the most important vari¬ 
ables in the resistance welding 
process is the temperature obtained in the 
region of the weld. If this temperature 
is too low, the parts will not unite; and if 
it is too high, a burned weld will result. 
Besides the necessity for the proper 
temperature at the surfaces to be joined, 
it is often essential to bring a consider¬ 
able portion of the bodies to a plastic 
temiTcmture in order that the pressure 
exerted by the electrodes can be trans¬ 
mitted to the surfaces to be joined. 
Furthennore, the temperature gradients 
and the rates of heating and cooling 
have an important bearing on the final 
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quality of the weld. Consequently, it is 
desirable to have some method by which 
these quantities can be calculated. 

The physical complexity of this prob¬ 
lem has made a satisfactory mathematical 
solution exceedingly difficult and has lim¬ 
ited previous theoretical analyses. A 
simple graphical method for solving 
transient heat-conduction problems has 
been described in the literature. 
This analysis is here extended to apply to 
the present problem. The extended 
graphical method permits many mathe¬ 
matically complex conditions to be 
handled with ease, and routine c^cula- 
tions are simple enough to be performed 
by a draftsman. The analysis applies 
particularly to the resistance welding of 
comparatively thin sheets held between 
electrodes of equal contact areas, and 
covers a large percentage of resistance 
welds. It evaluates the temperatures, 
temperature gradients, and rates of 
heating and cooling of a cylindrical por¬ 
tion of the work enclosed between the 
electrodes, as functions of both time and 
position along ilie axis of this cylinder. 
When these quantities have been deter¬ 


mined, a knowledge of the welding char¬ 
acteristics of the material will permit 
one to predict the quality of a weld made 
under given conditions, or conversely, one 
can predetermine important factors such 
as the value of current and the length of 
the period of current conduction which 
are required to produce a good weld. 

The necessary knowledge of the welding 
characteristics of a material might be 
obtained by comparing the quality of 
welds made in tffis material with the 
calculated temperatures for those welds. 
Subsequent calculations would, in effect, 
extend the results of these few prelimi¬ 
nary tests to apply to welds made in similar 
material under considerably different 
conditions. 

The use of such analytic methods of 
temperature calculation should promote 
the more exact and rational design of 
welding apparatus, and should facilitate 
the development of new welding tech¬ 
niques. It should be pointed out that a 
calculation of temperatures does not com¬ 
pletely solve the problem, as other vari¬ 
ables such as pressure and surface condi¬ 
tion of the work must be considered. 
However, the method presented herein 
permits the predetermination of the most 
important and most difficult to calculate 
of these variables. 

It is therefore the purpose of this 
paper to present a simple and funda¬ 
mental graphical method for the calcula¬ 
tion of the temperatures obtained in 
comparatively thin resistance-welded ma¬ 
terial, and to compare the results of some 
calculations with test data. 


Nature of the Problem 


term "'damping means" should not be re- 
.stricted to dashpots or eddy-current de¬ 
vices which are useful in bringing to rest 
oscillating mechanical systems. A damped 
system (and Mr. Lunge himself uses the 
word in this sense) is one whose oscilla¬ 
tions—electrical, mechanical, temperature, 
etc,—do not build up to a sustained value 
as in hunting, but die down to zero follow¬ 
ing a disturbance. It seems logical, there¬ 
fore, to use "damping means" to connote 
any device which will prevent hunting of a 
system or cause its oscillations to decay. 
Contrary to Mr, Lunge's statement, there 
is no damping means which will not appre¬ 
ciably retard the corrective action of a regu- 

In order to study practical regulating 
systems, the authors made certain assump¬ 
tions as described in the paper which greatly 
simplify the calculation and study of such 
systems. Mr. Boice has pointed this out 
and mentions that he and his associates are 
making a study of a similar system with 
some additional assumptions taken into 
consideration. This work has recently 
been made available in the AIEE 
referred to in his discussion and although the 
calculations are greatly complicated by 
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these additional assumptions, it is gratifying 
to the authors to note that there is a funda¬ 
mental agreement in conclusions. 

With reference to Mr. Boice's comments 
on appendix III in which the regulator 
has a rapid decay per cycle, but a long period 
of oscillation, these calculations were made 
asstuning infinite amplification and the 
omission of the last damping transformer 
to show that a theoretically perf^t regula¬ 
tor with good damping is possible under 
such assumptions. In practice, the damp¬ 
ing transformers will saturate for large 
voltage swings as described above so that 
the regulating system will recover much 
faster than indicated by the calculations. 
The calculations hold for small amplitudes 
and are of significance because they show 
the degree of stabiUty for the normal rather 
than the exceptional condition. 

The value of the stability studies reported 
in the paper is attested by the fact that 
several hundred SUverstat regulators have 
been placed in service and only in a few 
instances have even minor adjustments or 
changes in circuit values been ntcessoxy to 
give stable operation. Paralld operation of 
generators has been accomplished likewise 
with no difficulty. 

Johnson—Tmp&'otures in Wdds 


In spot and seam resistance-welding 
processes, the pieces to be welded (called 
the “work") are gripped between elec¬ 
trodes under high pressure, and an elec¬ 
tric current is passed through the mate¬ 
rial. Heat is generated at the contacts 
between the two pieces of work and be¬ 
tween the work and the electrodes, as 
well as in the various bodies themsdves. 
The electrodes are made of a highly 
conductive material, usually a copper 
alloy, so that relatively little heat is 
generated in them. Heat is carried 
away from the work by the electrodes, 
which are usually water cooled, and is 
conducted laterally through the work 
itself. As the parts to be welded be¬ 
come hot and plastic, the pressure ex¬ 
erted by the electrodes forges the pieces 
together, forming a strong joint under 
the proper temperature and pressure 
conditions. 

Specifically, the problem is: Given 
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the initial temperatures throughout the 
work and the electrodes, it is required to 
determine the temperature distribution 
at any time ^ter the beginning of the 
period of current conduction. 

Assumptions 

In order to simplify the analysis, it 
has been assumed that: 

1. Current flow and heat flow are essen¬ 
tially one-dimensional. This specifies that 
the current density is approximately the 
same throughout the portion of the work be¬ 
tween the electrodes, and that the heat flow 
is mainly in a direction perpendicular to 
the plane of the work. This condition will 
be approximated where the diameter of 
electrode contact is somewhat greater than 
the thickness of the sheets to be welded, 
provided that the electrodes have equal 
contact areas. This assumption covers a 
large number of ordinary resistance welds. 

2. The density, specific heat, and thermal 
conductivity of the material are independent 
of temperature. For the temperatures and 
pressures encountered in resistance welding, 
the densities and specific heats vary a com¬ 
paratively small amount. The thermal 
conductivity may vary over a range of two 
to one, so that a mean value should be 
chosen. Variations in electrical conduc¬ 
tivity, which are most important particu¬ 
larly in the case of ordinary steels, are taken 
into account. 

Nature of the Analysis 

Calculations will be made of the tem¬ 
peratures obtained in that part of the 
work compressed between the electrodes. 
Imagine a cylinder enclosed in this region, 
coaxial with the electrodes and with a 



Figure 1. Cross section o^ weld region 
showing imaginary cylinder 


radius somewhat smaller than that of the 
electrode contacts, as shown in figure 1. 
If the diameter of the electrode contacts 
is somewhat greater than the tbic1mp,Q{ g 
of the sheets to be welded, both heat 
and current flow in the cylinder will 
be entirely in the direction of its axis. 


and any plane normal to this axis will be 
at a nearly uniform temperature within 
the cylinder. In general, the planes 
nearest the contact between the sheets 
will be at the highest temperatures, 
while those nearer the electrodes will be 
somewhat cooler because of the heat 
conducted away by these bodies. The 
material of the work surrounding the im¬ 
aginary cylinder will also be cooler due 
to the lateral heat conduction in the 
sheets and because the current flow is 
not entirely in the direction of the axis 
of the cylinder in this region, but suffers 
“end-effects.** This distribution of tem¬ 
perature, as shown by crystal structure, 
is illustrated clearly in figure 5c, which is a 
photomicrograph of the etched cross 
section of a weld. 

The diameter of the imaginary cylinder 
is not a very definite quantity, but is 
somewhat less than the diameter of the 
actual weld. Photomicrographs of welds 
made in mild steel with conduction periods 
of 0.13 seconds and less, indicate that the 
diameter of the imaginary cylinder can be 
roughly approximated as = de ^ 
l.Sr where 

de « diameter of imaginary cylinder 
de “ diameter of electrode contacts 
T = total thickness of work 

The above equation is purely empirical 
and since it is based on comparatively 
few experiments, it should be used only 
as a rough guide. As the diameter of the 
imaginary cylinder approaches zero, the 
calculated temperatures will be some¬ 
what greater than those actually present, 
due to the lateral conduction of heat in the 
work. 

In this anal3rsis, the temperatures exist¬ 
ing along the axis of the imaginary cylin¬ 
der are plotted against distance measured 
along this axis, using a sequence of curves 
to represent successive instants of time. 
Each temperature distribution curve is 
derived from the one immediately pre¬ 
ceding it by graphical constructions com¬ 
bined with simple calculations. Thus, 
building from known initial tempera- 
tiures, one can determine the tempera¬ 
ture distribution in the work for any later 
time, including both the heating and 
cooHng periods. Temperatures, tempera¬ 
ture gradients, and rates of heating and 
cooling can then be obtained from these 
curves. 

This method of analysis is very flex¬ 
ible, and lends itself to a variety of as¬ 
sumed conditions, so long as both heat 
and current flow are essentially one¬ 
dimensional in that portion of the work 
lying near the axis of the electrodes. A 
convenient assumption is that the elec¬ 


trodes remain at a constant temperature. 
Since the electrodes are water-cooled in a 
majority of cases and are of a highly con¬ 
ductive material, this assumption should 
approximate the true condition. The 
thermal and electrical resistances of the 
several contacts should be taken into 
account. A method of calculating tem¬ 
peratures under these assumed condi- 



Figure 2a. Constructions tor obtaining first 
two temperature-distribution curves 



DISTANCE X 

Figure 2b. Constructions for obtaining tem¬ 
perature-distribution curve for time t » 
2At 

tions will be given first. An exten¬ 
sion will then be described in which the 
heating of the electrodes is considered. 

Procedure in Calculating 
Temperatures 

Simplified Method 

The simplified analysis is based on the 
assumption that the electrodes remain 
at a constant temperature. Consider 
the electrodes and work to be sectioned 
through the center line of the electrodes, 
and the distance x to be measured from 
the plane of separation of the work out 
toward an electrode as shown in figure 2a, 
The steps necessary to calculate the 
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Figure 3a. Construction between work and 
electrode for time t = At; heaiin 0 of electrode 
considered 


temperature distribution curves for suc¬ 
cessive intervals of time are as follows:’*' 


1. Select a space increment 3 which will 
divide the thickness of the work into at 
least eight parts and which will permit all 
contacts (between sheets of work and be¬ 
tween electrodes and work) to fall on lines of 
division, as in figure 2a. If this cannot 
easily be done, the position of one contact 
can be arbitrarily shifted a small amount 
so as to fall on the nearest line of division. 
The time interval between successive tem¬ 
perature distribution curves is then given 
by 


A/ « 


CpS^ 

2K 


where 


(1) 


At increment of time 
c « specific heat of the work 
p sa den^jiy of the work 
S » length of space increment 
K « thermal conductivity of the work 

2. Construct temperature (0) and distance 
(ji?) co-ordinate axes, and using a suitable 
scale, divide the portion of the »-axis corre¬ 
sponding to the work into equal intervals of 
length 8 and indicate the position of the 
contacts between the sheets and between 
the work and the electrodes, as in figure 2a. 
If the sheets are of the same thickness the 
contact between them will form a plane of 
symmetry and constructions need be made 
only for the material to one side of this 
plane. 

3. As the preliminary construction for the 
thermal resistance between the work and the 
electrodes, locate the points P and P at a 
distance of length units away from the 
electrode contacts and at an ordinate 
where 

61 « thermal resistance per unit area of the 
electrode contact 

Oe « temperature of the dectrodeS 

4. A horizontal line in figure 2a represents 
the uniform temperature of the work at 


♦ For derivations of aU constructions, see appen¬ 
dix II. 


time t ^ 0. the beginning of the period of 
current conduction. The temperature dis¬ 
tribution curve for time t — At is next 
found as in figure 2a. At each of the pre¬ 
viously marked space increments within the 
work but not at a contact, add to the ordi¬ 
nate of the horizontal line an amount 




■iF’'* 


where 


( 2 ) 


k =* an integer 

Adis = temperature increment at abscissa 
under consideration, x ^ kd 
8 =« length of the space increments 

J = current density in the work 
r* *= electrical resistivity of the mate¬ 
rial at the abscissa under considera¬ 
tion, X ^ kS 

K = thermal conductivity of the work 
m « a conversion factor between elec¬ 
trical and thermal units. If 0 
is in degrees Fahrenheit, / is in 
amperes per square inch, is in 
Btu per second-inch-degree Fahr¬ 
enheit, and r is in ohm-inch, 
then m « 9.48 X 10’* Btu per 
watt-second 


To find the temperature for time / = 
at the contact between the two pieces of 
work add to the previous temperature of 
the contact an amount 

where 


Figure 3b. Construction between work and 
electrode for time t =* 2At/ heating of 
electrode considered 


Join with a straight line the points A and P 
(or A ' and P')- The intersection B (or P') 
of this litip with the contact indicates the 
new temperature at this point. Note that 
the point A does not indicate a temp^a- 
ture in the work but is only an auxiliary 
point used to find the contact tempera¬ 
ture. 

After the temperatures for time t ^ At 
have been found for all intervals, these 
ordinates are joined to form a new tem¬ 
perature distribution curve. 

The current density / may be taken to be 
either the instantaneous or the root-mean- 
square value. When the period of current 
passage is short, say one or two cycles in 
length, the alternations of the current and 
the resulting variations in heating may be 
considered. However, for longer periods 
it seems reasonable that the alternations 
should produce little effect, and the simpler 
procedure of using only the root-mean- 
square value of current could be followed. 

5. The constructions for obtaining the 
temperatures at time t ^ 2At are illus¬ 
trated in figure 2b. To obtain a new t^- 
perature at an interior line of division, 
say otx ^ k8 vdiere k is an integer, join with 
a straight line the two previous tempera¬ 
tures existing at the intervals a? =* (^ — 1) 
5 and iff » (ik + 1) 8 on opposite sid^ of the 
abscissa in question. To the ordinate of 
the intersection of this line with the abscissa 
X k8 add the temperature increment 


A^o = temperature increment at the con¬ 
tact between the sheets of work 
ta electrical resistance of the contact 
between the sheets of work, per 
unit area 

ro electrical resistivity of the work at 
the contact 

To find the new temperature at the con¬ 
tact between the work and an electrode, 
first locate the point A (or A') by adding to 
the new temperature one interval removed 
from the boundary an amount 


A$a » 
where 


mdJ* 

2K 


Re 


(4) 


Rg .*= electrical resistance between the 
electrode and the work, per unit area 


A0*' 


m8\ry 

2K 


rn' 


(5) 


where 

ABjs^ * new temperature increment at ffff ** 
k8 

J* « new value of current density in the 
work 

rj.' « new value of electrical resistivity at 

X — k8 


For example, to find the temperature for 
ime ^ = 2A^ at 3ff * 8, join points C and P 
figure 2b) with a straight line, and to the 
atersection E with the line » « 5, add m 
mount A8i' « w8* {mi2K ih^ ob- 
point F, which is the desired tem¬ 
perature. 
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This procedure is carried out for each 
interval within the work but not on a con¬ 
tact. Observe that the resistivity r can be 
varied from point to point and from time to 
time as the temperature changes, and that 
the current density J can also be varied 
from time to time if necessary. 

To find the temperature of the contact 
between the sheets, join with a straight 
line the two temperatures previously exist- 


temperature distribution curve and cal¬ 
culations need be made for positive values 
of X only. 

The temperature at the contact between 
the work and an electrode for time t = 
is found in the same manner as before. 
Referring to figure 26, locate an auxiliary 
point L (or U) by adding to the new tem¬ 
perature one interval removed from the 
boundary an amount 



Figure 4. Calculated temperature distribu¬ 
tion curves for ends of conduction periods/ 
spot-weided mild-steel sheets 


Curve A — J = 4.38 X 10* amperes per 
square Inch/ two cycles 

Curve B — J 2.42 X 10* amperes per 
square Inch/ eight cycles 

Curve C— J « 2.95 X 10® amperes per 
square inch/ four cycles 

Curve D— J » 5.38 X 10* amperes per 
square Inch/ one cycle 

Curve J *= 2.70 X 10* amperes per 
square inch four cycles 


ing at the lines of division on opposite sides 
of that boundary (points G and H in figure 
26), and add to the intersection J of that 
line with the contact, the temperature 


A^o' 


2K 



where 


(<5) 


ro' =» new value of electrical resistivity 
of the work at the contact 
new value of electrical contact 
resistance between sheets of work, 
per unit area 


thus obtaining the new contact tempera¬ 
ture, point K. 

If the two sheets of work are identical, 
the construction line corresponding to 
GJH in figure 26 will be horizontal for each 


A^a' 


2K 


Re^ 


(7) 


where 

R/ = new value of electrical contact re¬ 
sistance between electrode and work, 
per unit area 

Draw the straight line LP (or X'P'). The 
intersection M (or JIf') of this line with 
the contact indicates the new tempera¬ 
ture at this point. 

It will be seen that the constructions 
given under (4) are special cases of the later 
constructions and ^ffer from them only 
because the initial temperature distribu¬ 
tion was a horizontal line. 

When the temperatures for time f *= 2A/ 
have been found for all points these ordi¬ 
nates are joined to form the temperature 
distribution curve for this time. 

6. This process is continued building curve 
upon curve for successive intervals of time, 
changing the current density and resistivity 
as necessary. When, the end of the period 
of current conduction is reached the cur¬ 
rent density J is set equal to zero and the 
temperature curves are derived only by 
the graphical constructions. In this way 
the temperatures during the cooling of the 
work can be calculated. 

The temperature distribution curve for 
any given time indicates the temperatures 
and temperature gradients in the material, 
and the rates of heating and cooling for any 
point can be derived from successive curves. 


Extension op Method: 
Heating of Electrodes 


A method for taking into consideration 
the heating of the electrodes will now be 
described. The extended method differs 
from that previously described mainly in 
that the portions of the x axis corre¬ 
sponding to the electrodes are now also 
divided into increments of equal length, 
and calculations are continued into the 
electrode regions. 

The lengtji of the intervals in the elec¬ 
trode regions must differ from the length 
of the increments in the work. Letting 
the subscript e refer to the electrode and 
the subscript w refer to^ the work, the 
relation between the increments in the two 
regions is given by 


i, - «„ 

H CaPeKw 


( 8 ) 


Temperature (6) and distance (x) 
co-ordinate axes are first constructed, 
and the space increments for the work 
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(c) 

Figure 5, Photomicrographs of cross sections 
of welds. Center lines of welds at right of 
pictures 

and the electrodes are drawn, taking 
care to make the lengths of the incre¬ 
ments in the two regions satisfy equa¬ 
tion 8. 

As a preliminary construction for the 
thermal resistance at the contact be¬ 
tween the work and each electrode, draw a 
vertical line in the region of the work at a 
distance + bioKjK^o from the con¬ 
tact line, as shown in figure 3a, and an¬ 
other vertical line in the region of the 
electrode at a distance KjSi + 
from the contact. 


AIEE Transactions 





SUirting with an initial uniform tem¬ 
perature distribution for time f = 0, the 
temperatures in the interior of the work 
and the electrodes are found for time t = 
At by the method first described for in¬ 
terior points, and the construction for the 
contact l)etween the sheets of work rc- 
niuins the same as before. At the contact 
between an electrode and the work the 
ctjnstruction shown in figure 3a is neces¬ 
sary, To the new temperature one 
interval removed from the electrode con¬ 
tact and in the region of the work, add an 
amount 


indicates the temperature on the work 
side of the contact, and the intersection 
J of III with the contact indicates the 
temperature on the electrode side of the 
contact. The temperature curve is com¬ 
pleted as shown by the heavy dotted 
lines. 

By building each temperature distribu¬ 
tion curve upon the one preceding it, the 
process can be continued until the de¬ 
sired period of time has been covered. 

Comparison With Test Results 




7n dwJ^ 


Re 




thus obtaining the new ordinate A in 
figure 3a, To the temperature in the 
electrode region one interval removed 
from the contact, add the temperature 


AOft « 




Re 


k 

( 10 ) 


oblaining a new ordinate C in figure 3a. 
Draw the horizontal lines AB and CE^ 
and fr<un the intersections of these lines 
with the vertical construction lines, draw 
the straight lines AE and BC, The 
intersection F of the line AE with the 
contact indicates the new temperature 
on the work side of the contact, and the 
intersection D of the line BC with the 
contact indicates the new temperature 
on the electrode side of the contact. 
The temperature distribution curve is 
then completed as shown by the heavy 
dotted lines. 

13ie temperature distribution curve 
for time / « Aik then used to construct 
the temperature curve, for time t - 2Al, as 
shown in figure 36. Interior tempera¬ 
tures are found by the method described 
in a previous section. To obtain the 
electrode contact temperature, locate 
point G by adding to the temperature 
at that abscissa the amount 


A0a 


2Kio 


R/ 


( 11 ) 


where 

new value of current density 
K/ new value of electrical resistance 
between the electrode and the work, 
per unit area 


Locate point I by adding to the ordi¬ 
nate at that abscissa the temperature 






RA 


( 12 ) 


Draw the horizontal lines GH and IK^ 
and the straight lines GK and III. The 
intersection L of GK with the contact 


In order to test the method of analy¬ 
sis and to check the assumptions, cal¬ 
culations were made for the spot welding 
of low-carbon-steel sheets for various 
values of current density and for different 
lengths of current passage, and test welds 
were made under these conditions. Low 
carbon steel was chosen for these welds 
because its properties were quite well 
known and because its steeply rising 
electrical resistivity versus temperature 
characteristic would impose a severe 
test on the analysis. Since the direct 
measurement of temperatures in the 
welds would be quite difficult, and since 
the temperatures evidently bear a close 
relation to weld quality, the calculated 
maximum temperatures in the region 
of the weld were compared directly with 
the quality of the test welds. Photo¬ 
micrographs were made of the cross sec¬ 
tions of the various welds, and the struc¬ 
tures which these revealed were also 
compared with the calculated tempera¬ 
tures. 

Each test weld was made between two 
sheets of 0.032-inch low carbon steel, 
using electrodes with a contact diameter 
of about 0.25 inches. The electrode 
pressure in each case was approximately 
700 pounds. Calculations of current 
density were based on the carefully meas¬ 
ured actual area of contact between the 
electrodes and the sheets. A lack of 
data on the thermal resistance of con¬ 
tacts under high pressures made neces¬ 
sary the assumption that the electrical 
and thermal resistances of a contact bear 
the same approximate relation as do the 
electrical resistivity and the thermal 
resistivity (reciprocal of thermal con¬ 
ductivity) of the work. To simplify 
the calculations, the electrode tempera¬ 
tures were assumed to remain constant. 

The temperatures calculated for the 
end of the period of current conduction 
for several cases are shown in figure 4, 
and photomicrographs of the cross sec¬ 
tions of these welds are shown in figure 5. 
The interior temperatures necessary to 
produce a good weld check quite well for 


widely varying conditions of current 
and time, as do the temperatures cal¬ 
culated for the dark regions of carbide 
precipitation shown in the photomicro¬ 
graphs of figure 5. It appears that a 
maximum temperature of over 2,000 
degrees Fahrenheit is necessary to pro¬ 
duce a good weld in this material. It is 
interesting to observe that curve A of 
figure 4 indicates that a considerable 
portion of the work had reached melting 
temperature, and that the corresponding 
photomicrograph (figure 5a) shows a 
proportional reduction in the thickness 
of the work at the weld. Curve B of 
figure 4 indicates that the proper welding 
temperatures have been obtained, and 
this weld was indeed quite strong, al¬ 
though the photomicrograph (figure 56) 
does not show the grain structure ordi¬ 
narily considered typical of a good weld. 
Higher magnification showed that the 
dark line of apparent separation was 
really composed of fine interlaced grains, 
forming a strong weld. Curves C, D, and 
E of figure 4 illustrate strikingly the 
differences between the calculated tem¬ 
peratures in good and poor welds, and 
the corresponding photomicrographs (fig¬ 
ure 5c, dy e) show the expected differ¬ 
ences in structure. 

The maximum temperatures calculated 
for the interior of these welds are seen to 
compare quite well with the quality of the 
wdds. Furthermore, the calculated tem¬ 
peratures are reasonable in value and 



Rgure 6. Graphical construction tor obtain¬ 
ing temperature increment during time At 


agree with the observations of other in¬ 
vestigators. Larsen^ states that recrys¬ 
tallization across the plane of contact is 
the fundamental phenomenon of re¬ 
sistance wdding. Recrystallization is 
favored by a state of strain and occurs in 
steel at temperatures somewhat below 
the melting point of approximately 2,800 
degrees Fahrenheit. Larsen mentions 
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welding temperatures of from 1,760 de¬ 
grees FaJirenheit to 2,400 degrees Fahr- 
enlieit for mild steel, and Spraragen and 
Claussen® give data deduced from micro- 
structural observation which indicate 
maximum temperatures of about 2,300 
degrees Fahrenbeit, which check quite 
well with the present results. 

Effect of Pressure 
and Contact Area 

The exact nature of a resistance weld 
in ferrous materials is dilBGicult to deter¬ 
mine, since the physical metallurgy of 
metals under high pressures has been 
investigated but little, and any discus¬ 
sion of this subject must therefore be 
somewhat speculative. It is reasonable 
to believe, however, that the welding 
operation in ferrous materials is a forg¬ 
ing process, in which the adjacent por¬ 
tions of the bodies are brought to a suf¬ 
ficiently plastic state while under pres¬ 
sure, thus causing the metals to tuiite. 

It should be pointed out that both 
pressure and temperature are requisite 
to the production of a good weld. It is 
wen known that a weld in heavy mate¬ 
rials requires comparatively low currents 
and long times of application, so that 
the metal will be heated throughout its 
thickness. Apparently this is necessary 
in order to render the material so plastic 
that sufficient pressure will be trans¬ 
mitted to the surface between the bodies 
to cause the forging action to take place. 
It has been observed that spot welders 
with light heads require less spring pres¬ 
sure to produce a good weld than do 
welders with heavy heads, under other¬ 
wise similar conditions. The inertia of 
the heavier head prevents it from “fol¬ 
lowing in** when the work has become 
plastic, and deforms readily. As a re¬ 
sult, the pressure actually appKed to the 
high temperature region may be insuf¬ 
ficient to forge the materials together 
unless the spring pressure is quite large. 
This again illustrates the importance of 
pressure as well as temperature in the 
production of a good weld. 

Because the heat generated per unit 
volume of the work varies as the square 
of the current density, it is necessary to 
know the electrode contact area, as well 
as the total current, quite accurately, 
in order to make satisfactory calcula¬ 
tions. This is shown by curves C and E 
of figure 4, between which the current 
density varied less than ten per cent. 
The effect is here accentuated, of course, 
by the sharply rising electrical resistivity 
versus temperature characteristic of the 
low carbon steel. These curves illus¬ 


trate the fact that accurate control of 
electrode contact area is necessary in 
order to secure consistently good welds 
with a given transformer tap and con¬ 
duction period. This necessity has al¬ 
ready been emphasized by welding engi¬ 
neers. 

In the case of electrodes of small con¬ 
tact area and with work of considerable 
thickness, the assumptions used in this 
analysis will not be valid, since current 
density will not be uniform and heat 
flow in the plane of the work may be con¬ 
siderable. To cover these cases, some 
sort of three-dimensional treatment may 
be necessary. 

Conclusions 

The method of analysis described herein 
is believed to be based upon funda¬ 
mentally correct principles, and has 
beenshown by comparison with test results 
to permit a prediction of the tempera¬ 
tures which will be obtained in compara¬ 
tively thin resistance-welded material. 
The relation between temperattue and 
weld quality for a given material can be 
established by comparing preliminary 
calculations with the results of compara¬ 
tively few tests. Predictions of weld 
quality can then be extended to other 
thicknesses of this material and to various 
currents and periods of current conduc¬ 
tion without further tests. 

The constructions are simple, and 
routine calculations can be made by a 
draftsman. If desired, the computations 
can be carried out numerically in tabular 
form, instead of using the graphical con¬ 
structions described in this analysis. 

Although this method of analysis has 
been used only in spot-welding calcula¬ 
tions, it should apply also to seam weld¬ 
ing, and, under some conditions, to butt 
wdding. The use of such methods of 
analysis should facilitate the development 
of welding processes, and should be an 
aid in the design of new welding appa¬ 
ratus. 


Appendix I. Nomenclature 


c 

a Specific heat 


Ce 

a specific heat of the electrode 


a specific heat of the work 


D 

*« temperature increment 

ob- 


tained by graphical construe- 


tion 


J 

» current density 


K 

» thermal conductivity 


Kg 

» thermal conductivity of 

the 


electrode 


Kto 

« thermal conductivity of 

the 


work 



k » an integer 

m « conversion factor between elec¬ 

trical and thermal units 
Q » rate of heat conduction across 

a plane, per unit area 

g = rate of heat generation, per 

unit volume 

Rg electrical resistance per unit 

area of the electrode contact 
Rfff electrical resistance per unit 

area of the contact between 
sheets of work 

(R sa thermal resistance per unit 

area of the electrode contact 
fjfc =» electrical resistivity of the 

material at the abscissa x ^ kd 
ro = electrical resistivity of the 

work at the contact between 
sheets 

t a time measured from the begin¬ 

ning of current conduction 
A/ = time increment between suc¬ 

cessive temperature distribu¬ 
tion curves 

X a distance measured from the 

contact between sheets of 
work, parallel to heat flow 
6 a length of space increment 

Sg a length of space increment in 

the electrode region 
=“ length of space increment in 
the region of the work 
0 a temperature 

Oge = temperature of the electrode at 

the plane of contact 

Ogto = temperature of the work at the 

electrode contact 

Og a electrode temperature 

^c+i = electrode temperature one in¬ 

terval removed from the plane 
of the contact 

a temperature of the work one 
interval removed from the 
dectrode contact 

djs a temperature existing at the 

abscissa x ^ kb 

Ad a total temperature increment 

during time 

A9a, Adj, a temperature increments to ob¬ 
tain construction points 
A0* a temperature increment at ab¬ 
scissa » a ^5 due to generation 
of heat 

A^o *= temperature increment at con¬ 
tact between sheets due to 
generation of heat 
P a density of the material 

Pe density of the electrode 

Pw “ density of the work 

Primed quantities refer to the values of 
increments and parameters occurring at a 
later time than the unprimed quantities. 


Appendix II. Derivations 

Constructions for Interior of Body 

This analysis depends upon the replace' 
ment of first and second derivatives in the 
heat-flow equations with quotients of finite 
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differences. By this replacement a step-by- 
step approximate solution may be obtained. 

The partial differential equation of heat 
flow for the case of constant thermal 
conductivity can be shown to be 



bx^ by* bTy 


+ Q 


(13) 


where 


C — specific heat 
p =5 density 

K =« thermal conductivity 
0 » temperature 
/ = time 

q =* rate of heat generation per unit 
volume 


Wlicre the heat flow is unidimensional 
equation 13 reduces to 


bd bVf 

By definition of a derivative 
^ lim A(? 

bO ^ — (15) 

— « >0 At ^ 

bt 


where 

AO « finite increment of temperature 
At finite interval of time 


or approximately 
bi At 


(16) 


provided that the time increment At is 
taken to he reasonably small. If we now di¬ 
vide the desired span of x into equal small 
intervals of width S we can approximate the 
temperature gradients at points x ^ kS and 
jc (ik -h 1)0 in figure 6 by 


b0\ Ok'i'i Ok 

bx\kn « 

and 


bxk 


Ok Ok--i 

d 


(17) 


where /?*+1 Ok and Ok^^i are the temperatures 
existing at time t ^ to at the abscissas 
{k -h 1) 0, kO, and (k - 1)6, respectively. 

By definition, 






lim 1 

*+l i 


* 6—^oV 

8 


or approximately, provided that 5 is quite 
small, we obtain by substituting equations 
17, 


b^O ^ Ok'^i H" Ok’^i "" 

k 


(18) 


Substituting the approximations ex¬ 
pressed by equations 16 and 18 into the 
differential equation 14, we obtain for the 
increase in temperature at x? » ^6 during 
time A^, 


AB 




For convenience of graphical construc¬ 
tion, we shali iet 


KAt 1 
Cpi* “ 2 


( 20 ) 


For any given material, this will fix the 
time increment once the space increment 8 
is chosen. Substituting condition 20 into 
equation 19, there is 


1 8*<7 

— 2 (^*+1 + ^*-1 — 26 *) + ^ ( 21 ) 


The rate of heat generation is 
q « wJV* (22) 

where 


J » current density 

f* » resistivity of the material at x k 
m » conversion factor between electrical 
and thermal units 


If g is in Btu per second-inch*, J is in 
amperes per inch*, and r* is in ohm-inch, 
then m = 9.48 X 10“^ Btu per watt-second. 

Substituting equation 22 into equation 
21, we obtain for the total temperature in¬ 
crease atx ^kO during the time At, 


1 . A \ • ffiO^J^k 

Afl - - (6*+i + Ok-i — 26*) H- 

(23) 

Consideration of figure 6 will show that 
the quantity 


2 (^Jb+i + ^*-1 ^ 26*) 


is the difference between the ordinate 6* 
at xo and the chord joining 6*-i and 6*+i, 
and may be obtained graphically. 
Equation 23 can be rewritten as 


A6 ^ D ^ A6* 
where 


D 


A6* 


== (6*+i 4* 6*-i — 26*) 




(24) 


This affords a convenient graphical 



Rgure 7. Construefion at contact between 
sheets of work 


construction. Given the temperature dis¬ 
tribution at time ^q, the temperature of a 
plane, say at x ^ kO, for time to + A/, can 
be found by first joining the ordinates 
6*-i and Ok-vi with a straight line (figure 6). 
The intersection of this line with the trace 
X ^ kO indicates the temperature which this 
point would have attained at time ^ -|- A^ 
if no heat were generated in the element, 
and represents the increment D. If to this 
ordinate is added the quantity mh^J^kl^K 
as indicated by equation 24, the result will 
be the temperature 6*' at time k -1- A^. 
In this way a new temperature distribution 
for the time to + At can be constructed 
from the temperature curve for time to. 

It will be observed that the resistivity 
r* can be regarded as varying from incre¬ 
ment to increment and from time to time. 
Thb variation can be determined most 
conveniently from a resistivity versus tem¬ 
perature curve. 


Boundary Conditions 

The above-described conditions will suf¬ 
fice for the interior of a body, but further 
considerations are necessary for the bounda¬ 
ries. 


Contact Bbtwbbn Sheets of Work 

The construction at the contact between 
sheets of work is similar to that used for the 
interior of the sheets, except that the heat 
generated by the electrical resistance of the 
contact must be added to that generated 
in this increment by the electrical resistivity 
of the work. Since the constructions are 
based on the space increment as a unit, the 
electrical contact resistance may be reduced 
to an equivalent electrical resistivity dis¬ 
tributed throughout the space increm^t 
at the contact. The rate of heat generation 
per unit volume of the work in this incre¬ 
ment is given by the expression 

q « (28) 

where 

jR^ = electrical resistance of the contact 
between the sheets of work, per unit 
area 

Substituting equation 25 into 21, the 
equation which applies to the temperature 
increment at the contact is found to be 

A6 => I? + A6o (26) 

where 


A6o ’ 


^ (6i -b 6..1 — 26o) 
2 

m»J*( 


This indicates, that to obtain the new 
temperature at the contact between the 
sheets of work, connect with a straight line 
the previous temperatures existing on op¬ 
posite sides of the junction (points A and B 
in figure 7), and to the ordinate (C) of the 
intersection with the contact, add the 
temperature increment A6o as given by 
equation 26. The resulting ordinate (Z?) 
will indicate the new temperature at the 
contact. Observe that if the construction 
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is symmetrical about the contact, as would 
be the case with two identical sheets of 
work, points A and J? will be at the same 
ordinate. It is then necessary to make 
calculations for the material to one side of 
the junction only, and since the line BC 
is then horizont^, the temperature incre¬ 
ment at the contact is measured above this 
ordinate. 


junction, Ocwt is determined by adding to 
the ordinate dc-\ an amount A^a, thus ob¬ 
taining the point At and drawing the 
straight line AP, The intersection B of 
the straight line with the contact indicates 
the temperature of the junction, 0cw. 

Contact Between Work and Electrode: 
Heating of Electrode Considered 


the electrode is equal to that passing through 
the contact plus the remainder of the heat 
generated at the contact, and may be ex¬ 
pressed as 


0 + 


mJ^Re 

2 


oe 


(34) 


where 


Contact Between Work and Electrode: 

Electrode AT Constant Temperature 

The contact between the electrode and 
the work is considered to offer a resistance 
to the flow of both heat and current, and 
the temperature of the electrode is here 
assumed to be constant. The thermal re¬ 
sistance of the contact is defined by the 
equation 


In this construction, both the electrodes 
and the work are divided into increments, 
and calculations are carried into the elec¬ 
trode regions. 

The time interval, A/, between successive 
temperature curves, must be the same for 
both electrode and work regions. Letting 
the subscripts e and w refer to the electrode 
and work respectively, we obtain from 
equation 20 the relation 


Ke = thermal conductivity of the work 
$ce = temperature of the electrode at the 
contact 

“ temperature of the electrode one 
interval removed from the contact 

The heat passing through the thermal 
resistance of the contact causes a tempera¬ 
ture difference between the work and elec¬ 
trode sides of the contact, or 


(R - 



(27) 


CePe^e^ _ ^tcPto^w^ 
2Ke " 2Kta 


(31) 0 =» 

^ (R 


(35) 


where 

(R - thermal resistance of the contact, 
per unit area 

Q = rate of heat conduction across the 
contact, per unit area 

^cw = temperature of the work at the 
contact 

Be “ temperature of the electrode 

The heat passing across the thermal 
resistance of the contact is taken to be 
equal to the heat conducted to the contact 
from the work plus one-half of the total heat 
generated at the contact. This is equiva¬ 
lent to assuming that heat is generated 
uniformly throughout the thickness of the 
contact resistance. The rate of heat con¬ 
duction is, from elementary theory, equal 
to —Kb9/bx, so the heat crossing the 
contact is given by the expression 

Q - (28) 

where 

Re electrical resistance of the contact 
between the electrode and work, per 
unit area 

** temperature of the work one inter¬ 
val removed from the contact 


Eliminating Q between ^27) and (28), we 
obtain the expression 


^Cfo __ ^c-i ^cu> 

JTOl “ s 

where 


(29) 




mSJ^Re 

2K 


(30) 


Equation 29 suggests the similar triangle 
construction shown in figure 8. Here we see 
that 


DP ” CB 

which implies the relation expressed by 
equation 29. In this construction the 
point P is located at a distance K(R length 
units away from the contact and at a tem¬ 
perature Be, Given the temperatures Oe-^i 
and Be at time the temperature at the 


To satisfy equation 31, the space incre¬ 
ments in the two regions must be in the 
ratio 


^ „ J CaPaKe ( 32 ) 

Bfo * CePeR^to 

The heat carried across the contact be¬ 
tween the work and an electrode is taken, 
as before, to be equal to the heat conducted 
to the contact from the work plus one-half 
of the heat generated in the electrical re¬ 
sistance of the contact. Thus, 

e - (9c-i - 9c.) + (33) 

where 

Q =» rate of heat conduction across the 
contact 

Qew = temperature of the work at the 
contact 

Be^i « temperature of the work one 
interval removed from the contact 
Kio = thermal conductivity of the work 
» electrical resistance of the contact 
between the work and the elec¬ 
trode, per unit area 

The heat conducted from the contact into 



DISTANCE X 

Figure 8. Construcfion at contact between 
work and electrode; electrode at constant 
temperature 


where 


(R « thermal resistance of the contact, per 
unit area 

Equate (33) and (35) and obtain 

{^cto ”* ^ce)Bw — 

+ (36) 

Eliminating Q between equations 33 and 
34 and solving for Beet there is 


Bee 


Bc+i + 


BtoKe 


X 



— Boo + 


2K„ ) 


(37) 


Substituting equation 37 into equation 36 
to eliminate Bee and simplifying, we obtain 
the relation 


Bew ~ Agf» 

Ac 


Be~-i ~ Bew ~h A^g 

(38) 


where 




ABb 


2Ky, 


Re 



(39) 


which will be used in the construction to 
obtain 6eu>‘ 

Now eliminate Q between equations 34 
and 36 and between equations 33 and 34, 
and from the resulting two equations 
eliminate Bew The result can be expressed 
as 


Be-i -’Bee+ ABg 
KeSi + ^tu, 


Bee ^c-H Adtf 

Be (40) 


which is the relation which will be used 
in the construction to obtain Bce^ 

Figure 9 illustrates the procedure for this 
case. A construction line is first drawn in 
the region of the work, parallel to the tem¬ 
perature axis, at a distance + dwKe/ 
Ktp from the contact, and a simi1fl.r line is 
drawn in the region of the electrode at a 
distance Ky/R -|- BeKy,/Ke from the contact. 
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Figure 9. Construc¬ 
tion at contact be¬ 
tween work and 
eiectrode; heating 
of electrode con¬ 
sidered 


Given the temperatures and 0c+i at the 
intervals on opposite sides of the contact, 
add to the ordinate ^c-i an amount £^a 
and add to an amount thus ob¬ 
taining the new ordinates A and C. 

Draw the horizontal line CE, and con¬ 
nect E and A ydth a straight line. The 
intersection F of this line with the contact 
indicates the temperature of the work at the 
contact, Bcw, Inspection of figure 9 will 
show that, by similar triangles, FMIME = 
FN/NA, which is the relation expressed by 
equation 38. 

Draw the horizontal line AB and connect 
B with C, The intersection DoiBC with the 
contact indicates the electrode temperature 
at the contact, Bee- In this construction, 
DN/NB = DMjMC, which is the relation 
given by equation 40. 
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Discussion 

R. H. Harrington (nonmember; General 
Electric Company, Schenectady, N. Y.): 
Mr. Johnson presents in this paper some 
very fine work concerning a difficult prob¬ 
lem. The fundamental-research commit¬ 
tee of the American Welding Society is ex¬ 
tremely interested in this specific problem 
and the writer commends this fine paper to 
their detailed attention. 

One of the fundamental problems still 
beset by disagreement among resistance¬ 
welding engineers is just this: ‘Ts the best 
resistance weld achieved by actual melting 
at the interface of the work or by grain 


growth across this junction while the steel 
is in a plastic condition?" 

From the metallurgical viewpoiat the 
writer fully agrees with Mr. Johnson that 
the best welds should result from grain 
growth across the junction of the work while 
the steel is under pressure in the plastic 
range. Some applications, it is true, will 
require actual melting at the interface be¬ 
cause of inherent conditions but these ap¬ 
plications must then be satisfied with 
properties inferior to those of welds pro¬ 
duced in the solid state. Of course, these 
statements apply only to steels. 

Until quite recently we have all of us 
largely neglected the effect of strain (internal 
tension and pressure) on reactions in the 
solid state in metals and alloys. It is 
good to have Mr. Johnson call attention to 
this fact. The rates of grain growth, diffu¬ 
sion, and phase reactions are bound to be 
affected in some degree when the system is 
kept under a continuously applied strain. 
The tendency has been, in application of 
the phase rule to alloy systems, to assume 
that the pressure in the system is atmos¬ 
pheric when this is rarely true, and, in the 
case of resistance welding, far from true. 


R. J. Bondley (nonmember; General 
Electric Company, Schenectady, N. Y.): 
The paper "Prediction of Temperatures in 
Resistance Welds" is an excellent bit of 
mathematical analysis. The author has 
verified by calculation the facts that have 
been found by experiment. The paper 
should be of interest to welding engineers or 
students doing advanced work on resistance 
welding. I feel, however, that the paper 
is of more academic interest than of a prac¬ 
tical nature. The whole analysis is con¬ 
structed around certain assumptions, such 
as a known contact resistance. These 
resistances will vary With: 

1 . Kind of material being welded. 

2. Surface condition of the metals. 

S. Nature of surface and size of electrodes. 

4. Pressure of electrodes, especially during weld 

The pressure during weld is affected by: 

1 . Inertia of the moving, parts. 

2. Bearing friction of moving parts. 

3. Inductive reaction of the welding arms. 

When one considers that a ten per cent 
change in current may mean the differ¬ 


ence between a good and a poor weld, it is 
clear that the assumptions may be well over 
ten per cent off. 

As for the predetermination of welding 
capacity as claimed by the author, capacity 
of welders for any application is well known 
to persons acquainted with the rcsi.stance 
welding art. 

Likewise as to quality of welds, I believe 
that with modern welding equipment, the 
results can be obtained much quicker and 
with greater accuracy by experiment Ilian 
by calculation. 


L. G. Levoy (General Electric Com¬ 
pany, Schenectady, N. Y.): Mr. Johnson 
is to lae congralulatecl for applying a method 
of analysis to this difficult problem, and 
seeing it through in spite of the difficulties 
presented by unknown relations, including 
variations in parameters which are beyond 
the scope of the aiialy.sis. 

The value of such calculations lies in their 
ability to show what effect variation in 
time, current density, and other variables 
considered, have upon the work. Prior to 
now most ideas concerning these factors 
were more or less empirical and baseti mainly 
upon experimental work. Application of 
this analysis, though not iirecise, will give a 
better understanding of what, goes on in 
making welds. This will leacl to more 
valuable c-xperiineiilation and to the jiro- 
duction of bettw welds and better welding 
conditions. 

Resistunee-welding engineer.^ and metal¬ 
lurgists will welcome this study, as it pro¬ 
vides them with an analytical approach to 
the internal conditious existing during the 
welding process. 


H. D. Snlvely (General Electric Company, 
Schenectady, N. Y.): Mr. Johnson is to be 
congratulated for his courage In attacking 
such a problem as this one and for his per¬ 
sistence in obtaining a solution in spite of the 
large number of variables which have 
frightened away many other investigator.s. 
We are glad to see that he was aide to apply 
the graphical method of analysis to the 
problem, and we welcome the opportunity 
to make some general remarks concerning 
the method. Over a period of several 
years we have had con.si<lcral>le experience 
with the method and have developed it for 
use on various special problem.s; and we 
hope to be able to publish soiiu* notes in the 
near future describing more completely 
this type of analysis and sotne of its ap¬ 
plications to problems of a tnore difficult 
nature tlian lliose of one-dimensional heat 
flow. 

We agree with the author’s conclusion 
that the graphical method can very readily 
be taught to some previously uninitiated 
person so that he can carry out the routine 
graphical constructions necessary to solve 
any particular problem. In fact, wc have 
had some experience in teaching the method 
and have found that a half hour’s descrip¬ 
tion of the process will usually serve com¬ 
pletely to acquaint the person with the 
method so that he can carry out the solution 
for any particular problem although he 
might not be able to formulate the routine 
by himself. 

The advanced course in engineering of 
the General Electric Company has on 
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various occasions during the last several 
years solved complex heat conduction prob¬ 
lems by the use of an extended form of the 
analysis used by Mr. Johnson, and we have 
noted that in most cases, after the routine 
procedure of solution was once launched 
upon, the time required to carry the solu¬ 
tion through to a finish was a matter of 
three or four hours. For more simple 
problems the time is considerably less. 
The method could therefore be described 
as being monotonous but not excessively 
time-consuming. 

To check the accuracy of the method of 
analysis we have solved problems by the 
graphical method which could also be 
solved anal 3 rtically, such as the problem 
of transient heating of a long circular cylin¬ 
der suddenly subjected to a uniform tem¬ 
perature all over the cylindrical surface. 
In this particular problem we found that 
when the space region (here the radius 
of the cylinder) was divided into ten equal 
segments, ten increments of time in the proc¬ 
ess of solution would bring the graphical 
solution to within ten per cent of the ac¬ 
curacy of the exact analjrtical solution. 
Twenty-filve steps in time would bring the 
accuracy to within five per cent and 50 steps 
would make the graphical solution almost 
coincide with the exact solution. Other 
problems that we have dealt with indicate 
the same degree of accuracy. Of course an 
increase in the number of space increments 
would improve the accuracy but it also 
would decrease the size of the time incre¬ 
ment so that more steps would have to be 
taken to cover a given period of time. 
In general some compromise between ac¬ 
curacy and time available for solution will 
have to be made. The conclusion is, there¬ 
fore, that within the accuracy of the as¬ 
sumptions on any particular problem the 
graphical method can give very accurate re¬ 
sults indeed. 

The method could have been adapted to 
take into account such things as the varia¬ 
tion of thermal conductivity which as the 
author has pointed out has a range of about 
two to one in his problem. However, the 
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amount of work required to obtain the solu¬ 
tion would have been greatly increased, and 
probably his assumption of an average 
thermal conductivity leads to good enough 
results. Furthermore, the method could 
have been modified so as to take into ac¬ 
count approximately the heat fiow away 
from the assumed cylindrical region of the 
weld. That is, instead of considering the 
heat to flow linearly from one electrode to 
another, the heat flow out into the metal 
adjacent to the weld could have been ap¬ 
proximately taken care of. Here, too, the 
probable c^ect of this refinement on the 
result would be negligible. 

Again we take occasion to congratulate 
our former colleague, Mr. Johnson, on his 
excellent paper, and we hope to find that the 
graphical method will be applied by others in 
solving still other types of problems. 


Walter C. Johnson: The author appre¬ 
ciates very much the discussions of his 
paper, some of which require no further 
comment. He is pleased to find that Mr. 
Snively agrees with him concerning the 
accuracy and simplicity of the graphical 
method of analysis. The method tm- 
doubtedly looks more complicated on paper 
than it really is. A complete understand¬ 
ing of the analysis requires some knowl¬ 
edge of mathematics, but the operations 
themselves are relatively simple and can 
be readily learned without such knowledge. 
Mr. Snively*s account of his checks on the 
accuracy of the graphical method are also 
enlightening. 

As Mr. Snively points out, the assump¬ 
tions of a constant thermal conductivity 
and of an essentially one-directional heat 
flow in a central region are not essential to 
the graphical analysis, but can be elimi¬ 
nated, at the expense, of course, of a more 
compUcated and laborious solution. These 
refinements will probably be desirable in 
some types of problems, for example, when 
the work is of considerable thickness. 
The author has thought it desirable to gain 
additional experience in the application of 
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the simpler analysis to specific problems and 
to determine more exactly its limitations 
before proceeding to these refinements. 

It should be remembered that the test 
calculations given in the paper are affected 
by the values of contact resistance used, 
and since these values are but imperfectly 
known, one cannot be sure of the accuracy 
of the final calculated temperatures. In¬ 
vestigators are turning their serious atten¬ 
tion to the problem of contact resistance, 
and with increasing knowledge in this field, 
more accurate calculations will be possible. 

The author agrees with Mr. Bondley 
that the capacity of present welding equip¬ 
ment is well known from experience. 
However, the development of new methods 
would be facilitated by a better under¬ 
standing of what takes place in a resistance 
weld, and by a better knowledge of the 
relative effect of the various important 
factors. A case in point is the problem for 
which this analysis was originally developed, 
in which the root-mean-square current 
fluctuated widely during the welding period, 
so that the requirements were considerably 
different than for an ordinary weld. This 
analysis was developed to permit the de¬ 
sign of the necessary apparatus without 
resorting to expensive cut-and-try pro¬ 
cedure. As for the difficulties engendered 
by the variation in parameters: since 
these factors can be controlled well enough 
to make consistently good welds possible, 
their values can probably be determined 
with enough certainty for successful cal¬ 
culation. Furthermore, the effect of a 
variation in parameters could probably be 
determined more conveniently by analytical 
methods than by experiment alone, since 
the factors could be varied at will in calcula¬ 
tions. 

The practical significance of a method of 
calculating temperatures would seem to 
lie not so much in the calculation of each 
set of welds in a production line as in the 
possibility of a better understanding of 
fundamental resistance-welding problems, 
and in the provision of a helpful tool for their 
solution. 
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Electrical Equipment Used in Reflection- 


almost directly below the recording sta¬ 
tion, it strikes the several pickups at 
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Synopsis: The reflection prospecting 
method measures depths to subsurface 
strata by recording the travel time of re¬ 
flected sound waves. The acoustic energy 
of the sound wave is converted into electrical 
energy by a pickup, amplified, filtered, and 
r^ordgd. The equipment described pro¬ 
vides automatic gain control in the amplifier, 
filtering to eliminate frequencies outside the 
reflection spectrum, and means of recording 
reflections from several points on the earth’s 
surface, together with the necessary timing 
mechanism. 


The Nature of Reflection 
Seismograph Prospecting 

I N THE present-day search for petro¬ 
leum, the reflection seismograph is an 
important and powerful tool. The appa¬ 
ratus used is predominantly electrical, 
and as such should be of interest to all 
electrical engineers, particularly those 
having an especial interest in the elec¬ 
tronic and communication branches of 
electrical engineering. 

Before considering the instruments 
used in reflection work, it is well to learn 
something of the purpose for which they 
are used. The principle of operation of 
the reflection seismograph is identical 
with that of the sonic depth finder. That 
is, deptlis to subsurface strata are calcu¬ 
lated from the times required for sound 
waves to travel down to them and be 
reflected back to the surface. Reflection 
seismograph prospecting consists in thus 
measuring the depths of the various 
strata at many stations over a large area, 
mapping their folding and faulting in the 
hunt for likely traps for petroleum. The 
depths in which the geophysicist is inter¬ 
ested range from a few hundred to 10,000 
or 20,000 feet. Since the acoustic at¬ 
tenuation of earth is much greater than 
that of water, a sound wave of high initial 
amplitude must be transmitted in order 
that the reflected wave will be larger 
than the natural unrest of the earth’s 
surface. This energy is usually released 
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by exploding a charge of dynamite at the 
bottom of a hole drilled in the ground to a 
depth of 40 or 50 feet, with the charge 
covered with water or dirt. The charge 
is fired on a signal from the recording 
station, using special equipment which 
at the instant of explosion transmits a 
signal, known as the time of break, to the 
recording station. 

The explosion of the charge starts a 
sound wave in the earth which is initially 
of roughly spherical wave front. As this 
wave front expands and passes through 
formations having various acoustic prop¬ 
erties, it becomes distorted and part of 
its energy is reflected from and refracted 
at each interface between beds of differing 
velocities of propagation. Upon the 
arrival of the waves at the earth’s surface, 
their acoustic energy is converted into 
electrical energy by a pickup, amplified, 
filtered, and recorded on an oscillograph. 


Figure 1. A six-channel reflection seismo¬ 
gram 


called in geophysical terminology a re¬ 
cording camera or simply camera. Also 
recorded are the time of break and timing 
lines. 

Identification of Reflected Waves 

In order to identify those waves which 
have suffered reflection, in the presence of 
refracted and direct disturbing waves, 
the practice is to record the arrival of the 
reflected waves at several different points 
in different directions and at different dis¬ 
tances from the shot point. The dis¬ 
tances are usually small compared to the 
depth from which it is desired to record 
reflections. Since the reflected wave 
front has a large radius of curvature (ap- 
proxiniatd.y twice the depth of the re¬ 
flecting horizon) and usually arrives from 


almost the same time and the character 
of the movement of the surface will be 
nearly the same at all pickups. This 
sameness of appearance and arrival time 
is the chief criterion by which reflected 
waves are identified. Figure 1 shows a 
typical reflection-seismograph record. 
Six channels are used, the six pickups be¬ 
ing placed in line with the shot point and 
200 feet apart. At the point A is the 
time of bresik, when the charge was ex¬ 
ploded. The first waves recorded on the 
lower six lines correspond to the arrival of 
the first disturbances of the earth’s sur¬ 
face at the six pickups. The first wave 
on the uppermost trace is a direct wave 
because that pickup was very near the 
shot. On the other five the first wave 
arriving was refracted and traveled most 
of the way along the top of the first un¬ 
weathered bed below the surface. In the 
region marked B the first identifiable re¬ 
flection arrived. Other reflections are 
marked, the laist marked arriving 2.323 
seconds after the break, corresponding to 
a depth of approximately 10,150 feet. 

From the record of figure 1 it is evident 
that a reflection is a transient disturbance 
and is therefore composed of waves of 
various frequencies. The predominant 


frequency of reflected waves generally 
ranges between 30 and 70 cycles per sec¬ 
ond. The frequencies of the major com¬ 
ponents of direct and refracted waves are, 
in general, below 30 cycles, and the fre¬ 
quencies of extraneous surface disturb¬ 
ances are usually higher than 70 cycles. 
It is usual practice to design reflection 
instruments to reject rather sharply fre¬ 
quencies bdow about 30 cycles, and to 
reject rather more broadly those above 
about 70 cycles. 

The component parts of a tjrpical reflec¬ 
tion seismograph will be taken up in the 
order in which the waves pass through 
them. The first unit to be discussed will 
be the pickup. 

Pickup 

The most desirable pickup should be 
extremely rugged, light in weight, small, 
have a Ifigh sensitivity, and require very 
few coimecting wires, these to be un- 



1939, VOL. 68 


Nash, Palmer—Seismograph Prospecting 


856 




affected by water or weather conditions. 
Since one pickup would have difficulty In 
possessing all of these requirements, some 
compromises must be made. These 
compromises will have to be chosen with 
much care because a small change in one 
requirement may cause a largei change in 
some other. For instance, a high imped¬ 
ance mechanical-to-electrical converter 
may be small and light in weight, but it 
will eventually give trouble from electrical 
disturbances caused by leakage through 
insulation and contact resistance. A 
pickup should be rugged above all else, 
owing to the fact that time lost in the field 
is very expensive, A seismograph crew 
costs between $5,000 and $10,000 per 
month to operate, and when trouble ap¬ 
pears the whole crew remains idle while 
one or two men make the repairs. The 
rough terrain traversed by a crew during 
a survey will certainly test any piece of 
apparatus for ruggedness. 

Practical reflection pickups, like nearly 
all earthquake seismographs, make use of 
the difference in movement or force 
between a suspended mass and its con¬ 
tainer resting on the earth. This move¬ 
ment is then converted into electrical 
energy in one of several ways. One 
method uses this movement to vary the 
separation of capacitor plates. The vary- 



Figure 2. Vadable-reludance pickup 

ing capacity produced this way can be 
made to drive a vacuum tube either 
directly, as is similarly done in a conden¬ 
ser microphone, or indirectly by its use in 
an oscillating circuit. Another way con¬ 
verts this movement into varying resist¬ 
ance by means of pressure on carbon as 
in the carbon-button microphone. In 
still another way, the piezoelectric effect 
of certain crystals is used to obtain this 
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Figure 3. Schematic diagram of control panel 
and amplifier 


conversion. A mass is suspended on a 
crystal (usually Rochelle salt) and spring 
combination, thus flexing the crystal with 
movement of the earth. The magnetic 
induction method can be divided into 
two parts. One has a magnetic field of 
constant strength through which moves a 
coil of wire and the other a movable core 
which varies the reluctance of a magnetic 
circuit through which a coil of wire has 
been linked. The method most com¬ 
monly used is the last one mentioned be¬ 
cause its construction is simple, it can be 
made very rugged, and it has a reasonable 
sensitivity. Also, the output is propor¬ 
tional to the frequency of the ground 
motion, thus it acts as a filter and sup¬ 
presses the low frequencies. This low- 
frequency discrimination may be moved 
up or down the frequency spectrum by 
corresponding changes of the natural fre¬ 
quency of the pickup. The natural fre¬ 
quency is usually made to fall in the 
range of the reflection frequencies. When 
this is done, it is necessary to overdamp 
the mechanical system to prevent the 
natural frequency from predominating on 
the record. Damping may be obtained 
electrically or mechanically. Mechanical 
damping is most common and consists 
of filling the pickup with oil of the proper 
viscosity to damp the movement to any 
degree desired. Of course, changes in 
temperature change the viscosity but it is 
not difficult to follow the seasons with the 
correct viscosity for each. The pickup 
shown in figure 2 uses permanent magnets 
as the mass and the coil wound on the 
core is designed to match a 200-ohm 
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impedance line at 45 cycles per second. 
At 45 cycles per second, and an amplitude 
of 10”® inches of ground movement, this 
pickup will deliver about 50 microvolts 
across a 200-ohm load. 

Amplifier and Control Panel 

The output of the individual pickups is 
led into the recording truck through 
multiconductor cables and terminated in 
an equal number of identical amplifiers. 
In addition, there is a main control panel 
from which the gain and frequency re¬ 
sponse of all amplifiers can be varied 
simultaneously. A schematic diagram of 
control panel and amplifier is shown in 
figure 3. A bank of 12 amplifiers with 
control panel ready for service is illus- 
. trated in figure 9. 

The amplifier is probably the most 
important part of the reflection equip¬ 
ment. Its ftmction is to amplify the out¬ 
put of the pickup to a sufficient levdi that 
rugged galvanometers may be used in the 
camera, to filter out undesired frequen¬ 
cies, and to so control the galvanometer 
deflections that the multiplicity of traces 
on the record may be compared over as 
large a part of the record as possible. 
The amplifier shown in figures 3 and 4 
performs these tasks satisfactorily. It 
consists of five stages in cascade, foUowed 
by a rectifier. The first two stages are 
high-mu triodes, the third and fourth are 
remote-cutoff pentodes, the fifth stage is 
a triode output tube, and the rectifier is an 
over-biased triode. The output stage is 
coupled both to the rectifier grid and to an 
output transformer matching the low-, 
impedance galvanometk. The rectifier 
output is filtered by a multisection filter 
and the resulting direct voltage is im- 
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Figure 4. ReHec- 
tion seismograph am¬ 
plifier 


pressed as a negative bias on the grids of 
the first four tubes. The maximum over¬ 
all voltage gain at 45 cycles from first 
grid to primary of the output transformer 
is approximately 315,000 times (110 
decibels). The application of 17 volts 
negative bias by the rectifier system 
reduces the over-all gain to 10 times (20 
decibels). Distortion in the output is 
negligible for voltages below 0.06 volts 
root-mean-square on the input grid. 
The output voltage increases only about 
20 per cent when the voltage on the input 
grid is increased from 5 microvolts to 
50,000 microvolts (80 decibels). 

The design of a single-sided amplifier to 
meet these specifications is a rather in¬ 
volved process, but it is considerably 
simplified by the fact that in general the 
amplitude of the voltage input to the 
amplifier decreases with time in approxi¬ 
mately an exponential fashion after the 
initial disturbance, or “first kick,” ar¬ 
rives. These first kicks are useful in the 
computation of the data on the record, 
and it is desirable to record them clearly. 
They are often characterized by a very 
gradual onset, the apparent frequency 
varying continuously from zero up to 
some high value over the first half cycle. 


In order to record this kind of wave form, 
it is necessary that the amplifier have less 
low-frequency filtering at the rime of 
arrival of the first kicks than is desirable 
for the recording of reflections. Also, 
it is desirable that the first kicks be re¬ 
corded on a very quiet trace, in order that 
the time of onset may be determined to 
witHn 0.001 second. This is possible 
because the first kicks are much stronger 
the subsequent reflections. These 
desires are attained through the use of a 
system of relays. Each ^plifier con¬ 
tains a multipole relay which bypasses a 
large part of the low-frequency filter net¬ 
work. These relays are actuated by one 

of the first kicks through an auxiliary 
amplifier, a vacuum-tube relay, and a 
master relay, aU incorporated in the main 
control panel. The vacuum-tube relay 
is a lock-up relay, interlocked with the 
recording camera so that it locks t^y. 
when the recording camera is in operation. 
This prevents premature operation and 
locking from accidental disturbances, 
such as persons walking near the pickups, 
etc. This locking relay energizes a slow- 
acting master rriay. The master r^y 
is adjusted for a dday of 0.25 second m 
order that one of the pickups near the 


shot point may be used for actuating the 
relay system. This, is desirable because 
the first kicks on the near pickups are 
much stronger than those on the pickups 
farther from the shot point. The opera¬ 
tion of the master relay releases the indi¬ 
vidual amplifier relays, which fall out and 
remove the by-passes from the low- 
frequency filters. Another set of contacts 
on the master relay changes the bias on 
the amplifier tubes from a high negative 
value to a low one. The initial bias is 
adjustable and controls the sensitivity to 
first kicks. The final bias is fixed at the 
value which gives maximum amplifier 
gain. The use of a high initial bias pro¬ 
vides quiet traces on which to tecord first 
kicks, and also prevents motorboating of 
the amplifiers when their low-frequency 
response is extended by the by-pass net¬ 
works. 


Filtering 

A very important consideration in the 
design of a reflection amplifier is the de¬ 
gree of low-frequency filtering desirable. 

It must be borne in nund that reflection 
equipment is primarily intended to record 
a succession of transient waves in such a 
maimer that they may be identified with 
the of certainty. In particu¬ 

lar, it is desirable that the first part of the 
wave be identifiable. The application of 
low-frequency filtering tends to minimize 
the first part of a r^ection, but in many 
cases a considerable degree of such filter¬ 
ing is necessary in order to pick out any 
reflections at all. In most cases the be¬ 
ginning of the reflection is not sharp 
enough to pick reliably. Instead, an 
upward or downward peak is picked. 
Since a change in the amount of filtering 
changes the phase characteristic, the 

Figure 5. Twelve-channel record using auto¬ 
matic gain control^ moving-coil galvanometers 
and shutter fork, and six-channel record using 
Axed gain, string galvanometer, and synchro¬ 
nous-motor timer 
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Fisure 6. Six-element string galvanometer 
and single-element moving-coil galvanometer 

times at which the peak is recorded will 
change. Thus records taken at the same 
place, but with different amounts of 
filtering, will record reflections at different 
times. Since it is desirable to correlate 
reflections at many points when prospect¬ 
ing an area, records at all points shotdd be 
made with identical instruments. This 
makes it necessary to decide on the use of 
a certain degree of filtering which will 
give satisfactory records in the great 
majority of cases, compromising on the 
basis of past experience between elimina¬ 
tion of undesired low frequencies and loss 
of reflection character. 

Faithful response to transient waves of 
varying frequency requires that all filter 
networks be damped to a high degree. 
High damping, that is, near critical or 
beyond, in turn requires a greater number 
of filter sections to give the desired fre¬ 
quency response. Now a multisection 
damped network acts somewhat like a 
network having fewer meshes and less 
damping. Also the matter of size and 
weight becomes important. Thus some 
compromise is necessary in practical de¬ 
sign. There has been some argument 
concerning the comparative merits of an 
underdamped filter of few sections and an 
overdamped filter having the proper num¬ 
ber of sections to give approximately the 
same frequency response. There is no 
doubt that some degree of intentional 
damping is necessary, but it is sometimes 
difiBicult to decide what degree of damping 
and number of filter sections give the 
most satisfactory records. 

Another solution to the problem of 
elimination of low-frequency waves is 
offered by the fact that these waves arrive 
at different distances from the shot point 
much farther out of phase than reflected 
waves. Thus if an amplifier is connected 
not to one pickup, but to several, at 
various distances from the shot point, re¬ 
flected waves will be reinforced and other 
waves will be cancelled to some extent. 
Another method is to feed part of the sig¬ 
nal in each amplifier to its adjacent ampli¬ 
fiers. These methods give directional 


characteristics to the system, which is 
just what is desired, as reflections gener¬ 
ally arrive from almost directly below the 
instruments. The degree of elimination 
of undesired waves which may be thus 
obtained is sometimes astounding. Con¬ 
sequently, less filtering may be used, with 
corresponding improvement in reflection 
wave form. 

Amplitude Control 

The frequency response of the amplifier 
having been decided upon, there remains 
another problem to be solved. This may 
be called the amplitude response. Since 
the movement of the earth, and hence th^ 
output of the pickups, due to the shot is 
much greater for first kicks and shallow 
reflections than for deeper reflections, the 
use of a recording system having fixed 
sensitivity would permit the use of only a 
small portion of the record. This would 
require several records with different ex¬ 
plosive charges or different instrument 
sensitivities in order to record all the de¬ 
sired reflections with usable amplitudes. 
Also, each time the equipment is moved 
to another shot point the sensitivity of 
the individual channels must be adjusted 
by means of trial shots to compensate for 
local irregularities in the transmission 
characteristics of the earth. This causes 
undesirable expenditures of time and ma¬ 
terial. 

The incorporation of automatic gain 
control in the amplifiers remedies both of 
these evils. The use of automatic control 
is possible because in the cas e of the great 
majority of shots, the amplitude of the 
envelope of the voltage output of the 
pickup varies slowly compared with the 
frequency of the waves to be recorded. 
These waves are transient disturbances of 
continually changing frequency and am¬ 
plitude and of only a few cycles duration. 
Since it is desirable that the general shape 
of these transients be retained, the gain¬ 
controlling mechanism must not respond 
instantaneously to changes in amplitude. 


Most satisfactory results are obtained 
when it responds more rapidly to in¬ 
creases in amplitude than to decreases. 
This makes the amplitude at any part of 
the record somewhat dependent on pre¬ 
ceding amplitude, but if the rate of 
change of response to decreases in ampli¬ 
tude is made somewhat faster than the 
general rate of decay of the envelope of the 
pickup output very satisfactory control is 
obtained. Figure 5 illustrates records 
obtained with and without automatic 
gain control. 

The means by which amplitude control 
is obtained are described below. 

As before mentioned, each amplifier 
contains a triode rectifier. The grid of 
this rectifier is coupled to the plate of the 
output tube and its grid bias is continu¬ 
ously adjustable from zero to —22 volts. 
The value of this bias determines the a-c 
output voltage at which the rectifier be¬ 
gins to pass current, and thus the upper 
limit of the output voltage. Plate volt¬ 
age for the rectifier is supplied by a bat¬ 
tery, common to all amplifiers. 

The negative bias developed across the 
load resistor of the rectifier is filtered and 
applied to the fourth-stage control grid, 
further filtered, and applied to the third- 
stage control grid. An adjustable por¬ 
tion of the third-stage bias is applied to 
the grids of the first and second stages. 
This permits some adjustment of the 
initial sensitivity of individual amplifiers 
to compensate for decreasing first-kick 
amplitude with increasing distance from 
the shot point. At the same time it 
allows the use of unmatched tubes in the 
first two stages. For input voltages of 
the order of those handled by reflection 
amplifiers, the over-all gain of the first 
two stages may be changed by as much as 
50 to one by variation of grid bias with 
negligible distortion. 

The second and third stages use remote- 
cutoff pentodes because of their superior 
voltage-handling ability. Control bias 
is applied to both control and suppressor 
grids of both tubes, but the bias rarely be- 


Flgure 7. Fork- 
driven synchronbus- 
motor timer. 
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comes high enough for the suppressor grid 
to have much control of the tube gain. 
Screen voltage is obtained from a voltage 
divider across the plate-voltage supply. 
The use of a series dropping resistor for 
screen supply extends the cutoff charac¬ 
teristic considerably but requires the 
development of several times as much 
bias voltage as is required when a voltage 
divider is used. Some compromise is 
necessary between a choice of a very 
remote-cutoff tube, with its low distor¬ 
tion, and a sharper-cutoff tube, with its 
better control of output voltage. The 
use of tubes of the so-called *‘mixer” 
types, namely where the signal is applied 
to one grid and the control bias to another, 
gives very good control action but poor 
voltage-handling ability, and considerable 
difficulty is experienced in matching these 
tubes even within broad limits. 

Recording Camera 

The output of each amplifier is con¬ 
nected to the recording oscillograph by 
which a record is made of the ground mo¬ 
tion that excited the pickups. This rec¬ 
ord is usually made on sensitized paper, 
which varies in width from about two 
inches to ten inches, depending upon tlie 
number of pickup stations used. The 
length of the record depends upon the 
greatest deptli of the stratum from which 
reflections are desired and upon the speed 
at which tlie paper is driven. The aver¬ 
age length of record is about four feet. 
Each pickup station makes one trace on 
the record, with each amplifier driving one 
unit of a galvanometer. The galva¬ 
nometer may be the string type or the 
moving-coil-and-mirror type. The string 
galvanometer is nearly always a multiple 
unit of six or more strings as shown on the 
left-side of figure 6. This galvanometer 
is rather large in size because it requires 
an electromagnetic field. The strings 
occupy a space of about one-half inch 
or less in width and their movements are 
magnified optically with lenses. This 


means that it is rather difficult to focus 
all of the strings equally across the flat 
record. Also the deflection of the strings 
is not linear and with a large movement 
as usually happens when the first shock 
strikes the pickup, the strings interfere 
and sometimes tangle with each other. 
Since the illumination for this type of 
galvanometer is transmitted from the 
back, the strings appear as shadows on 
the paper. This gives white traces on a 
dark background, and such records are 
very tiring to the eyes of the computers. 

The d'Arsonval galvanometer, on the 
other hand, uses a tiny mirror on a rotat¬ 
ing coil to reflect a spot of light to the 
sensitized paper. This gives a black trace 
on a white background. One of these 
galvanometers is shown on the right side 
of figure 6. These galvanometers give an 
almost linear reproduction of the amplifier 
output since they are placed almost 
directly in front of the trace they are ex¬ 
posing on the record. They are rugged 
in construction and, since a coil of 
a large number of turns may be used as 
the moving element, the sensitivity is 26 
or more times tliat of the string galva¬ 
nometer even with the use of small perma¬ 
nent magnets. Of course, the moving- 
coil construction does not respond to high 
frequencies, but this is a desirable charac¬ 
teristic. High frequencies found at the 
pickup are usually noise, wind, or other 
movements not desired on the record. 
These galvanometer units may be added 
or subtracted from an oscillograph making 
for more flexibility. The difficulties 
found with them are mostly in the mirror. 
If a large mirror is used, there is much 
trouble from distortion of the glass, but, 
if it is small, not enough light is reflected 
to expose the record properly. A com¬ 
plete recording camera is illustrated in 
figure 10. 

Timing 

When the charge of djmamite in the 
hole at the shot point is exploded, the 



Figure 9. Twelve-channel reflection seismo¬ 
graph amplifier bank set up in truck 


electrical circuit to the cap is broken. 
This interrupts the current that was flow¬ 
ing in the cap line just previously and 
permits the collapse of the magnetic flux 
in a transformer carrying this current. 
The electrical impulse produced is sent by 
radio or wire to the recording oscillograph 
where it deflects one of the galvanometers. 
The galvanometer used may be a separate 
one or the impulse may be composited on 
one that is later to record the ground 
motion. This time of break, as was men¬ 
tioned earlier, is zero on the record. Now 
in order to find the elapsed time to the 
reflections it is necessary to have time 
marks on the record. Time marks are 
lines exposed across the record at right 
angles to the galvanometer traces and 
ordinarily are spaced 0.01 second apart. 
Sometimes a distinction is made in the 
line representing 0.1 second, making more 
convenient the counting of time on the 
record. A tuning fork of usually two 
tines, but sometimes one, is almost uni¬ 
versally used for obtaining these time 
lines. One method, a well-known sys¬ 
tem, uses an electromagnetically driven 
fork that interrupts an electric current at 
60 cycles per second to drive a small syn¬ 
chronous motor and paddle whed. Such 
a unit is shown in figure 7. With this 
method the 0.01- and 0.1-second time 
lines are easy to obtain by making each 
tenth spoke a little wider than the others. 
But otherwise this piece of equipment is 
too heavy and large and frequently gives 
feedov^ by induction from the motor 
windings. Also, the fork contacts bum 
and get out of adjustment. The other 
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common method of timing makes use of a 
shutter interrupting a light beam to flash 
a mark across the record at 0.01-second 
intervals. This shutter is ordinarily 
mounted on a fork of one or two tines and 
the fork started by one pulse from an 
electromagnet and permitted to decay at 
will. It will continue to vibrate at a good 
amplitude long enough to obtain the 
usual record of three or four seconds dura¬ 
tion. This timing unit is shown in figure 
8 and by comparison with figure 7, it can 
be seen to be more compact, much smaller 
in size, and relatively foolproof. 

Paper Drive 

The number of records taken during a 
day’s work depends almost entirely upon 
the kind of country being surveyed. If 
the shot holes are difficult to load or the 
country so rough or wet that much time is 
required to move, 12 records may repre¬ 
sent a hard day’s work. The average of 
good and bad days is about 40 records 
with about five feet of sensitized paper 
used for each, including some waste on 
each end of the record. It is common 
practice to use a supply roll of this paper 
and cut off and develop each record as it is 
taken. The driving mechanism for the 
paper consists of a motor, either electric 


or spring with a governor control, and a 
friction roller or a reel. The friction- 
roller drive is probably the better, owing 
to the fact that the paper speed is con¬ 
stant and therefore the time lines will be 
equally spaced, but the reel drive is easier 
to build and is more foolproof. In the 
friction-drive method the paper is fed be¬ 
tween two rollers driven by the motor, 
thus feeding the paper at the peripheral 
speed of the rollers. In the reel method, 
the paper is attached to a spool driven by 
the motor and the paper wound on the 
spool in a number of layers. This means 
that the speed of the paper is a function of 
the length of the record. If the records in 
the latter case are started at about the 
same time, the time lines on all of them 
will be spaced approximately equally and 
the records may be compared easily. 

Discussion 

E. E. George (Tennessee Electric Power 
Company, Chattanooga): This paper is 
extremely interesting, especially in its de¬ 
scription of the development of very sensi¬ 
tive and accurate measuring equipment suit¬ 
able for rough handling in the field. The 
construction of an amplifier with 110 deci¬ 
bels gain for this service is particularly inter¬ 
esting. Apparently no use is made of feed¬ 
back. WMe this would necessitate in¬ 


creased amplification it would add to sta¬ 
bility and fidelity. It might also be possible 
to place filter circuits in the feed-back path 
and secure additional discrimination. 

Many engineers would probably be inter¬ 
ested in some of the selections of equipment 
for the severe service required of portable 
devices. For instance, are glass or metal 
tubes used? Are the tubes of the same type 
used in radio receivers, or are they of special 
types such as the 1620,1621, and 1622? Has 
any use been made of the special t 3 q}es of 
tubes developed for train-control service or 
for telephone repeater applications where 
long life and reliability are of particular 
importance? Is the type of oscillograph 
used similar to that used by power com¬ 
panies ? What type of power supply is used 
on the recording trucks? 

The authors should be congratulated on 
presenting in such an interesting fashion a 
special industrial application of electronic 
equipment. It is apparent that the design 
has required an enormous amount of de¬ 
velopment work. It is to be hoped that the 
Institute will arrange for more papers on 
industrial applications of electronic devices, 
particularly in instances like this which are 
absolutely new to the average electrical 
engineer. 


C. C. Nash, Jr., and C. C. Palmer: In the 
instruments described little use is made of 
inverse feed back, because of the greater 
number of parts required. Some experi¬ 
mental work has been done with amplifiers 
using feedback with filter networks in the 
feed-back path as suggested by Mr. George. 

The equipment described uses ordinary 
glass raffio receiving tubes throughout. 
The glass tubes have given more reliable 
service than metal ones. For this service 
there seems to be very little difference in the 
service life of ordinary radio tubes and 
special long-life tubes. 

The oscillograph is not radically different 
from those used by power companies. 

Batteries are usually used to supply power 
to the instruments, storage batteries being 
used for amplifier heater power and dry bat¬ 
teries for plate power. Some use has been 
made of motor generators and vibrator units 
for plate supply. Storage batteries are used 
to light the oscillograph lamps and to supply 
power to the paper-driving motor. A re¬ 
cording truck usually contains four or five 
heavy-duty storage batteries. These bat¬ 
teries are charged by heavy-duty automo¬ 
tive generators belted to the truck engine. 
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Harmonics in the A-C Circuits of Grid- 
Controlled Rectifiers and Inverters 


R. D. EVANS H. N. MULLER, JR. 
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Synopsis: This paper summarizes the re¬ 
sults of an investigation of the harmonic 
currents and voltages in the a-c circuits of 
grid-controlled rectifiers and inverters. 
The principal part of the paper presents the 
development of a theoretical method for 
predetermining the magnitude of the har¬ 
monics in terms of the d-c load ct^ent, the 
commutating reactance, the rectifier trans¬ 
former secondary voltage, and the amount 
of grid control. Harmonic voltages in the 
supply circuit may then be calculated from 
the harmonic currents and the supply- 
circuit reactances at the various harmonic 
frequencies. 

General curves are given to facilitate the 
calculation of the harmonic currents for the 
range of conditions usually encountered. 
In addition, curves are included for the 
easy determination of the product of the 
supply-circuit current and its own telephone 
influence factor, the hT product, which 
quantity is useful in inductive co-ordination 
studies. Comparisons are given between 
the results of tests and the results of calcu¬ 
lations by the theoretical method presented 
in this paper. These and other comparisons 
show very satisfactory checks so that the 
method may be considered to be established. 

The case of the inverter is treated in a 
manner similar to that u.sed for the grid- 
controlled rectifier. The general curves 
for the rectifier may also be applied to the 
inverter by appropriate choice of the defin¬ 
ing angles. 

The case of a-c circuits with nonlinear 
frequency-reactance characteristics is briefly 
considered, and an empirical modification 
of the tlieoretical method is suggested. 
This modification may be applied to the 
case of a rectifier provided with a-c filtering 
equipment. The wave forms of current 
and voltage in one such supply circuit were 
obtained from oscillograms. A comparison 
of these oscillograms shows the great im¬ 
provement in wave form which may be ac¬ 
complished by the addition of filters. 

A WELL-KNOWN property of all 
rectifier- and inverter-type appara¬ 
tus is that they produce harmonic dis¬ 
tortions in both the current and voltage 
wave shapes on both the supply and out- 
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and H. N. Muli.br, Jr., is central-station engineer, 
Westinghouse Electric and Manufacturing Com¬ 
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put circuits. Several investigators have 
made contributions to the problem of de¬ 
termining these harmonic voltages and 
cuirents under various conditions of recti¬ 
fier operation. There are four distinct 
steps in this development which are: 

1. D-c harmonics without grid control. 

2. D-c harmonics with grid control. 

3. A-c harmonics without grid control. 

4. A-c harmonics with grid control. 

These will be reviewed briefly in order to 
show the relation of the present investiga¬ 
tion to that of previous work. 



Figure 1. Schematic diagram of six-phase 
star grid-controlled rectifier 



Figure 2. Voltage and current wave shapes 
of a six-phase star grid-controlled rectifier 
under load 


Harmonics on the d-c side of a rectifier 
are commonly determined on the basis of 
an “internal harmonic voltage** whose 
magnitude may be expressed as a func¬ 
tion of the output current, angle of over¬ 
lap, and amount of grid control. The 
harmonic currents in the d-c load circuit 
may then be computed from the harmonic 
voltages and the d-c load circuit con¬ 
stants including the “internal induct¬ 
ance** of the rectifier. The internal 
harmonic voltages are estimated by a 
theoretical method assuming an infinitely 
high inductance in the d-c load circuit. 
The formulas for the case of a rectifier 
without control grids have been given 
by several authors, for example. Prince 
and Vpgdes,^ and Marti and Winograd.® 
Recently the corresponding case for grid- 
controlled rectifiers has been analyzed 
by Stebbins and Frick,® who have ex¬ 
tended the previous theoretical method 
to cover the range of grid control. 

Harmonics on the a-c side of rectifiers 
without control grids may be estimated 
either by empirical or by theoretical 
methods. In the empirical method de- 
vdoped by Blye and Kent,^ the har¬ 
monic currents are considered as being 
caused by internal harmonic voltages 
acting on the harmonic impedances of the 
supply system and a fictitious resistance 
varying with the load. The theoretical 
method for rectifiers without control 
grids, presented by Brown and Smith,^ 
assumes (1) an inductive supply circuit 
through which commutation takes place, 
and (2) a constant output current due to 
infinitely high inductance in the load 
circuit. Using these assumptions, ana¬ 
lytical expressions are derived foi the 
anode currents which have a “fiat top** 
wave form except during the commutat¬ 
ing period when the current is trans¬ 
ferred from the outgoing anode to 
the incoming anode in accordance with 
the voltage available for circulating the 
cunent through the inductance of the 
commutating circuit. The harmonic volt¬ 
ages in the supply system may then be 
computed on the basis of the voltage 
drops due to the harmonic currents flow¬ 
ing through the various ciicuit elements, 
considering the rectifier as the source of 
these harmonic currents. 

The fourth step is given in this paper 
whidi presents a theoretical method for 
estimating harmonic currents and volt¬ 
ages in the supply circuits of grid- 
controlled rectifiers. It may be viewed 
as a generalization of the theoretical 
method for rectifiers without control 
grids. 

The determination of harmonic cur¬ 
rents and voltages in the a-c and d-c 
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circuits of inverters is a problem which, 
has received relatively little attention in 
the technical literature. However, the 
harmonic problem in the inverter is 
closely allied to the problem in the grid- 
controlled rectifier, and the same theo¬ 
retical methods of analysis may be ap¬ 
plied. In fact, the solution of the grid- 
controlled rectifier may be applied to the 



^. 

r 

1^-120*->1 

1 

riTi 



H-360*-J 

Figure 3. Line-current wave shape in primary 
of six-phase star grid-controlled rectifier under 
load 


inverter provided appropriate choice is 
made of the angles corresponding to the 
angles of overlap and retardation for the 
rectifier. 

Determination of Harmonic 
Currents and Voltages From 
Theoretical Wave Shape 
Under Load 

Consider a grid-controlled rectifier sup¬ 
plied from a six-phase star-connected 
transformer as shown in figure 1. As¬ 
sume that the output circuit is of in¬ 
finitely high inductance so that the out¬ 
put current may be taken as constant. 
Assume that the impedances of the supply 
drcuit vary linearly with frequency so 
that they correspond to those of a simple 
inductance. Assume also that the recti¬ 
fier is fully S)munetrical in all phases so 
that the harmonic voltage and current 
waves are identical in the Cerent phases. 

On the basis of the foregoing assump¬ 
tions, it is possible to prepare the diagram 
of figure 2 in accordance with conven¬ 
tional rectifier theory. Figure 2 applies 
to the condition for the transfer of cur¬ 
rent from anode to anode. The second¬ 
ary crest voltage is jEo and the constant 
value of d-c load current is 7^^. The 
angle of retardation and the angle of 
overlap are shown by the symbols « 
and u respectively. The voltage and 
current for any particular ’ anode are 
designated with the arabic numeral sub¬ 
scripts from 1 to 6. In an ordinary 
rectifier, anode 1 would carry current 
to the point c but with energized grids 
commutation would be delayed by the 
angle «. Commutation lasts through a 
period corresponding to the angle In 
this interval the current is transited 
from anode 1 to anode 2 as shown in the 


diagram. After 60 electrical degrees or 
ir/3 radians, anode 3 begins to carry cur¬ 
rent and the commutation is identical 
with that of the previous pair of anodes. 
The line current on the primary side, 
^own in figure 3, consists of currents 
supplied from two adjacent anodes, such 
as anodes 1 and 2 of figme 2, assuming 
the transformer delta voltage is equal to 
the secondary star voltage. 

The magnitude of the anode cuirent 
is: 


. IT 
sm - 

I = Eo - [cos a — cos (u -|- a)] (1) 

X 

where p is the number of phases in each 
secondary phase group of the rectifier. 
The total d-c current for a phase group 
is given by the above expression which 
for the particular case of the six-phase 
rectifier shown in figure 1 is the same as 
the output current. 

The shape of the anode-current wave 
thus includes (1) a **flat top” wave during 
the piindpal part of the conducting period 
and (2) curved portions at the beginning 
and end of the period during which cur¬ 
rent flows. The instantaneous value of 
primary line current for the beginning 
of the commutating period, considering 
the start of current flow at zero time, is as 
given by Herskind:® 

i = I [ cos « - C08 (9 + a) ! 

Lcos a — cos (u -f- a)j ^ ^ 


Since the d-c load current is assumed 
to be constant, the increase in current in 
the incoming anode is accompanied by a 
corresponding decrease of current in the 
outgoing anode. Consequently, the proc¬ 
ess of commutation may be viewed as 
arising from a circulating current caused 
by the voltage available in the circuit 
acting through the circuit inductance. 
The total circuit inductance is twice the 
commutating inductance since by defini¬ 
tion the latter is one-half of the induc¬ 
tance from anode to anode. The total 
voltage available to cause the circulating 
current is equal to 2Eo sin ir/p sin (6+ a). 
Thus the relation which must be satisfied 
is given by equation 3. 

27r —* « 2 .S 0 sin “ sin (d -[- a) (3) 

The differential of equation 2 is 

- « 7 r sin (g -f tt) 1 
dt Lcos a — COS (u -1- a) J ^ 

The substitution of equation 4 in equation 
3 results in equation 1 which verifies the 
rdation assumed. Equation 2 thus gives 
the basic relation for the expressions of 


current during the commutating period. 

Equation 2 gives the current for the 
beginning of flow in the incoming anode, 
but it is obvious that the same relation 
can also be used for current in the out¬ 
going anode, since the sum of the cur¬ 
rents in these two anodes is equal to the 
output current. Similarly, the expres¬ 
sions for current flow at other commutat¬ 
ing periods may be expressed if correction 
is made in the angles defining the commu¬ 
tating period in that particular pair of 
anodes. Referring to figure 3, it be¬ 
comes possible with the aid of equation 2 
to write an anal 3 dical expression for the 
current wave form. This leads to the 
result giyen in table I for 0 to tt radians 
covering one-half cycle of the a-c wave. 
It may be shown that the following half 
cycle is of identical wave shape. 

With an analytical expression for the 
current wave for a half cycle, it is possible 
to carry out a Fourier expansion with the 
individual harmonic currents given by the 
following relations; 

"ai sin 0 -f- ub sin 60 -|- ar sin 70 -|-“ 
^ ail sin 110 -f- ... 

” bi cos 0 + &B cos 60 -i- &7 cos 70 -|- 
hn cos 110 -h ,.. _ 

(5) 


The solution of the Fourier expansion is 
given by the following: 


47 


bm 

47, 


-f Fra SiU — + Qm cos — 

m (w* — 1) [cos a — cos (« -|- a)] J 

. / 

sm — V 


+ Qmsrn- - Frn cos — 


X 


m (nt^ — 1) [cos a — cos (u -f- a)] 

imt 


Sin— (7) 


where P^, and are expressed as 
follows: 


Pfn. = w sin (« -f- a) cos mu — 

cos (u -f- a) sin mu — w sin a (8) 

Qm « w sin (« -f a) sin mu -|- 

cos (u -f- a) cos mu — cos a (9) 


The root-mean-square value of the 
individual harmonic current is given by 
equation 10. 


T = Vom* + bm* __ 2-y/2I 

j-fUl ' ■' —— as* 


V5 


/' , • . —T— . mn 

VPm* + 

|_«(»«» - l)[cos a - cos (« + «)] 


( 10 ) 
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Figure 4. Fifth harmonic component of the a-c line current of a six^ 
phase rectifier plotted as a function of IX/Eo for several ratios of grid 

control 


Figure 5 (right). Seventh harmonic component of the a-c line current 
of a six-phase rectifier plotted as a function of !X/Eo for several ratios 
of grid confrol 



The terms Om and being respec¬ 
tively the sine and cosine components of 
the harmonic expansion, permit the de¬ 
termination of the phase angle which 
may be expressed in terms of the angle at 
which maximum value is reached with 
respect to zero time, which angle is ex¬ 
pressed as follows: 

Oji - — ^ — tan"i — radians (11) 
3 F fn 

The formulas for dm and hm do not 
apply to the fundamental because the 
expressions of equations 6 and 7 become 
indeterminate. It is necessary, therefore, 
to compute the components of the funda¬ 
mental separately and this has been done 
with the following results: 

ysiV _ 1 _ 

2t Lcos a — cos {u -|- a) 

cos cc [+sin*t^ — — sin «cos«)]\ 

+ sin a [—sin* « + « H- sin « cos u]) 

( 12 ) 



hx 


yg/f 


1 


{ 


)^ 


X 


2x LCOS a — cos (« + cl) 

-Fcos afVSsin*« -|- (««’-■ sin ttcos u) \ 

+ sin a[sin® u + \/Z{u -j- sin u cos u)] 

(13) 

The root-mean-square value of the 
fundamental is given in equation 14. 


} 


■v/g/ f_ 1 

•v/2*’ _cos a — cos (« 




{ 


'V/w* — sin u cos u cos 2a + sin* u 


-I- 2« sin w *\/cos a sin < 


} 


(W) 

Examination of the above expressions 
for the harmonic and fundamental com¬ 
ponents of the a-c wave will show that 
for the condition of a rectifier without 
control grids for which a « 0, the ex¬ 
pressions reduce to a form identical with 
that given by Brown and Smlth.^ 

While the above expressions have been 
derived on the basis of a 6-phase rectifier, 
the same expansion with appropriate 


Table I. Analytical Expression for Anode Current 


Part Range in Radians 


a .0 < 0 < tt 

b . u <B<2j 

‘.2|.<e<(2|^ + *) 

i . 


COS et — cos (g + g) ^ 
cos a — cos (« «) 

/ 

cos ^ 0 + a — 2 — cos iu -h «) 

cos a — cos (« + a) 

0 


multipliers may be used for double three- 
phase rectifiers. In addition, it is possible 
to apply the same expansions to 12-phase 
rectifiers operating with similar connec¬ 
tions it the harmonics of the series which 
includes the 5th, 7th, 17th, 19th, 29th, 
31st, etc., are considered to be reduced 
theoretically to zero and actually to 25 
per cent of their 6-phase magnitudes to 
account for values encountered under 
practical operating conditions. This fac¬ 
tor of 25 per cent for the harmonics of this 
series is empirical but is based on the 
values recommended in the Edison Elec¬ 
tric Institute report on “Rectifier Wave 
Shape.”’ 

General Curves for 
Determination of Harmonics 

The analytical solution for the root- 
mean-square magnitude of the individual 
harmonic currents given by equation 10 
is rather tedious for practical use. Ac¬ 
cordingly, the results have been ex¬ 
pressed in graphical form* by means of 
figures 4 to 13 inclusive. For the appli¬ 
cation of these curves, it is necessary to 
obtain for any particular rectifier merely 
the d-c loajd current for an anode group, 


^ Since this paper was submitted to the Institute 
the authors’ attention has been called to '’The 
Mercury-Arc Rectifier Considered In Relation to 
the Power-Supply System; An Analysis of Its 
Operation,” by P. G. Laurent, volume 

44, number 2, pages 47—60, July 9, 1038. The 
scope of this article is quite different from that of 
the present paper; however, it does include certain 
general curves wMch although of restricted range 
are similar in form to those presented in this sec¬ 
tion. 
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Figure 6. Eleventh harmonic component of 
the a-c line current of a six-phase rectifier 
plotted as a function of IX/Eo for several ratios 
of grid control 


the commtttatmg reactance, the trans 
former ratio, the crest value of secondary 
voltage, and the amount of grid control. 
The kst named may be defined as cos a 
which is the ratio of the d-c circuit voltage 
with grid control to the voltage without 
grid control, other conditions remaining 
the same. These curves give a factor 
which is equal to the ratio of the har¬ 
monic cunent in the supply line to the 
direct current per secondary phase group, 
provided the line-to-neutral voltages on 


Figure 8. Seventeenth harmonic component 
of the a-c line current of a six-phase rectifier 
plotted as a function of IX/Eo for several ratios 
of grid control 


Figure 7. Thirteenth 
harmonic component 
of the a-c line current 
of a six-phase recti¬ 
fier plotted as a 
function of IX/Eo for 
several ratios of grid 
control 
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the primary and secondary sides are equal. 
If the actual ratio of primary to second¬ 
ary voltages-to-neutr^ is jS, the root- 
mean-square value of the harmonic cur- 
* rent in the supply circuit becomes 


ATdc 

2R 


— ... 6-phase from double- 

wye with interphase transformer 

(15) 

0,4S3KIdc 1.9S2KI 
- -^- * - - — ... 12-phase 

from quadruple-wye with interphase 
transformers ( 16 ) 


where K is the factor obtained from the 
Fourier analysis. This factor is the ratio 
IpmR/I which is plotted in figure 4 to 
figure 13 inclusive. 

The general curves for the determina¬ 
tion of harmonic currents apply to the 
common types of 6- and 12-phase con- 


Figure 9. Nineteenth harmonic component 
of the a-c line current of a six-phase rectifier 
plotted as a function of IX/Eo for several ratios 
of grid control 
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Figure 10. Twenty-third harmonic component 
of the a-c line current of a six-phase rectifier 
plotted as a function of IX/Eo for several ratios 
of grid control 


nections of power rectifiers. These curves 
may also be applied to other coimections, 
provided the sum of the angles u and a 
is not greater than 41 degrees iar p — ^ 
and 20 degrees for p — 12. This limita¬ 
tion is necessary to avoid the condition 


Figure 12. Twenty-ninth harmonic com¬ 
ponent of the a-c line current of a six-phase 
rectifier plotted as a function of IX/Eo for 
several ratios of grid control 


for which an additional anode begins to 
carry current in the rectifier with the 
larger number of phases. 

Comparison With Test Results 

The accuracy of the theoretical method 
just described for estimating harmonic 
currents in the supply circuits of grid- 
controlled rectifiers, is best shown by 
comparison with the results of harmonic 
measurements made during actual opera¬ 
tion. Table II gives a comparison of 
test and theoretical values for four differ¬ 
ent conditions of rectifier load and ratios 
of grid control. It will be noted that 
exceptionally good checks are obtained. 
The last three columns on the right-hand 


Figure 11. Twenty-fifth harmonic component 
of the a-c line current of a six-phase rectifier 
plotted as a function of IX/Eo for several ratios 
of grid control 


side of table II apply to the rectifier 
operating without grid control. A com¬ 
parison can thus be made between tests, 
and calculations by both the theoretical 
and empirical methods previously dis¬ 
cussed, On the whole, the theoretical 
method gives in this case somewhat closer 
checks than the empirical method. 
Table III gives a simile comparison for 
another rectifier for a wider range of load 
and wider range of grid control. 

It will be noted that the theoretical 



Figure 13. Thirty-lirsI harmonic component of the a-c tine current of 
a six-phase rectifier plotted as a function of IX/Eo for several ratios of 
grid control 
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Figure 14. (ITJk 
factor for a six-phase 
rectifier plotted as a 
function of IX/Eo for 
several ratios of grid 
control 


method gives very satisfactoiy compari¬ 
sons with tests for a wide range of loads 
and grid control ratios. The compari¬ 
sons in table II are better than those of 
table III because in the former tabula¬ 
tion the tests were made on a system 
whose supply-circuit reactance varied 
linearly from 60 to 2,000 cycles, and in 
this respect conformed more closely to 
one of the basic assumptions of the theo¬ 
retical method. 

It will be noted that the harmonic dis¬ 
tortions for grid-controlled rectifiers may 
be appreciably greater than those for 
rectifiers without control grids. This 
ratio for certain values of grid control 
and load may be as great as four to one. 

I T Product Curves 

In detailed inductive co-ordination 
studies it is generally necessary to con¬ 
sider the infiuence of the individual har- 


figure 15 for the 12-phase rectifier are ob¬ 
tained from harmonic currents for the 6- 
phase rectifier plotted in figures 4 to 15 
inclusive, but with the 5th, 7th, 17th, 
19th, 29th, and 31st harmonics reduced 
to 25 per cent of their 6-phase magni¬ 
tudes. This factor of 26 per cent, as 
mentioned previously, is empirical but 
is based on the recommendations of the 
EEI report on “Rectifier Wave Shape.”^ 
It should be pointed out that these curves 
can be used only where the impedance of 
the supply circuit is linear with fre¬ 
quency. 

Application of Theoretical 
Method to Inverters 

The voltage and current wave forms 
in the inverter, aS shown in figure 16, 
are closely related to those of the grid- 
controlled rectifier shown in figure 2. 


In fact, it may be shown that the theo¬ 
retical method discussed in an earlier 
part of this paper for the grid-controlled 
rectifier, may be applied to the inverter. 
In order to do this it is merdy necessary 
to define angles for the inverter which 
can be used in the Fourier analysis as 
carried out for the rectifier. For both 
the rectifier and the inverter the angle u 
represents the angle of overlap. In the 
gild-controlled rectifier a represents the 
angle of retardation, while in the inverter 
the angle + «') represents the angle of 
grid advance. The angle a' for the in¬ 
verter is in itself of significance since it is a 
measure of the time available for de¬ 
ionizing. The notation using angles a' 
and u for the inverter is of particular ad¬ 
vantage in the study of the harmonic 
problem, since its adoption permits the 
use of the exact formulas derived for the 
grid-controlled rectifier by the mere sub¬ 
stitution of these values for a. and u 
respectively. The general curves of 
figures 4 to 16 inclusive may also be ap¬ 
plied to the inverter by the substitution 
of the corresponding quantities for the 
inverter, being careful to use cos a! in 
place of cos «, the constant A, for the 
rectifier. 

Supply Circuits of Nonlinear 
Frequency-Reactance 
Characteristics 

The theoretical method, including the 
formulas and curves, has been derived on 
the assumption that the supply-circuit 
reactances vary linearly with frequency. 
The question naturally arises as to how 
this method should be modified in order to 
apply it to circuits whose reactances at 
harmonic frequencies do not conform to 
this assumption. An empirical modifica¬ 
tion of the theoretical method of doing 


monies. However, in preliminary esti¬ 
mates it is frequently adequate to con- Table II. Harmonic Currents for Grid-Controlled Rectifier 

sider only the I*T product; a quantity 3A2S Kw, 625 VoltSy 5,000 Amperes; A-C Supply, 12,000 Volts, Three-Phase 

equal to the a-c supply current multi- " ' ■ ' . m i 


plied by its telephone influence factor.® 
Accordingly, figure 14 for the 6-phase 
rectifier and figure 15 for the 12-phase 
rectifier have been prepared to show the 
product factor, (/’T)*, for given 
conditions of output current,, commutat¬ 
ing reactance, secondary voltage, and 
grid control ratios. The expression for 
the I-T product, considering trans¬ 
former ratio, is given by equation 17. 




(17) 


where factor (/T)* is obtained from 
figures 14 and 16. The curves given in 
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Table III. Harmonic Currents for Grid-Controlled Rectifier 

750 Kw, 600 Volts, 1,250 Amperes; A-C Supply, 2,300 Volts, Three-Phase 


Frequency 

Ido *** 1,2S0 
A * 1.0 
IX/Eo « 

Amperes 
« « 0° 
0.070 

Ido 1,250 Amperes 
A - 0.945 a » 19® 
IX/E« - 0.070 

Ido 1,250 Amperes 
A - 0.85 ct « 31.7® 
IX/Eo « 0.070 

Idc » 1,250 Amperes 

A * 0.75 a - 40.3® 
IX/Bo - 0.070 

Test 

Theoret. 

Test 

Theoret. 

Test 

Theoret. 

Test Theoret. 

300... 

_39.4 .. 

..37.4 .. 

..45.3 ... 

.40.6 .. 

..52.7 .. 

..41.6 ... 

. .68.6 .. 4.1 7 

420.. 

*...23.6 .. 

.,24.5 .. 

,.22.1 ... 

.27.7 ,. 

..23,2 .. 

,.28.9 ... 

.22.1 . 29 3 

660... 

-12.1 .. 

,.10.1 .. 

..15.7 ... 

.15.9 .. 

..18.8 .. 

..17.3 ... 

..18.2 ......;i7;8 

780... 

.... 7.36.. 

.. 7.17.. 

..10.8 ... 

.12.1 .. 

..10.8 .. 

..14.0 ... 

. .11.0 14 5 

1,020... 

_3.74.. 

.. 3.46.. 

.. 9.74... 

. 7.66,. 

..11.5 .. 

,.10,0 ... 

..12.6.10^4 

1,140... 

.. 2.06.. 

.. 2.66.. 

.. 5.41... 

. 6.02.. 

.. 4.25.. 

.. 8.31... 

.. 6.27. 9.0 

1,380... 

.... 2.33.. 

.. 1.84.. 

.. 3.07... 

, 3.86.. 

.. 7.25.. 

.. 5.87... 

. 8.16., 6 30 

1,600... 

- 1.89.. 

,. 1.74.. 

.. 2.68... 

. 2.30.. 

.. 2.98.. 

.. 6.10... 

. 3.38... .6 77 

1,740... 

_ 1.43.. 

.. 1.33.. 

.. 2.57... 

. 1.45.. 

.. 4.84.. 

.. 8.48... 

.. 6.36.;; 


Ido ^ 625 Amperes 

Idc 625 Amperes 

Ido » 625 Amperes 

Ide 1,875 Amperes 


A « l.U 

« =» 0" 

A -> 0.945 

a - 19® 

A « 0.89 a - 27.1® 

A 0.945 a — 19® 


IX/Eo 

= 0.035 

IX/Eo - 0.035 

IX/Eo 

« 0.035 

IX/Eo -» 0.1045 

Frequency 

Test 

Theoret. 

Test 

Theoret. 

Test 

Theoret. 

Test Theoret. 

300. 

,.,.18.1 ... 

..19.8 .. 

..23.1 .... 

.20.8 ... 

..23.1 .. 

..21.0 ... 

.66.9 .58.8 

420. 

....10.8 ... 

,.12.0 .. 

.. 9.0 .... 

.14.6 ... 

.. 9.90.. 

,.14.8 ... 

.83.8 .39.0 

660. 

- 7,38... 

.. 7.11.. 

8.45.,.. 

. 9.02... 

.. 8.84.. 

.. 9.25... 

.19.4.19.8 

780, 

_ 6.40... 

.. 5.45.. 

.. 5.18.... 

. 7,33... 

.. 5,67... 

.. 7.66... 

.12.3 .14.35 

1,020. 

.... 3.42... 

.. 3.11., 

.. 6.39.... 

, 6.36... 

.. 6.07.. 

.. 6.72... 

. 7.47. 6.60 

1,140. 

.... 2.33... 

.. 2.30.. 

.. 2.95.... 

. 4.45... 

.. 2.94.. 

4.90... 

. 2.46.4.02 

1,380. 

- 1.54... 

.. 1.21.. 

.. 4.91.... 

. 3.60... 

.. 4.42., 

.. 3.88... 

. 1.78. 1.68 

1,500. 

_ 1.06... 

.. 1.02.. 

.. 2.11.... 

. 3.10... 

.. 2.68... 

.. 3.44... 

. 1.09. 1.10 

1,740. 

.... 1.03... 

,. .83.. 

.. 3.64.... 

. 2.48... 

.. 3.31... 

.. 2.81... 

. 1,64. 1.48 


this for tlae case of a rectifier without 
control grids was proposed by Brown and 
Smith in the closing discussion of the 
paper® previously referred to. An ex¬ 
tension of this method may be applied 
to the general case of a grid-controlled 
rectifier. In the modified theoretical 
method presented in this paper, the har¬ 
monic currents are estimated by the aid 
of figures 4 to 13 inclusive, using a ficti¬ 
tious reactance for tlie determination of 
the ratio IX’/.Eo. This fictitious re¬ 
actance for each harmonic frequency is 
equal to the actual reactance at that 
frequency divided by the order of tlie 


harmonic. The value of the suggested 
modification of the theoretical method is 
yet to be determined, although by its use 
somewhat better checks are obtained 
for cases like that of table III. In that 
case, as mentioned previously, the supply- 
system reactance had nonlinear fre¬ 
quency-reactance characteristics. 

Voltage and Current Wave Shapes in 
Supply Circuits With and Without 
A-C Filtering Equipment 

When a-c filtering equipment is added 
to the supply circuit of a rectifier, this 
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Figure 16. Voltage and current wave shapes 
of a six-phase star inverter under load 


constitutes a special case of a supply cir¬ 
cuit with nonlinear frequency-reactance 
characteristics. Some test results* are 
available from an installation including 
a-c filtering equipment consisting of 
seven three-phase resonant shunts tuned 
for the principal harmonic frequencies 
present. These resonant shunts are in¬ 
stalled at the rectifier location and con¬ 
nected on the supply side of the rectifier 
transformer. For this installation the 
values of the harmonic currents supplied 
to the resonant shunts and the harmonic 
currents in the supply circuit are listed 
in table IV. In this table the second 
column gives the test values of harmonic 
currents supplied to the filtering equip¬ 
ment. Columns 3 and 4 give the corre¬ 
sponding harmonic currents calculated 
by the empirical method, and the modified 
theoretical method discussed in the pre¬ 
ceding paragraph. Column 5 gives the 
theoretical values of harmonic currents 
in the supply lines for the condition with¬ 
out a filter. It will be noted that reason¬ 
able checks are obtained by both the 
modified theoretical and empirical meth¬ 
ods. While in this particular case the 
empirical method gives somewhat better 
results, the modified theoretical method 
may find a wider field of application in¬ 
cluding that of the grid-controlled recti¬ 
fier, although as pointed out previously 
only limited experience has been obtained 
using this method. 

The a-c filtering equipment for the 
installation mentioned in connection with 
table IV was the’ first device to be built 
using tuned shunt elements for power 
rectifier application. This device ac- 
compli^ed a striking improvement in 
wave shape as may readily be seen by 
reference to figure 17. In this figure the 
primary current and voltage wave shapes 
from oscillograms are shown both without 



Figure 15. (M)k 
factor for a 12-pliase 
rectifier plotted as a 
function of IX/Eo for 
several ratios of grid 
control 
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Tabic IV. Harmonic Currents in the 4y600-Volt Supply Circuit of a Six-Phase 1,500-Kw 
Rectifier with A-C Filtering Equipment 


CURRENT 


AAA/ 


A-C RESONANT SHUNTS DISCONNECTED 



Figure 17. The a-c line current and voltage 
wave shapes of a six-phase rectifier without' 
and with an a-c filter 


and with the a-c filtering equipment con¬ 
nected in the circuit. The effectiveness 
of the jfilter in improving the wave shape 
may also be seen from a comparison of 
the last two columns of table IV which 
show an over-all reduction in harmonics 
of more than ten to one. 

Conclusions 

The harmonic distortion of voltage 
and current in the supply circuits of 
grid-controlled rectifiers varies consider¬ 
ably with the load and the grid-control 
ratio. Certain harmonics may be in¬ 
creased to as much as four times the 
values without grid control. 

A theoretical method is presented for 
the determination of the harmonic cur¬ 
rents and voltages in the supply circuits 
of grid-controlled rectifiers and inverters. 
General curves are given for the quick de¬ 
termination of the harmonic currents and 
I*T products for the range of conditions 
usually encountered in actual operation. 

This method has been shown to give 
values which provide a very satisfactory 
comparison with actual test results. 

Notation 

J2do *=» average d-c circuit voltage 
/do total direct current load, as¬ 

sumed constant 

/ » direct current per secondary 

phase group 

=» root-mean-square value trans¬ 
former primary voltage, line-to- 
neutral 


Frequency 


A-C Harmonic Current in Amperes 

Ipi » 120 Amperes; Ido » 1,440 Amperes; A « 1.0 


Amperes in Resonant Shunts 

Amperes in Supply Lines 

Test 

Empirical 

Modified* 

Theoret. 

Theoret.** 
Shunts Off 

Tests 
Shunts Off 

Tests 
Shunts On 

300. 

....18.5 ... 

.20.5_ 

.23.3 .... 

.21.1. 

...16.7. 

.. .0.50 

420. 

....11.0 ... 

.18.0.... 

.16.0 .... 

.13.4. 

... 7.6. 

...0,70 

660. 

.... 7.3 ... 

. 7.0.... 

. 8.9 .... 

. 5.4. 

... 6.2. 

.. JL49 

780. 

.... 6.0 ... 

. 6.7..., 

. 6.9 .... 

.3.6. 

... 3.3. 

...0.23 

1,020. 

.... 3.4 ... 

. 3.8.... 

. 3.9 .... 

. 1.7. 

... 1.7. 

...0.19 

1,140. 

.... 2.6 ... 

. 3.1.... 

. 3.2 .... 

. 1.4. 

... 1.4. 

...0.09 

1,880. 

.... 1.76... 

. 2.2.... 

. 1.96.... 

. 1.0. 

... 1.4. 

...0.13 

I'T . 





.38,000. 

...3,600 


* From 300 to 1,380 cycles equivalent reactance corresponds to that of transformer alone. Based on 
IX/Eo «■ 0.0275 for these harmonic frequencies. 


** Based on ratio of IX/E» ■» 0.083 for all frequencies. 


E «* root-mean-square value of trans¬ 
former secondary voltage, 
anode-to-neutral 

*» crest value of transformer sec¬ 
ondary voltage, anode-to-neutral 
« V2E 

R “ £ =transformer ratio, supply 

side to rectifier side, line-to- 
neutral voltages 

p = number of phases in each 

secondary phase group* 

g » total number of rectifier phases 

X « commutating reactance, one half 
of anode-to-anode reactance 

L * X/ta henries commutating in¬ 
ductance 

w = 2ir/ angular velocity of supply 

B = angular velocity, radians in 

formulas » <ai 

u as angle of overlap, radians in 
formulas 

ot = angle of grid delay for rectifiers, 
radians in formulas 

a' « angle corresponding to the time 
available for deionizing for in¬ 
verters, radians in formulas 
+ a' = angle of grid advance for in¬ 
verters, radians in formulas 

A = cos a — grid-control ratio, ratio 
of d-c circuit voltage with grid 
control to value without grid 
control 

i = instantaneous current in refer¬ 

ence anode 

m order of harmonic = «g 1 

where n = integer 1, 2, 3, ... 

Om, = coefficient of sine term of Fourier 
expansion for the wth harmonic, 
crest value 

hfn. » coefficient of cosine term of 
Fourier expansion for the wth 
harmonic, crest value 


* p may also be defined as 

360 degrees _ 

• (conducting period in degrees) — (angle of overlap 

in degrees) 

The values of p for some of the common connections 
are; p ^ Z for 6-phase double-wye and 12-pha8e 
quadruple-wye with interphase transformers; 

# 6 for 6-phase star and 12-phase in double 6- 

phase relation; and ^ 12 for 12-phase star. 


ai 


bi 


h 


^pm 

Tpi 


= coefficient of sine term of Four¬ 
ier expansion for the funda¬ 
mental, crest value 
= coefficient of cosine term of 
Fourier expansion for the funda¬ 
mental, crest value 

- Vow* + ftm* “ root-mean- 


square value of the mth har¬ 
monic of the Fourier expansion 





root-mean- 


square value of the fundamental 
of the Fourier expansion 
= primary line current for the wth 
harmonic, root-mean-square 
value 

» primary line current for the 
fundamental, root-mean-square 
value 
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Discussion 


F, O. Stebbins (nonmember; General Elec¬ 
tric Company, Schenectady, N. Y.): The 
paper by Messrs. Evans and Muller gives 
one more step in developing methods for 
estimating the wave shapes of mercury-arc 
rectifiers. The authors point out that the 
problem is divided into four different types 
of calculations. The first three parts con¬ 
sist of the wave shapes on the d-c side of a 
rectifier without grids, the wave shapes on 
the a-c side of a rectifier without grids, and 
the wave shapes on the d-c side of a rectifier, 
equipped with grids. The authors now have 
covered the final phase of this problem, 
namely the wave shapes on the a-c side of a 
rectifier equipped with grids. 

Subsequent to publication by the writer 
of the paper on the wave shapes on the d-c 
side of a rectifier equipped with grids, 
reference 3 in the authors' paper, work was 
continued and formulas similar to those 
given in this paper were derived for the 
wave shapes of the current on the a-c side. 
The results obtained with these formulas 


circuit may have several resonance points 
the agreement obtained between theoretical 
and test values was not as close, but was 
acceptable for practical purposes. 


O. IC, Marti (Allis-Chalmers Manufactur¬ 
ing Company, Milwaukee, Wis.): The 
authors of this interesting paper have sum¬ 
marized in an instructive way the results 
of a very important investigation. In 
large installations it is very essential to pre¬ 
determine the magnitude of the harmonic 
currents, especially if grid voltage control 
is used. The analytical solution to deter¬ 
mine the individual harmonic currents is 
rather tedious, and therefore the curves 
given by the authors will be of great assist¬ 
ance in analyzing systems in the future. 

About two years ago we* were confronted 
by such a problem—a very involved one. 
This was especially complicated by the 
fact that a large rectifier capacity was con¬ 
centrated in one station. I am referring to 
the 55,000-kw rectifier installation at the 
Alcoa plant of the Aluminum Company of 
America. This station has ten 5,500-kw 


converting units consisting each of one 
transformer with two 12-anode rectifier 
tanks. The systems feeding the rectifiers 
sometimes have to be connected with sys¬ 
tems spreading over a wide territory, and 
therefore the exposures existing between 
the transmission system and the telephone 
lines were of necessity of considerable 
magnitude. 

Preliminary investigations showed that 
it would be necessary to go to a multiphase 
system far more elaborate than hitherto at¬ 
tempted. It was therefore decided to tackle 
the problem by building up a miniature test 
set instead of approaching it mathematically 
as was done by the authors of the paper. 
The set consisted of five units, each umt 
having a model rectifier transformer with 
six grid-controlled tubes (each tube repre¬ 
senting an anode) and other auxiliary equip-** 
ment. 

Oiu: first preliminary study disclosed the 
fact that the use of shunt filters as described 
by the authors could not be considered the 
way for solving our problem, as the cost of 
such filters proved to be prohibitive. A 
system of 30 phases was therefore set up 




check the theoretical calculations given by 

the authors. . 

As a suggestion for practical applications 
the results presented in the authors* paper 
might be plotted in terms of per cent har¬ 
monic. The amount of h^monic current 
can then be determined directly from the 
curves for different rectifier loads and volt¬ 
age control ratios. 

In connection with the data given in 
table III of the paper it would be interesting 
to know if the test measurements were made 
in the factory or in the field. It has been 
our experience that in tests made in the 
factory where the impedance of the pow^- 
supply circuit approximates a straight line 
a good check between theoretical and meas¬ 
ured values is obtained. However, in tests 
made in the field where the power-supply 
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Figure 2. Twenty 
grid-controHed mer¬ 
cury - ere reclifierS/ 
each rated 2,750 kw, 

600 volts, at Alcoa 
plant of Alumi¬ 
num Company of 
America 
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using autotransformers as phase shifters 
in order to obtain the necessary displace¬ 
ment between the individual units. A 
thorough investigation was carried out in 
co-operation with the engineers of the Bell 
Telephone Laboratories, Inc., using this 
model set-up at our test laboratory. 

Since very little power was required, the 
study of the wave shapes with oscillograph 
and wave-shape analyzer for this system 
and these load characteristics could be 
carried out very easily and with the greatest 
convenience. Some of the results obtained 
with this set will be shown and described in 
a paper under preparation by T. A. Taylor 
of the Bell Telephone Laboratories and the 
writer, and will deal in detail with this 
installation in regard to co-ordination of 
power and telephone systems. 

The method of phase shifting by means of 
autotransformers was finally adopted for all 
three plants. A single-line diagram with 
all the main equipment, such as phase- 
shifters, reactors, rectifier transformers, 
and tanks, is shown in figure 1 of this dis¬ 
cussion. ‘ Figure 2 shows the rectifier room 
with control cubicles, heat exchangers, 
high-speed d-c breakers, and rectifier tanks. 

The results obtained with this model 30- 
phase system set-up checked very favorably 
with the actually measured harmonic cui> 
rents, and its usefulness exceeded oiu: ex¬ 
pectations. We therefore felt that such a 
way of approaching this problem to deter¬ 
mine the harmonics in the a-c circuits of 
grid-controlled rectifiers and inverters may 
deserve further consideration. 


R. B. Evans and H. N. Muller, Jn: We 
were very much interested to learn that Mr. 
Stebbins has carried out theoretical work 
which checks the formulas developed by the 
authors and presented in the paper. 

Mr. Stebbins offers the suggestion that 
the individual harmonic currents might be 
plotted as a percentage of the total a-c 
line current. This alternative form of ex¬ 
pressing the results was considered by the 
authors. For certain applications it is 
necessary to determine the a-c line current 
and when this is done the method of plotting 
suggested by Mr. Stebbins is quite conven¬ 
ient. However, for other studies, such as 
inductive co-ordination work, the a-c line 
current need not be determined and it 
becomes somewhat simpler and more direct 
to use the method of plotting given in the 


paper. The quantities which have been 
used for plotting the general curves are 
those which are always available for any 
particular rectifier installation and it seemed 
preferable to use only these quantities in¬ 
stead of an additional derived quantity, the 
a-c line current, even though this must fre¬ 
quently be calculated. Perhaps it should 
be pointed out that both methods of plotting 
the general curves have the characteristic 
which permits one to visualize the ratios to 
be expected as a percentage or per unit ratio 
and with a little experience a sense of the 
proper magnitude to be expected is readily 
obtained. 

In response to Mr. Stebbins* request we 
would like to point out that the data given 
in table III of the paper were obtained from 
factory tests and also that the data for 
tables II and IV were obtained from field 
tests. The supply circuit used in connection 
with the factory tests had a harmonic im¬ 
pedance characteristic which did not vary 
linearly over the important range of fre¬ 
quencies. This fact caused some of the 
comparisons between calculated and test 
values to vary considerably, although the 
results are still acceptable for practical pur¬ 
poses. The supply circuit used in the field 
tests of table II was selected because its 
harmonic impedance characteristic did vary 
linearly over the range measured. This 
fact accounts for the exceptionally accurate 
checks encountered in this table. 

We are interested to note that Mr. Marti 
is of the opinion that the general curves 
presented in the paper will be of considerable 
assistance in future analytical studies of the 
harmonic problem. His laboratory work 
with miniature rectifiers presents another 
approach to this problem. This arrange¬ 
ment was made to apply directly to a 
specific problem, but additional work would 
be required to permit presenting the results 
in a general form comparable to that given 
by the analytical solution. 

Mr. Martins discussion of the use of a 
scheme involving multiphase operation of 
rectifiers for Alcoa is of considerable interest. 
Because of the large number of anodes avail¬ 
able in this installation it becomes practic¬ 
able to use a very large number of phases 
and thus to provide an installation of rela¬ 
tively good wave shape. Of course, the use 
of 6-phase rectifiers which are electrically 
displaced from each other to give in effect 
a large number of phases is not new. There 
are a number of installations where two 6- 


phase units have been operated from delta 
and star transformers to give the equivalent 
of 12-phase operation. We are informed 
that in one European installation two 
12-phase rectifiers were connected through 
phase-shifting transformers to give the 
equivalent of 24-phase operation. This ar¬ 
rangement was adopted for the purpose of 
eliminating objectionable 11th and 13th 
harmonic currents which were amplified 
by partial resonance in the supply system. 
The particular scheme described by Mr. 
Marti is of interest because of the size of 
the installation and the number of units 
•involved. The installation which he has 
shown in figure 1 of his discussion would 
appear to be the equivalent of a 60-phase 
rectifier system when all the units are in 
service and carrying symmetrical loads. 

Mr. Marti comments on the use of con¬ 
nections giving the equivalent of a large 
number of phases as preferable to the use of 
an a-c filter. The authors recognize that 
where this multiplicity of phases is available 
the solution mentioned presents a more 
economical arrangement than filters. How¬ 
ever, in the more usual case the number of 
imits and particularly the number of anodes 
would be considerably less and this fact 
would make the foregoing solution im¬ 
possible or uneconomical. 

In connection with the foregoing dis¬ 
cussion it should of course be recognized 
that the use of an a-c filter is only one of 
several possible remedial measures that may 
be applied in the event of an inductive co¬ 
ordination problem being encountered be¬ 
tween power and telephone circuits. For 
the majority of rectifier installations an a-c 
filter is not required and would not provide 
the best engineering solution. For this 
reason, rectifier equipment is sold without 
filters. In case co-ordination studies indi¬ 
cate that filters are needed their design 
should be based on results of tests after the 
rectifier is installed. It may however be 
desirable for the interested utilities to obtain 
during the co-ordination studies an estimate 
of the cost of a filter for comparison with 
other measures. Such an estimate may be 
based on certain recommended proportions 
as outlined in the Edison Electric Institute 
report on “Rectifier Wave Shape” to which 
reference is given in the paper. This report 
also discusses all the available types of 
remedial measures which may be applied to 
the communication system, to the power 
system, or to the coupling between systems. 
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Equivalent Circuit Impedance of 
Regulating Transformers 
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A S SYSTEMS grow in complexity 
and service standards grow higher, 
the need for more accurate determination 
of system characteristics increases. From 
time to time the question of how to handle 
the impedance introduced into the circuit 
by a regtdating transformer has arisen. 
This paper has been written to present 
general equations by means of which the 
equivalent circuit impedance of regulat¬ 
ing transformers may readily be deter¬ 
mined. 

Regulating transformers are in effect 
autotransformers, but differ from them 
in that the series winding is on a separate 
core and receives its excitation from a 
section of the shunt winding. This 
difference introduces considerable com¬ 
plexity into the determination of the im¬ 
pedance introduced into the circuit. 

1. Inpt?t to Shunt Winding— 
Output From Series Winding 

Refer to figure 1 for the determination 
of the impedance from tlie shunt winding 
to the shunt plus series winding. The 
output voltage Ey is the input voltage 
Ejp plus for step up or boost, or minus for 
step down or buck, the voltage Ea intro¬ 
duced into the circuit by the series trans^ 
former. As an equation 

Ey = Ex ^ Ea (1) 

But the voltage Ea is the voltage 
induced in tlie series transformer less the 
impedance drop: 

Ea =* hEs ^ IZa (2) 

and the voltage E, is equal to the voltage 
induced in the excitation section less the 
impedance drop 

Ei « m{Ex =»= mkIZps) ( 3 ) 

Now substitute (3) into (2) and (2) 
into (1) and get 

Ey = (1 mk)Ex - (4) 

Paper number 39-100, recommended by the AIEE 
committee on electrical machineryi ^^4 presented 
at the AIEE North Eastern District meeting, 
Springfield, Mass., May 3-6, 1939. Manuscript 
submitted March 24, 1938; made available tor 
preprinting March 28, 1939. 

J. B. Olbm is in the engineering division of the 
central^station department, General Electcic Com¬ 
pany, Schenectady, N. V* 


from which 


(1 St mk)Ex ^ By ^ 

(wWp,(S) 

The left-hand term of (5) is the voltage 
drop E from the primary to the secondary 
circuit reckoned at the external terminal 
of the series transformer, so that 

E = (m^k^Zys + Za)I (6) 


To express this on a per-unit basis, both 
sides of (6) should be divided by the no- 
load ratio-voltage at the external ter¬ 
minal of the series transformer reckoned 
from the voltage of the shunt coil, that is 
by (1 =F mk)E^. And then 


^ H- Za)I 

^ a ^ mk)Ey 


m 


The plus sign is to be used for step up and 
tlie minus sign for step down. 


2. Input to Series Winding— 
Output From Shunt Winding 

Refer to figure 2 for the determination 
of the impedance from the shunt plus 
series winding to the shunt winding 
The output voltage Ey is the input volt¬ 
age Ex minus, for step down or buck, or 
plus, for step up or boost, the voltage Ea 
introduced into the circuit by the series 
transformer 

Ey ^ Ex ^ Ea (8) 

Since the power flow is into the series 
coil and out from the shunt coil, the 
relationship between Ea and E, is now 

Ea = hEg ^ (^) 

For the same reason the relationship 
between Ey and E, becomes 

E, * m{Ey mhIZya) (10) 

When (10) is substituted into (9) and 
(9) in turn substituted into (8) there re¬ 
sults 

Ey » Ex ^ tnkEy — {tn^k^Zpg -|- Zfj^I (11) 

from which 

Ex (1 nthJEy “ 

im^k^Zys + Za)I ( 12 ) 

The left-hand term of (16) is the volt¬ 
age drop E from the primaiy to the 
secondary circuit, reckoned at the ex¬ 


ternal terminal of the series transformer, 
so that 


E » (ni^k^Zps Za)I (13) 

To express this on a per-unit basis, 
both sides of (13) should be divided by 
the no-load ratio-voltage at the external 
terminal of the series transformers, reck¬ 
oned from the voltage of the shtmt coil. 
Then 


- jtn^k^Zy,Za)I 
(1 .fc mk)Bp 


(14) 


The plus sign is to be used for step 
down and the minus for step up. 

Equation 14 is identical with 7 indicat¬ 
ing that direction of power flow has no 
effect. This should have been expected 
but circumstances indicated that it was 
desirable to demonstrate it. 


3. Equivalent Primary to Secondary 

Impedance by Short-Circuit Test 

Equations 7 and 14 can be obtained in 
a slightly different manner. In (4) let 
Ey be zero, that is, corresponding to an 
impedance test with the output side 
short-circuited. Then Eg becomes the 
impedance voltage E corresponding to the 
condition of current I in the series coil, 
so that (4) becomes 

(1 mk)E - (m^k^Zys + Za)I (IS) 
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and on a per-tinit basis 


“ -r^-n^) " • E, 

Reference to (7) shows that (17) is 
identical with it. 

Now in (11) let Ey be zero, that is, 
corresponding to an impedance test with 
the output side short-circuited. Then 



becomes the impedance voltage E corre¬ 
sponding to the condition of current I in 
the series coil, so that (11) becomes 


E « + Z^I 


(18) 


Since the measurement is made on the 
series transformer side the no-load voltage 
is (1 sfc mh)Ep, To convert into a per- 
unit value both sides must be divided by 
(1 =*= mk)Ep, 

Z ^ 

^xy 


(1 


mk)Ep 

{m^k^Zps H- Za)I 
(1 sfc mk)Ep 


(19) 


Reference to (14) shows that (19) is 
identical with it. 

4. Impedance From Tertiary Winding 
TO Shunt Winding of Shunt Trans¬ 
formers 

This is simply 

/ 


Ztx = «^<J>(1 ^ tnk) 


( 20 ) 


5. Impedance From Tertiary Winding 
OF Shunt Transformer to Shunt 
Winding Plus Series Winding 

Refer to figure 3. As before 

Ey * Ex ^ Ea (21) 

But Ex is now derived from Ep It is 
equal to minus the drop from winding 
t to winding p, minus or plus the mutual 
drop produced by the current in the excit¬ 
ing section of the shunt winding. 

Ex •^Et- IZ^ ^ mkIMp, (22) 
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In which 


Mpg =e (Ztp Zpg + Zg^/2 

(23) 

And in the same manner 


Ea « kEg =F IZa 

(24) 

and 


Eg « m(Et mklZig — IMpg) 

(25) 


The upper sign corresponds to the con¬ 
dition when the voltage at the external 
terminal of the series transformer is 
greater than the voltage across the shunt 
transformers, the bottom sign when it is 
less. 

Now substitute (25) into (24) and then 
both (24) and (22) into (21) and 

Ey ~ (1 sfa ink)Et — li^Ztp m^k^Zts + 

2mkM,p -h Za) (26) 

and then 

(1 + mk)Et - Ey ^ {Ztp -h m^k^Zu, -f- 

2mkM,p H- Z^l (27) 

As before the left-hand term of this 
equation is the impedance drop E as it 
appears at the external terminal of the 
series transformer where the no-load ratio- 
voltage is (1 =«= ink)Ep. And so 

E = (Ztp -h m^¥M,p -i- 2mkMsp + Za)I 

(28) 

and on a per-unit basis 


(1 ^ mk)Ep 


(29) 


^ ■+* =*= 2 mkMps + Za I 

Tim- 


mk 


(30) 

(31) 

(32) 

(33) 

(23) 

has been inserted in (30) to get (32). 
Also r has been written for mk, 

7. Summary of Equations— 

Buck Position 
+ Zg I 


6. Summary of Equations— 
Boost Condition 

„ ^^Zps Za I 

l+r % 


Ztx =* Ztp(\ + 0 ^ 

The relationship 

.Zt ~ (Ztp — Zps Zgt)/2 


Zzy 


(34) 


1r Ep 

Zyi - - rZ.t (35) 


Ztx “ Ztp(\ — r) — 
J£p 


(36) 


The impedances of the various branches 
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can be determined by the conventional 
three-winding theory, when care is taken 
to see that the equations are properly 
handled. Equations 31 and 34 give the 
positive- and negative-sequence imped¬ 
ances and 31, 32, 33 or 34, 35 and 36 
as a network give the zero-sequence 
impedances. 

Effect of Angular Component 

The foregoing development applies to 
a regulating transformer for in-phase, or 
direct, regulation only. The same method 
of analysis may be applied to a regulat¬ 
ing transformer that has both direct and 
angular regulation. Only the final equa¬ 
tions will be given. Refer to figure 4— 
phase sequence is ABC, 


Zp, 

Zi = 


s Zi -h Z 2 + Zj 

mik\^m\kxZpi — am^zMn + 

ahnzk^Mzi H-~ 

fnihj E. 


Zj [ fn>2h%Zpi — Cbfnzlki^iz ”■ 


d^ntihiMvi "I"' 




E, 


utikz / Eg 

utikt^^iktZpz •+■ dWikiMzi — 
d^ntikiMss H" 

= (1 =*= miki 


mzkz) Eg 


(37) 


(38) 


(39) 


(40) 


d^ffiiki dMzk^ Ep 
at no load (41) 


Zgt = Z -f Zi H- ^ Zj 

Z—(Zpt =b mxkiMpi =F mzhMpi 


(42) 


ntzkzMpz) ~ (43) 


Z\ =* miki[ mikxZa ^ M^i — vHhMn - 1 - 


mgkzMzi -|- 


■Je. 


(44) 


mik{ 

m\k\Mi2 H-“1 (^^)' 

mzh/ Eg 

i 

oJe. 


Zz ^ Mpg -f* mikiMzx •“ 

^2^22^28 H- (^) 




(47) 


Equation .47 should be handled carefully. 
The (+) applies when the boosters in¬ 
crease the voltage or increase the phase 
angle, that is, for boost in voltage or boost 
in phase angle. 

Note that the quantities Zi, Z 2 , and Zs 
in (42) are not the same as in (37). 
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Zps « per-unit impedance from circuit 
which excites shunt winding, to cir¬ 
cuit supplied from booster winding. 
See figure 4 

Zat =" per-unit impedance from circuit 
supplied from booster winding, to 
tertiary winding on shunt trans¬ 
former 

Ztp * per-unit impedance from tertiary 
winding on shunt transformer, to 
circuit which excites shunt winding 
Subscripts 1, 2, 3, respectively refer to in- 
phase boosters, a* phase boosters, and a 
phase boosters, respectively; see figure 4. 

Subscripts p, t, refer to total shunt windings 
and tertiary windings on shunt transformers. 
k “ ratio of turns in booster transformers, 
scries line coil to excited coil 
m » ratio of turns in exciting sections of 
shunt winding to total turns in shunt 
winding 

All impedances of windings in the shunt 
transformers are in ohms, and on the 
basis of the total turns in the shunt wind¬ 
ings. 

Impedances of the booster transformer 
are in ohms, and on the basis of the turns 
in the series line coil. 

Mutual impedances in (37), (38), (39), 
are referred to in the shunt winding p. 
Mutual impedances in (43), (44), (45), 
(46), are referred to the tertiary winding 
U 

For example, M\tm (38) and (39) is 
given by 

^ ( 48 ) 

Mi 2 in (44) and (46) is given by 

Ma = ~ (49) 

2 


Any two of the booster coils may be 
combined. Frequently the two angle 
boosters are combined to obtain a quadra¬ 
ture component. In this case kq would be 
used to designate the turn ratio of the 
quadrature booster transformers and 
would replace both and kz in the equa¬ 
tions, no other change being needed. 

The impedance given by equation 37 
is for positive sequence. For negative 
sequence interchange the operators a and 
a®. For zero-sequence place the operators 
a and a* in (37), (38), and (39), equal to 1 
to get the through impedance circuit to 
circuit, and use in the conventional three- 
circuit network with the other two zero- 
sequence impedances, circuit to ground, 
to get the proper branch impedances. 

When the transformer neutral is 
grounded through an impedance of 
ohms, the impedances of the branches of 
the zero-sequence network are affected. 
They become, with the subscript g added 
to indicate the impedance when grounded 
through a neutral grounding impedance, 


Zffpa Zpa "1“ 3(?Wifei 

— + inikt)*Zn 

(SO) 

Zqat ™ Zat 4“ 32it 

(SI) 

Zfftp “ Ztp + BZn 

(S2) 

Zn^Zp 

J^a . 

(S3) 


List of 83mibols 


Ex primary, or input, voltage 
Ey “ secondary, or output, voltage 
Ea = voltage introduced into the circuit 
by the series transformer 


-Ep - voltage across total winding of 
shunt transformer 

=* voltage across exciting section of 
shimt transformer 

Et voltage across tertiary winding of 
shunt transformer 

^ ” ratio of turns, series winding to ex¬ 

cited winding, of series transformer 
m *=« ratio of turns, excitation section to 
total turns, of shunt transformer 
t ^ mk 

Zfi = impedance of series transformer, in 
ohms based on turns in series wind¬ 
ing 

Zpa *= impedance of shunt transformer 
from total winding to excitation sec¬ 
tion, in ohms based on total turns 
of shunt winding 

Zat *=» impedance of shunt transformer 
from excitation section to tertiary 
winding, in ohms based on total 
turns of shunt winding 
Ztp s* impedance of shunt transformer 
from tertiary winding to total shunt 
winding in ohms based on total 
turns of shunt winding 
Zxy * per-unit impedance from input to 
output side 

Za» Zpat Zau Ztp — per-unit impedances 
based on the total turns of the shunt 
coil, except Za which is based on the 
turns in the series line coil. Based 
on current and voltage of circuit 
connected to external terminal of 
series coil 


Discussion 

W. A. Lewis (Cornell University, Ithaca, 
N. Y.): The paper by Mr. Clem covers a 
similar subject to the paper by Doctor 
Hobson and myself ('*Regulating Trans¬ 
formers in Power System Analysis, AIEE 
Transactions, volume 58, 1939, pages 
874-86), and a comparison of the two may 
serve to bring out a little more strongly the 
principles involved. Mr. Clem develops 
the equivalent circuits for one general type 
of regulating transformer, in which the 
exciting windings are star-connected. His 
method is basically the same as ours, and 
his equations could be applied directly to 
the figures in otur paper. 

If the exciting transformers are connected 
in delta, a 30-degree phase shift is intro¬ 
duced in the voltage added to the incoming 
voltage by the series winding, and a trans¬ 
former which originally had a star-connected 
exciting winding becomes a phase-angle 
regulator, and the transformer which was 
originally designed for phase-angle regula¬ 
tion can be arranged for voltage regulation 
when the exciting windings are connected 
in delta. The unusual phenomena de¬ 
scribed in our paper are characteristic pri¬ 
marily of regulating transformers using the 
delta connection for the exciting circuit, 
and therefore do not appear when only the 
star-connected case is considered. 

In Mr. Clem's paper the final results are 
given in jper-unit or per-cent notation, but 
the basic data on the transformer elements 
are- introduced in ohms. In our paper, on 
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Regulating Transformers in Power- 
System Analysis 


J. E. HOBSON 

ASSOCIATE AIEE 

I N THE analysis of power systems it is 
customary to represent generators, 
transformers, and transmission lines by 
their equivalent circuits. The resulting 
circuit network is solved either by repre¬ 
sentation on a network calculator, from 
which the solution is read directly, or 
analytically by successive simplification 
of ^e network. When the network 
has been simplified as far as possible, it is 
usually relatively easy to solve the sim¬ 
plified network, by the application of 
Kirchhoff’s laws, for the currents in the 
re m ai n ing circuits and the voltages at 
the remaming terminals. When this 
solution has been obtained, the steps of 
simplification are reversed until the 
original network is restored, the currents 
and voltages being calculated at each 
step, tmtil the desired quantities are 
finally obtained for the original network. 
When the system is imbalanced, as by an 
unbalanced fault condition, the method of 
symmetrical components^ is widely used. 
Equivalent networks are derived for the 
positive-, negative-, and zero-sequence 
components of current and voltage. In¬ 
terconnections between the sequence net- 
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the other hand^ when our results are ex¬ 
pressed in per cent, the basic data on the 
transformer elements are also expressed in 
per cent, on the kilovolt-ampere parts 
which that particular element will be re¬ 
quired to carry when the regulating trans¬ 
former as a whole is carrying rated kilovolt¬ 
amperes. When these differences are recon¬ 
ciled, our results are in agreement with the 
results given by Mr. Clem. We have felt 
that the form we have given would be 
somewhat more useful for preliminary 


W. A, LEWIS 

MEMBER AIEE 

works are made, corresponding to the un* 
balanced condition, and the resulting net¬ 
work is solved by the methods just de¬ 
scribed. 

The equivalent circuits used to repre¬ 
sent complicated power and regulating 
transformers have not previously been 
published and they often constitute an 
important element of the power-system 
representation. Furthermore, the analy¬ 
sis of systems involving such transformers 
has brought to the attention of the au¬ 
thors several unusual problems, whose 
solution is not well known. Believing 
the solution of these problems would be 
of general interest, the authors have 
presented several examples in this paper, 
which are illustrative of the problems en¬ 
countered. 

The regulating transformer may intro¬ 
duce a phase shift in the voltage and cur¬ 
rent as well as a change in magnitude. 
This differs from the usual star-delta 
power transformation in that the angle of 
phase shift is not fixed but depends on the 
tap position. Also, it quite frequently 
happens that there are connections be¬ 
tween the two circuits (connected by the 
regulating transformer)other than through 
the regulating transformer itself. The 
other connection (or connections) may 
be direct, as is usually the case when the 
regulator is used to control the flow of 
power in a closed loop, or may be through 
another transformer having transforma¬ 
tion characteristics differing from those of 
the regulator with which it is essentially 
coimected in parallel. A number of the 
winding connections used in regulating 
transformers result in a transformation 
ratio for zero-sequence current and volt¬ 
age which is unequal to the transforma¬ 


estimating purposes, since the first step in 
the design of a regulating transformer is to 
determine the voltage and kilovolt-ampere 
rating of each transformer element. With 
this information at hand, it is usually pos¬ 
sible to estimate from typical designs a 
per-cent reactance of each transformer ele¬ 
ment on its own kilovolt-amperes, and these 
values may be immediately introduced into 
the formulas to determine the over-all 
characteristics, on the kilovolt-amperes of 
the entire regulating transformer as a basis. 


tionratio for positive- or negative-sequence 
quantities. The regulating transformer 
for phase-angle control, shown schemati¬ 
cally in the diagram of figure 1 will be 
treated in detail here as a typical ex¬ 
ample, illustrating the methods used in 
devdoping the equivalent circuits for the 
three sequences and the treatment of 
each equivalent circuit as a part of the 
power“S 3 ^tem sequence network. 

Development of the 
Equivalent Circuit 

Two magnetically coupled windings of 
a single-phase transformer having ni and 
ft 2 turns, respectively, are shown sche¬ 
matically in figure 2a. The customary 
equivalent circuit used to represent su(i 
a single-phase transformer is shown in 
figure 2b, in which and Zb are com¬ 
ponents of the transformer leakage im¬ 
pedance, with a more-or-less arbitrary 
division of the leakage impedance be¬ 
tween Zji and Zb» Zm is the so-called 
‘‘magnetizing shunt branch.** Since the 
numerical value of Z^f is very large com¬ 
pared to Zji and Zjj, for most calculations, 



transformer 

figure 2b is approximated by figure 2c, 
where Zj^ is considered infinite. Either of 
these circuits has serious deficiencies as a 
device representing the actual trans¬ 
former; the voltage and current trans¬ 
formation effected by transformer action 
is not represented in the equivalent cir¬ 
cuit, and the circuit terminals a and a^ 
are not insulated from each other as in 
the actual transformer. These disad¬ 
vantages are evidenced particularly when 
analyzing transformer circuits wherein 
several windings or phases are intercon¬ 
nected. To overcome these deficiencies, 
the authors have fotmd it expedient to 
use the equivalent circuit shown in figure 
2d, which combines the circuit of figure 2&- 
with an ideal transformer. The ideal 
transformer is defined as having infinite 
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exciting impedance (zero exciting current 
or no load current) and zero leakage im¬ 
pedance, and serves to transform voltage 




(g) 

Figure 2. Equivalent circuits for a two-wind¬ 
ing transformer 


and current without impedance drop or 
power loss; the ideal transformer thus 
restores actual voltage and current rela¬ 
tionships at the terminals a and a\ 
The circuit of figure 2e is obtained from 
figure 2d by converting the impedance 
Zb to the Ea voltage base (by multiply¬ 
ing by the square of the voltage ratio). 
This process may be thought of as 
“sliding the ideal transformer through” 
the impedance Zb* If the exciting, or no 
load, current may be neglected {Zm 
considered as infinite) the circuit of figure 
2e becomes figure 2/. 

Finally, if Zjf is considered infinite, the 
circuit of figure 2d becomes figure 2g, in 
which the two parts of the leakage im¬ 
pedance, and Zjj, combine into the 
complete leakage impedance Zp^, where 

Zpa — Z^ -h Zp 

In most developments the circuit of 
figure 2g will be found most convenient, 
although in some cases it becomes de¬ 
sirable to have part of the leakage imped¬ 
ance associated with each winding, and 
the circuit of figure 2/ may be used. 

To be perfectly definite, Zp^ is under¬ 
stood to mean the leakage impedance, as 
measured in ohms, with the 5 winding 
short-circuited, and voltage applied to the 
P winding. When the test is reversed, 
with voltage applied to the S winding, 
and the P winding short-circuited, the 
impedance is denoted by Zsp* It is ob¬ 
vious from the development given that, 
when Zm may be considered infinite, 

- Wa® 

Zsp = —,Zps 

Phase-Angle Regulator 

The diagram of figure 1 is redrawn in 
figure 3, using the type of equivalent cir¬ 
cuit shown in figure 2g for each of the 
single-phase units involved. It will be 
noted that each exciting transformer is 
denoted by the letters PS^ P representing 
the primary winding and S the secondary. 
Also, each series transformer is denoted by 
VW, V. denoting the winding in series 
with the line, and W the winding con¬ 
nected to the exciting transformer. The 
impedances Zp^ and Z^jp are the leakage 
impedances of the exciting and series 
transformers, respectively. For conven¬ 
ience, the relative numbers of turns of the 
transformer windings are taken as l:«i, 
for the exciting transformer and 1:^2 for 
the series transformer, and each winding 
is assumed to have a number of turns 
proportional to the associated number or 
letter enclosed in a circle on the diagram. 
As the tap position of winding S changes, 


it must be noted that ni and also Zp^ 
change. Care must be taken to use the 
proper values for each tap. 

It is obvious that the circuit shown is 
symmetrical, that is, the construction of 



Figure 3. Three-phase equivalent circuit for 
the transformer of figure 1 


all three phases is the same. It is well 
known in the theory of symmetrical com¬ 
ponents, that in such cases, positive- 
sequence currents flowing produce only 
positive-sequence reactions, so that the 
equivalent circuit for the positive-se¬ 
quence diagram may be derived by cir¬ 
culating positive-sequence cturreiits 
through the regulating transfonner and 
computing the voltage relations, using 
the diagram of figure 3. The details of 
this procedure are given in appendix I. 

Equations 16 and 17 of appendix I give 
the transformer action of the regulator to 
positive-sequence votlages and currents, 
N being the transformation ratio and 
a being the angle of phase shift. Equa¬ 
tion 18 gives the impedance of the regu¬ 
lating transformer; namely, Zi«l/iV*X 
(npnz^ZpB'^rZrw) ohms, on the volt¬ 
age base of the left-hand, or input, circuit 
as viewed from the terminals a, &, and c. 
It should be noted that the transformation 
ratio, the angle of phase shift, and the 
impedances Zp^ and Zi are each functions 
of the tap setting (that is, functions of ni), 
and vary with the tap being used. Wlien 
the tap changer mechanism is in the 
neutral position iV = 1, a = 0, and Zi« 
Zyjp ohms* 

Any circuit satisfying equations 16, 
17, and 18, will be a positive-sequence 
equivalent circuit for the regulating trans¬ 
former. Those who are familiar with the 
use of S3anmetrical components know that 
a single-phase diagram may be used to 
represent the three phases if the phase 
quantities are balanced and symmetrical 
as, for example, under the positive-se¬ 
quence conditions assumed in appendix I. 
The suggested positive-sequence equiva- 
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lent circuit is given in figure 4a m which 
-El and /i are, respectively, the positive- 
sequence components of the line-to- 
ground voltages and line currents, at the 
input terminals a, &, and c; E/ and 7i' 
are, respectively, the positive-sequence 
components of the line-to-ground volt¬ 
ages and currents at the output terminals 
a', b'y and c'; Zi is the impedance to 
positive sequence, in ohms, as viewed 
from the input terminals; N is the posi¬ 
tive-sequence transformation ratio; and 
a is the phase-angle shift for positive- 
sequence voltages and currents. The 
ideal transformer included in the equiva¬ 
lent circuit serves to maintain the proper 
relationship, in magnitude and phase, 
between the positive-sequence voltages 
and currents at the regulator terminals. 
The equivalent circuit may be connected 
in the positive-sequence network of a 
system including the regulator for phase- 
angle control, to maintain the same 
relationships as the regulating transformer 
exhibits between positive-sequence quan¬ 
tities at the input and output terminals. 

The equivalent circuit as derived has 
introduced one new conception, that of 
incorporating a phase-angle shift in the 
ideal transformer. The circuit including 
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Figure 4. Positive-sequence equivalent cir¬ 
cuits for the phase-angle regulating transformer 
of figures 1 and 3 


the ideal transformer is easy to handle 
analytically as a part of the positive- 
sequence network; but, unfortunately, it 
is not convenient at the present time to 
represent such a phase-shifting trans¬ 
former on the network calculator, and 
the customary procedure is to include a 
transformer with ratio N and take the 
phase shift into consideration by analyti¬ 
cal methods in the final results, or to 
make a special setup, using two power 
sources of the network calculator to ab¬ 
sorb and reintroduce power at the proper 
phase positions, giving the effect of the 
phase shift. However, the equivalent 
circuit as given is very useful in visualiz¬ 
ing the action of the regulating trans¬ 
former as it affects positive-sequence 
quantities. 

Percentage Representation 
Positive Sequence 

Many investigators of analytical prob¬ 
lems prefer to use a per-unit or percentage 
system of representation, in which all 
quantities such as voltage, current, kilo¬ 
volt-amperes, and impedance, are ex¬ 
pressed as a fraction or percentage of 
some base or normal value. In some 
cases, also, it is advantageous to make 
numerical calculations in per-unit or per¬ 
centage terms. Consequently, it becomes 
desirable to express the equivalent cir¬ 
cuits in similar notation. 

If the percentage or per-unit diagram 
is to be useful, it is essential that the base 
quantities used throughout be consistent. 
This is best achieved by selecting a. 
minimum number of quantities and solv¬ 
ing for the corresponding values of the 
remaining quantities. Thus, it is usually 
best to select a base power or kilovolt¬ 
ampere value for the entire system, and a 
voltage value for each metallically con¬ 
nected circuit, which is usually taken as 
the nominal voltage of that part of the 
system. It then becomes rea^y possible 
to express the basic equations of the 
equivalent circuit, such as equations 16, 
17, and 18 of appendix I, in percentage 
values. The development is given in 
appendix II, for the phase-angle regulator 
previously discussed. Two sets of equa¬ 
tions are derived; the first given by equa¬ 
tions 24 and 26, for which the equivalent 
circuit is given in figure 46; and the sec¬ 
ond given by equations 26 and 27, for 
which the equivalent circuit is given by 
figure 4c. The essential difference be¬ 
tween the two cases lies in the voltages 
sdected as the base voltages for the two 
sides of the regulating transformer. 

The maximum convenience in the use 
of the percentage system results when the 
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Figure 5. Negative-sequence equivalent cir¬ 
cuits for the phase-angle regulating transformer 
of figures 1 and 3 


base voltages on the two sides of the 
regulator are proportional to the trans¬ 
former ratio. In this case the equivalent 
drcuit is given by figure 46, and the ideal 
transformer serves only to provide the 
phase-angle shift of current and voltage 
introduced by the regulator. This is 
normally possible when the regulating 
transformer is the only connection be¬ 
tween the circuits on the two sides. 

However, if the input and output cir¬ 
cuits are directly interconnected by paths 
other than through the regulating trans¬ 
former, the base voltages for the two sides 
of the regulator must be the same, and the 
equivalent circuit must be adjusted ac¬ 
cordingly. This will be the usual case 
for circuits involving a regulating trans¬ 
former for phase-angle control, since such 
apparatus is normally used to control the 
flow of power around a closed loop, or to 
divide power between parallel circuits. 
Under such conditions the equivalent 
circuit of figure 46 is no longer suitable 
and is replaced by the form shown in 
figure 4c, before connecting it into the 
system sequence network. From the 
figure it is seen that the only difference 
between the two circuits is the inclusion 
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Figures 5b and 5c correspond, re¬ 
spectively, to figures 46 and 4c, and the 
discussion with regard to the two forms 
of the positive-sequence equivalent cir¬ 
cuit in per cent applies directly. It will 
be noted that the only difference between 
the positive- and negative-sequence 
equivalent circuits is in the phase-angle 
shift, the angle for negative sequence be¬ 
ing the negative of that for positive se¬ 
quence. This is a general rule for all 
power or regulating transformers; the 
positive and negative equivalent circuits 
are identical, except that the phase shift 
(if any is involved by the transformer) for 
negative sequence is negative to that for 
positive sequence. The impedances to 
positive and negative sequence are always 
identical; as, indeed, is the case for all 
static apparatus. 


EXPRESSED IN PER CENT, CIRCUIT BASE 

VOLTAGES PROPORTIONAL TO N. Zero-Sequciice Equivalent Circuit 
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Figure 6. Zero-sequence equivalent circuits 
for the phase-angle regulating transformer of 
figures 1 and 3 


of a transformation ratio in the idea 
transformer. 

The above discussion points out the 
possibilities of confusion which are 
created when system sequence networks 
involving regulating transformers are set 
up using percentage quantities. To avoid 
this confusion, and to keep the regulator 
action in the different sequences clearly 
in mind, it is usually preferable to set up 
the sequence network in ohms, and to 
use volts, amperes, and ohms in the sys¬ 
tem analysis. . 

Negative-Sequence 
Equivalent Circuit 

The negative-sequence equivalent cir¬ 
cuit for the same regulating transformer 
may be derived by assuming negative- 
sequence currents to be circulated through 
the regulator diagram of figure 3. The 
derivation will not be given here in detail, 
since it is very similar to that just given 
for positive sequence. The results are 
given in figures 5a, 6, and c, which show 
the negative-sequence equivalent cir¬ 
cuits expressed in ohms and in per cent. 


The zero-sequence equivalent circuit 
for the regulating transformer may be de¬ 
rived by assuming zero-sequence current 
to be circulated through the regulator. 
The derivation of the zero-sequence re- 
lationsliips is given in appendix III. 
Equations 39 and 46 reveal that neither 
zero-sequence current nor zero-sequence 
voltage are transformed by the regulating 
transformer; there is no transformer ac¬ 
tion on zero-sequence quantities, and the 
transformer acts merely as a reactor in 
the zero-sequence network. Again, it 
should be noted that 2ps and the imped¬ 
ance to zero sequence, Zo — nihti^Zps + 
Zvw) are functions of the tap position and 
Zo becomes Zyw (the leakage impedance 
of the series transformer referred to the 
line-side winding) when the tap changer 
mechanism is in the neutral position. It 
should also be noted here that the zero- 
sequence impedance of the regulator has 
the same ohmic value viewed from either 
the input or the output circuit terminals. 
This is shown in the zero-sequence equiva¬ 
lent circuit given in figure 6a, which is 
set up to satisfy the equations in appendix 
III. There is no ideal transformer in 
this circuit, since zero-sequence current 
and voltage are not transformed. 

To obtain the zero-sequence equivalent 
circuit, expressed in per cent, the same 
procedure is followed as given in appendix 
II for positive sequence. Again two types 
are required, depending upon whether the 
base voltages on the two sides of the trans¬ 
former can be chosen proportional to the 
ratio transformation of the regulator, N, 
or are required to be the same because the 
circuits are directly connected by a 
parallel path. To be consistent for any 
given problem, the base voltages used 


must be the same as used in the cor¬ 
responding positive- and negative-se¬ 
quence equivalent circuits. 

The zero-sequence equivalent circuit, 
expressed in per cent, is given for the first 
case in figure 66 to satisfy equations 60 
and 51. It is necessary to include an 
ideal transformer in this circuit, having 
an inverse transformation ratio to that 
in the positive- or negative-sequence 
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equivalent circuits expressed in ohms, to 
ma int ain the proper rdte.tionships between 
per-unit zero-sequence currents and per¬ 
centage zero-sequence voltages at the 
terminals. For Uie second case, in which 



Figure 8. Two forms of equivalent circuits 
for the three-winding transformer 

the base voltages are the same, the 
equivalent circuit is given in figure 6^;, to 
satisfy equations 52 and 63. 

Regulator for Voltage and 
Phase-Angle Control 

The example just given, in which zero- 
sequence voltage and current are not 
transformed with the same ratio as posi¬ 
tive- and negative-sequence voltages and 
currents (or, as in the example, are not 
transformed at all) is quite common 
among regulating transformers. For 
regulating transformers used for voltage 
control alone, or for phase-angle control 
alone, it is found that zero-sequence cur¬ 
rent and voltage are transformed in the 
same ratio as positive, or are not trans¬ 
formed at all* In some regulating trans¬ 
formers for combination voltage and 
phase-angle control, it is found that 
zero-sequence quantities are transformed, 
but with a different ratio from that for 
positive- and negative-sequence quanti¬ 
ties. In all cases, however, it is found 
that the zero-sequence equivalent circuit 
involves no phase shift, regardless of the 
phase shift introduced in the positive- 
and negative-sequence circuits. 

A typical example involving different 
ratios is the regulating transformer for 
combined voltage and phase-angle con¬ 
trol shown in figure 7a. The same nota¬ 
tion is followed, to designate individual 
windings, as was used in figure 3. Zo is 
the neutral impedance between grotmd 
and the neutral of the star-connected pri¬ 
mary winding of the exciting transformer. 
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It will be observed that the exciting 
transformer in this case is a three-winding 
transformer, having the windings P, 5, 
and T on the same core. The conven¬ 
tional equivalent circuit for such a trans¬ 
former, assuming that the exciting im¬ 
pedance is infinite, has been developed a 
ntunber of times before,^ but is subject to 
the same limitations that characterize the 
circuit of figure 2a, namely, that the 
actual ratio of transformation is not pro¬ 
vided for, and the terminals of the wind¬ 
ings are not insulated from each other. 
These difficulties are again overcome by 
introducing ideal transformers of the 
proper turn ratios. Two forms of such 
equivalent circuits are shown in figure 8, 
a and 6. It should be noted that the 
leakage impedances are broken up into 
components Z^, and Ze, which are 
no longer arbitrary, but each is a definite 
function of the three leakage impedances 
between pairs of windings. Formulas 
for determining the components are 
given in the reference dted.^ 

Using this t 3 rpe of equivalent circuit 
for the exciting transformer, the positive-, 
negative-, and zero-sequence equivalent 
circuits for the entire regulating trans¬ 
former can be derived by a process es¬ 
sentially similar to that already described. 
Space does not permit including the 
development, but tiie results are included 
in the figures. 

The positive-sequence equivalent cir¬ 
cuit expressed in ohms is given in figure 
7b. To make certain the definitions of 
the quantities are clearly understood, 
they are given here (following the same 
convention for subscripts as used in the 
first example). 

Zvw ® leakage impedance, in ohms, be¬ 
tween the V and W windings as 
measured on the V winding with 
the W winding short-circuited 
Zps « leakage impedance, in ohms, be¬ 
tween the P and S windings as 
measured on the P winding with 
the S winding short-circuited and 
the T winding open-circuited 
ZpT « leakage impedance, in ohms, be¬ 
tween the P and T windings as 
measured on the P winding with 
the T winding short-circuited and 
the 5 winding open-circuited 

The negative-sequence equivalent cir¬ 
cuit, expressed in ohms, is shown in 
figure 7c. The zero-sequence equivalent 
circuit expressed in ohms is shown in 
figure 7d. It will be noted from figure 
7d that the transformation ratio for zero- 
sequence, iV', is not equal to the trans¬ 
formation ratio for positive-sequence, N. 
This results from the fact that the T 
winding carries no zero-sequence current, 
and would not carry zero-sequence cur- 
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Figure 9. Regulating transformer for phaie- 
angle control, with the sequence networks 
expressed in ohms 

The parts ratios are: 
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rent even if the neutral of the T winding 
were connected to ground. 

When the tap changer mechanism for 
voltage control, operating on the 5 
winding, is in the neutral position, ni = 
0, and zero-sequence current passes 
through the regulator without transforma¬ 
tion. For this condition,, regardless of 


AIEE Transactions 



the position of the tap changer for phase- 
angle control, the zero-sequence imped¬ 
ance of the regulator in ohms is Zy^, the 
leakage impedance of the series trans¬ 
former. 

In order to conserve space, the corre¬ 
sponding equivalent circuits, expressed 
in per cent, have been omitted. There 
will be, of course, the two t3q)es, depend¬ 
ing upon the choice of base voltages, just 
as in the previous example. As before. 
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the transformer ratio required in the ideal 
transformer for the first type will be 1/N 
times the ratio in the ohmic diagram. 
Thus for the first type of zero-sequence 
diagram expressed in per cent, the ratio 
will become 1: N'/N, where N' and N are 
given in figure 7, instead of the ratio 
1 as in the ohmic diagram. In every 
case it will, of course, be found that the 
transformation ratios in the second type 
of percentage diagram are the same as 
in the corresponding ohmic diagrams, 
since the base voltages used as reference 
are the same for both circuits of the trans¬ 
former. 

It is evident that the analysis of power 
systems involving such regulators is 
considerably more complex than for the 
simpler cases, but the use of ideal trans¬ 
formers again makes a solution readily 
possible. 

Phase-Angle Regulator Acting as 
Grounding Transformer 

In what has preceded, the zero-sequence 
equivalent circuit has the same form as 
the positive-sequence equivalent circuit, 
except that there is no zero-sequence 
phase shift and the circuit may involve a 
different transformation ratio. In some 
cases the regulating transformer may also 
act as a source of ground current. When 
this is true, the zero-sequence equivalent 
circuit becomes entirdy different. A 
typical example of this is the regulating 
transformer for phase-angle control, the 
circuit for which is shown in figure 9a. 
The positive- and negative-sequence 
equivalent circuits expressed in ohms are 
given in figures 9b and 9c. The same 
conventions as previously used for wind¬ 
ing designations and lesiiage impedance 
definitions are used. Since the delta 
winding shown in the diagram is idle 
under balanced conditions, it has no ef¬ 
fect on the positive- and negative- 
sequence equivalent circuits, and may be 
disregarded in these cases. Thus, no new 
problems are involved, and the derivation 
is omitted. 

However, the delta has a decided ef¬ 
fect upon the flow of zero-sequence cur¬ 
rent from lines to ground in the P wind¬ 
ing, and the method used in deriving the 
zero-sequence equivalent circuit must be 
appreciably modified. The simplest pro¬ 
cedure is to assume zero-sequence volt¬ 
ages to be applied to the input (a, b, c) 
terminals with the output (a', b', c') 
terminals open-circuited. An equation is 
then found relating Eq and Jo, and an 
equation relating Eq' and Jo'. The pro¬ 
cedure is repeated with zero-sequence 
voltages appHed to the output (a', 


c') terminals with the input (a, 5, c) 
terminals open-drcuited, and a third 
equation written involving Eq' and Jo'. 
If, imder these conditions, a fourth equa¬ 
tion is written for Eq os a function of 
Jo', the latter equation will be found con¬ 
venient for checking the results of the 
first three equations. The form of the 
equations may suggest the type of equiva¬ 
lent circuit to be tried, such as figure 9d, 
and similar equations are written for the 
circuit selected, first by applying a volt¬ 
age to the terminals a, and then to the 
terminals a'. If the circuit selected is a 
possible equivalent circuit, direct com¬ 
parison between the equations derived for 
the actual transformer and for the 
equivalent circuit being tried will reveal 
values for Z^o, Zjfo, and Z^o which will 
satisfy the equations of the actual trans¬ 
former. The required values for the case 
in question are given in the figure. It 
will be noted that there is no direct 
transformation of zero-sequence current 
and voltage; that is, Jo and Jo', are not 
related by a fixed ratio. There is im¬ 
pedance coupling between the circuits, 
however caused by the mutual branch 
Zjifo, so that Eq and Eq' are dependent 
upon the currents in both circuits, Jo 
and Jo'. 

Regulator for Voltage Control 

The regulating transformer for voltage 
control shown in figure 10a has the 
equivalent circuits for positive and 
negative sequence shown in figures 106 
and 10c. The equivalent circuit for zero 
sequence, expressed in ohms, may be 
derived following an analysis similar to 
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Figure 11 . Alternate form of the zero- 
sequence equivalent circuit for the regulating 
transformer of figure 10 


that just described. Since zero-sequence 
transformation occurs, the simplest 
equivalent circuit to derive is that shown 
in figure l(ki. This circuit is of the same 
form as that of figure 9i, except that it 
involves an ideal transformer as well as a 
shunt branch. This may be the most 
desirable form, but if the regulating trans- 
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former is connected in a loop circuit, the 
reduction of the zero-sequence network 
for the system is simplified if there is no 
direct transformation of zero-sequence 
current and voltage, and consequently no 
ideal transformer. For such case, the 
equivalent circuit may be converted to 
the more useful form, without the direct 
transformation, shown in figure 11. The 
derivation of this equivalent circuit from 
that shown in figure lOd is given in ap¬ 
pendix IV. It will be found that, for 
zero sequence, many regulating trans¬ 
formers can be represented by equivalent 
circuits of the type shown in figures 9d 
or lOd. Which type is most convenient 
will depend upon circumstances, but the 
derivation given in appendix IV shows 
that either form may be readily converted 
to the other, as needed, as long as is 
not infinite. 

Equivalent Circuits in Power 
System Analysis 

In setting up the sequence networks of 
systems for analysis, the common pro¬ 
cedure is to select some one circuit voltage 
as a base, and transfer the impedances 
of the various circuit elements from their 
actual values to equivalent values on the 
base voltage selected, by multiplying 
each impedance by the square of the 
ratio of the base voltage to the nominal 
voltage at the point where the circuit 
element is located. When regulating 
transformers of variable ratio are in¬ 
volved, this process often becomes con¬ 
fusing and difficult to follow. The proc¬ 
ess becomes even more complicated when 
zero-sequence quantities are not trans¬ 
formed, or have a different ratio of trans¬ 
formation from the positive- and nega¬ 
tive-sequence quantities, because of the 
uncertainty regarding what voltage ratio 
should be applied to the zero-sequence 
impedance. 

The equivalent circuits here outlined 
permit a straightforward approach to the 
problem, because they are set up to in¬ 
clude ideal transformers where necessary, 
so that the circuit used is the exact equiva¬ 
lent of the actual transformer in every 
important respect, and may be substi¬ 
tuted for it without making any con¬ 
versions in the impedances of the other 
circuit elements. Then, where simpli¬ 
fication is possible, the ideal transformers 
may be shifted from one location to an¬ 
other, with corresponding changes in cir¬ 
cuit impedances, until in many cases the 
ideal transformers can be dropped out of 
the final diagram altogether. The proc¬ 
ess can best be described by means of 
two typical examples. 


Figure 12a is the single-line diagram for 
a typical simple system, including a 
regulating transformer for voltage con¬ 
trol, connected between points a and 6. 
The sequence networks for the system, 
connected to represent a single-line-to- 
ground fault at Ft are shown in figure 
12&. The equivalent circuits of the 
regulator are of the type shown in figures 
10& for positive sequence, 10a for negative 
sequence, and 11 for zero sequence. 

To illustrate the method more fully, the 
delta-star step-up transformer bank is 
represented by equivalent circuits of the 
type described in this paper, in which ideal 
transformers are included to take care of 
the actual transformation ratio and the 
30-degree phase shift introduced by the 
delta-star connection. It will again be 
noted that if the positive-sequence phase 
shift is +30 degrees, represented by 
the negative-sequence shift must be 
—30 degrees, represented by in 
the ratios of the ideal transformers. As 
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is well known in the theory of S3ntnmetrical 
components, the zero-sequence current 
will flow in the star side of the trans¬ 
former, circulate in the closed delta, but 
will not flow out of the bank on the delta 
side, so that no ideal transformer is re¬ 
quired in the zero-sequence circuit if the 
equivalent circuits are set up and viewed 
from bus A on the star side, as in this 
case. 

The line impedance and Zlo for 
the line between A and a are included at 
their actual values, without any con- 
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Figure 13. Single-line-to-ground fault on a 
typical system including a regulating trans¬ 
former for phase-angle control 



Figure 12. Single-line-to-ground fault on a 
typical system including a regulating trans¬ 
former for voltage control 


version, since all circuits are still repre 
sented on their actual voltage base 
Since the lines are static equipment, the 
negative-sequence impedance is the same 
as the positive, and is used in the 
negative-sequence network. The same 
comments apply for the impedances of 
the line between B and F, Z^i and Zm- 
The solution of the network shown can 
be facilitated by first eliminating the 
ideal transformers. This may be done by 
shifting them to the left a step at a time. 
First the transformer of ratio 1:N is 
moved to the left past Zi, Z^, and Zn. 
Of course, as this is done, the impedances 
must be multiplied by the square of the 
ratio, as shown in figure 12a, and the cur¬ 
rents in the circuits affected become 1/N 
times their actual values, and the voltage 
N times as large as actual. 
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Figure 14- Simplified sequence networks for 
the system of figure 13 


The ideal transformers of ratio 1: N may 
now be combined with the ones of ratio 
1 :iW^ and 1: in the positive- and 

negative-sequence networks, respectively, 
to give new transformers of ratios 
and respectively. 

These transformers may now also be 
moved to the left, past the impedances Z^i 
and Z 32 of the generator. In the process 
the impedances are multiplied by (N')^N\ 
the square of the scalar ratio of trans¬ 
formation, but are not changed in phase 
angle, since the voltage and current are 
shifted in phase similarly, and no change 
results in their phase relations to each 
other. The voltages and currents are of 
course changed in magnitude, and also 
rotated in phase position, as indicated in 
the figure. When the ideal transformer 
reaches the generated voltage, Eg^ that 
too is altered in magnitude and phase, 
and the ideal transformer may now be 
dropped altogether, to give the final 
equivalent circuit shown in figure 12c. 

In the zero-sequence network there 
were no ideal transformers, so the process 
described was not necessary. However, 
the two parallel circuits represented by 
Zj 5 and Zj., + Zlq H- Zjg can be combined 
to give Zo as shown. 

The point to be emphasized is that, in 
the final network, Zjji is multiplied by iV*, 
but in the zero-sequence network Zxo is 
unchanged. The method outlined gives a 
straightforward approach to this result, 
but by methods in common use hereto¬ 
fore it is difiicult to visualize the result 
and apply the proper conversion factors 
to Zjiii and Zx,o, 

After the network of figure 126 is solved 
by straightforward methods, the ideal 
transformers can again be introduced, 
and moved to the right until their original 
positions are reached, the currents and 


voltages being converted to their actual 
values in the process. The phase cur¬ 
rents and voltages can then be readily 
determined by combining the sequence 
quantities in accordance with the usual 
formulas. 

Figure 13 represents a similar case ex¬ 
cept that two parallel circuits are in¬ 
volved, and, because one is undergrotmd 
cable and the other overhead line, a 
phase-angle regulator has been intro¬ 
duced to control the division of power 
The sequence networks for the fault con¬ 
dition are set up in figure 136 in the same 
way as before, using equivalent circuits 
involving ideal transformers. However, 
when simplification of the network is at¬ 
tempted, it is found impossible to shift 
the ideal transformers of ratios 
and out of the closed loop. The 

other simplifications are carried out as 
before, giving the network of figure 14. 
Although this network is not as simple as 
in the preceding case, it may be solved 
analytically, making use of the properties 
of ideal transformers in writing the equa¬ 
tions, or on a network calculator. In the 
latter case, with present equipment, a 
power source must be used to represent 
each winding of an ideal transformer in¬ 
volving phase shift, and the voltage and 
phase position of each must be adjusted 
by trial and error until the currents and 
voltages at the points representing the 
terminals of the ideal transformer bear 
the required relations to each other. 

Summary 

It has been shown how complicated 
regulating transformers can be repre¬ 
sented by simple equivalent circuits, 
which fall into certain fairly well-defined 
types. By introducing the concept of 
ideal transformers to supplement the 
commonly used equivalent circuits for 
transformers, many problems can be 
more readily visualized and solved with 
much less chance for error. The method 
outlined can be used to derive suitable 
equivalent circuits for all the types of 
regulating transformers in common use, 
but obviously space does not permit 
including them here. However, the 
authors expect to pubKsh these equiva¬ 
lent circuits in the near future. 


Appendix I. Derivation of Posi¬ 
tive-Sequence Equations for the 
Regulating Transformer Shown in 
Figure 3 


regulator. Since the windings are all sym- 
metrical there will be no interaction be- 












will consist of only a positive-sequence 
component. In the following development 
the vector operators a and a* will be used 
frequently, a « €^120 « _ + iv'3’/2, 

and o* « €^240 == - iv^/2. 

Thus at the left-hand terminals of figure 3: 


« -El la ^ h ) 

“ a^Ei Ij, = I (1) 

aEi Ig sx ah j 

and at the right-hand terminals: 

Bag* « El =s /i' ) 

Ej,g' - a^Ei' h' = a«/i' (2) 

-Ec/ = aEi' h' « ah' ) 

Let Bp denote the voltage across the ideal 
transformer winding P, in the phase carry- 
Similarly let eg denote the voltage 
of winding 5 in the corresponding phase, 
which causes tizla. Likewise, let and 
Cw denote the voltages of the V and W 
windings, respectively, in the phase as¬ 
sociated with Ia\ By applying Kirchhoff^s 
voltage law to the diagram of figure 3, 


Eag ^ El — Eag' * 1 " ^0 + Zvw^a* 

« El' + -h Zvwh' (3) 

Cpf ** Cg (4) 

^bg “ ^cff + ^A^ps 

= (a* — a)JBi -|- IjiZps 
= —7 VSBi + IaZps (5) 

the last form of equations 3 and 6 resulting 
by substituting from equations 1 and 2, 
and making use of the properties of a. 

From the required relations of the ideal 
transformers 


niCp 

(6) 


(7) 

ntnJa = nifhh' 

(8) 


Eliminating e®, eg, ep, and by sub¬ 
stituting first (8) in (6), (6) in (6), (6) in 
(4), then (4) in (7), and finally (7) in (3), 
gives 

•Ei(l + W 1 W 2 ) ” El' •+• 

{n\hiz^Zp3 Zyw)I\ (9) 

At no load, h* =» 0, giving 
Zi' =5 (1 j\/Znin2)Ei (10) 

or, changing to polar form, 

Ex' - Vl + =. N^Ex (11) 

where 

a « tan“i*\/5^^i«2 
N = Vl 

Again, from the diagram: 

Ia-Ib^Ic- Ic' - a(h - h') (12) 

Since Ip, and Iq are positive-sequence 
currents, Ip » and 


Balanced positive-sequence currents are (1 — ® — h') * (1 — a^)nithh', 

assumed to be circulated through the from equation 8 (13) 
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From (13) 
ii - 

- (1 - jV^tiithW = Ne-i“Ii' (14) 


or 


Ix' 

N 


Equation 17 is expressed in percentage 
quantities by multiplying by lOO/Ejy', or 
its equivalents, 100/kEjf and lOO/kljfZjff 
giving 

IQOEi^ ^ riOO^ 

^ k lE^ ' 


(15) 


or 


N 


Since 1 + jy/Snifii = JV'e^", equation 9 be¬ 
comes 

N^^Ei ~ Ei^ -|- {^ni^tt^Zps “1* (1^) 

Substituting from (15) and rearranging 

El' - - i ini*m^Zps + Zrw)*^Ii 

N 






(ni^2^Zps’{’Zvw)^i 


Bi'% » “ €^«(Ei% - Zi%IiPM.) (22) 
ft 

where Ei'%, Ei%, and Z\% denote Ex', 
El, and Z\ expressed in percentage quanti¬ 
ties, and Jip.u. denotes Ji expressed in per 
unit or as a fraction of its normal value. 
This combined notation, expressing voltage 
and impedance in per cent, and current in 
per unit, eliminates any factors of 100 in 
the final equation. 

Similarly, equation 16 can be expressed 
in per unit by multiplying by or its 

equivalents ^/Jjy, giving 


= i76^«[Ei - Zih] 

where 

(17) 

II 

— e7<*— 

N lit 


Z\ « — («i*»2*2^PS + Zy-^) 

(18) 

or 



sa impedance of the regulating trans¬ 
former to positive-sequence, as 

/I'P.U. 

(23) 


viewed from the input (a, c) 
terminals 


Appendix II. Derivation of the 
Positive-Sequence Equivalent Cir¬ 
cuit in Percentage Quantities 


Although k is actually arbitrary, there are 
two values which are of special interest 
in connection with regulating transformers, 
namely, k ^ N and ^ = 1. For k ^ N, 
equations 22 and 23 become 

Ei'% = €^« (Ex% - Zi%7i p.u.) (24) 

Ji' p.u. « €^« Ji p.u. (25) 


line-to-line voltage impres^d, but carries a 
current equal only to l/\/3 times the vector 
difference of the input and output currents. 
Hence the base impedance for Zps and Zyw 
is not Zjv. Two entirely different values 
must be determined which correspond to the 
voltage, current, and kilovolt-amperes of 
the individual transformers concerned. 
However, to be consistent with the values 
for the entire circuit, the normal voltage 
and current values selected must be those 
applying when the voltage, current, and 
kilovolt-amperes of the input circuit are 
equal to their normal values. 

Considering first the series transformer 
winding, F, its base current is 






(29) 


and its base voltage (no load) is, in magni¬ 
tude. 


Ejfy * 


(30) 


from appendix I by determining when 
El = Ejv^. The corresponding base im¬ 
pedance and base kilovolt-amperes become 


Zjjy — 


Ejfy 
Inv 

y/Zn\iHNEjf 

or 

1 \/%niniN 

Zn Zjfy 


= \/%ni7i^NZif 


(31) 


and the corresponding three-phase kilovolt¬ 
amperes becomes 


Selecting the base quantities, let 

C/jv* “ base three-phase kilovolt-amperes 
for the system considered 
Ejy =5 base voltage of the input circuit 
line-to-neutral, expressed in volts 
Ejy' » kEjf * base voltage of the output 
circuit, line-to-neutral, expressed 
in volts 


The value to be assigned to k, that is, 
the ratio of the two base voltages, will be 
discussed later. 

With voltage and kilovolt-amperes de¬ 
fined, the corresponding base currents be¬ 
come 


In « kW 


ismun 

ZEjf 


( 19 ) 


The impedance which will produce 
when the input circuit base voltage is ap¬ 
plied is the base impedance for that circuit, 
and becomes 


= ( 20 ) 

lit 1,000 C4r 1,000(7;, 

where £ix, is the line-to-line voltage cor- 
re^Kinding to the line-to-neutial voltage 
Bif. Similarly, 


Zi,' 


lit' " 1.00017;, 


1,00017;, 


k^Zit 


( 21 ) 


The equivalent circuit which satisfies 
the$e equations is given by figure 46. For 
N = 1, equations 22 and 23 become 

Ei'% - Nei’‘(Ei% - Zi%Ii p.u.) (26) 

h' p.u. = i p.u. (27) 

The equivalent circuit which satisfies 
these equations is given by figure 4^;. 

The value of Zi% is obtained by multi¬ 
plying equation 18 by 100/Zjy, as suggested 
n equation 22, giving 

(28) 

It is customary to express the impedance 
of individual transformers in per cent, so 
that it would seem logical to express Zps 
and Zyw directly in per cent of Zj^. How¬ 
ever, the usual practice is to express the 
impedance in per cent on the kilovolt¬ 
amperes of the individual transformer as a 
base. In a regulating transformer such as 
this it is obvious that the kilovolt-amperes 
carried by either the series transformer or 
the exciting transformer is quite different 
from the kilovolt-amperes carried by the 
circuit. The current in the series trans¬ 
former is the outgoing line current, but the 
voltage across the transformer winding is 
only that fraction of the line-to-neutral 
voltage supplied by the exciting transformer 
to produce the phase shift desired. Simi¬ 
larly, the exciting transformer has normal 


Uy 


ZEjfyljfy _ 3\/SwiW2EjyJjy 

1,000 "■ l,000Af 

a/3wiW2 


(32) 


Similarly, for the exciting transformer the 
base current in the P winding is, in magni¬ 
tude 


Inp 


niih 

N 


In 


by considering equation 8 when Ii 
The voltage across the P winding is VSEjf, 
which is equal to the line-to-line voltage. 
Hence the base impedance becomes 

^ Ejfp VSATEy •\/^N ^ 

^NP — 7 — Z — *= - Zif 

Inp rnnuN ^ifH 


or 

JL « 1 

Zif fiifh Zjfp 


(33) 


and the three-phase base kilovolt-amperes 
becomes 


ZEifpIjfp ^ Z^^mrhEjfljf 

1,000 * 1,00017 

V3»i«a 


(34) 


Comparing equations 32 and 34 shows 
that both the exciting transformer and the 
series transformer carry the same kilovolt¬ 
amperes under any given load condition. 
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The values of XfZjf may now be sub¬ 
stituted in equation 28, giving 


^mbining to eliminate eu,, ep, e,, 
and Iji gives 


From figure 11: 


_1_ r«i%2V5^ 100Zj>s 

^ L Zjfp 


\/3nin2 

N 


J 

(^PS% + ^VW%) 


— 1 

® ■;-- (^PS% 4- -^vTr%) (35) 

wEere Zps% and Zvw% are now the leak¬ 
age impedances of the exciting and series 
transformers expressed in per cent on the 
kiloyolt-amperes carried by those trans¬ 
formers when the circuit carries the base 
kilovolt-amperes, Uff (in all three phases). 
The ratio of the base kilovolt-amperes of the 
transformers to the base kilovolt-amperes 
of the circuit is obtained by rewriting equa¬ 
tions 32 and 34 as 


£p Uv VSwiWa 1 

Uj, N N~ 

from appendix I. 


Appendix 111. Derivation of 
Zero-Sequence Equivalent Circuit 
for the Regulating Transformer 
Shown in Figure 3 

Balanced zero-sequence currents are as¬ 
sumed to be circulated through the regu¬ 
lator. Because of symmetry the terminal 
voltages wiU likewise be balanced zero- 
sequence voltages. 

Referring to figure 3, 

la ^ h = /c h 

Eao ®“ ^hg ~ ^cg ™ -Eo (37) 

la “ W ” le =• /o' 

=» JSj/ = JB,/ = £ 0 ' 

Since zero-sequence current cannot fiow 
into the comers of a closed delta winding 
without taps, 

/. - la' ~h- h' = 7. - V - 0 (38) 

It immediately follows that 

/c » la' ( 39 ) 

that is, zero-sequeace current is not trans- 
formed by the regulating transformer. 

From the diagram, by Kirchhoff's volt¬ 
age law, 

Fo H- Zrw^o + ep (40) 

and 


(41) 


"■ Ef,g — Bcff -f- IjiZpS 

— 0 + IjiZps 
(42) 

From the required relations of the ideal 
transformers 

* fh^to 

(43) 

U 

(44) 

I A, “ ?liUg/o' * UithXg 

(45) 


Eo » J2o' + inihta*Zt,s + Zvw)Ia 

or 

Ba' = Ea - + Zyw)Ia 

= Ea — Zola (4<j) 

where 

Eo « ni^n2^Zp3 + Zvw (47) 

To e3q>ress the above relations in per 
cent, the same process is used as in appendix 
II. Multiplying equation 39 by 1/7;^^', or 
its equivalent, k/I jg, gives 

V ^ ^0 
/;.' /v 
or 

/o'p.u. « ^/op.u. (48) 

Similarly, multiplying equation 46 by 
100/5;^', or its equivalent, gives 

^^0^' . 1 _ lOOZo 

■Ev' k L Ey Zjf 7jvJ 
or 

Eo'% « i (Ji:o% - Zo%7op.u.) (49) 


Ea SB Jo(Z^ + Z/>) (57) 

£ 0 ' « /oZz) (58) 

Now consider that the terminal d in both 
circuits is open-circuited, and the voltage 


£ 0 ' applied to the termini a': 

From figure lOd; 

Ea' - -la’mZua + Zna) (59) 

•E. « —NIa'Zua (59) 

From figure 11: 

Eq' ^Io*(Zp -f- Zpi). (61) 

Eg * (^2) 

If the two circuits are to be equivalent, by 
equating (66) and (68), or (60) and (62): 

=* NZ^a (63) 

Equating (66). and (67): 

Zio + Zjifo =* Zs “h Zj) 


"T Zjfo — Zj^ ^ ZzQ 

(N - 1) 


N 


Zd (64) 


Equating (69) and (61): 


For the first case, when the base voltages 
are proportional to N, so that k ^ N, 
equations 48 and 49 become 

/o' p.u. *B iV/op.u. 

(50) 

and 


Ea'% ~^^Ea%-ZafoIaP.vi.) 

(51) 


^^(Zso “h Zjifo) » Zp -{- Zj) 

Zp = IP(Zffo + Zjiio) — Z/) 

- JV^Z^o + (N - l)Zn (65) 

Equations 63, 64, and 66 provide relation¬ 
ships existing between the branches of the 
circuit shown in figure 11 and the branches 
of the circuit shown in figure lOd, so that 
the two circuits are equivalent. 


For the second case, Jfe » 1, and 

/o'p.u. B* Jop.u. (52) 

Eo'% « Eo% — Zo%Io p.u. (53) 

The value of Zo, expressed in per cent, is 
found in the same way as for Zi in appendix 
II. In fact the only difference occurs in 
the coefficient, and the result is 

Za7o - nVi^ - l(Zj,s% + Zrw%) 

(54) 

Appendix IV. Derivation of 
Equivalent Circuit With Shunt 
Branch and No Direct Transforma¬ 
tion From Circuit With Shunt Branch 
and With Direct Transformation 

Refer to figure lOd and figure H, which 
are to be made equivalent. The two cir¬ 
cuits will be equivalent if terminal measure¬ 
ments for the two circuits are identical. 
Consider first that the terminal o' in both 
circuits is open-drcuited, and the voltage 
Eo applied to the terminal o; 

From figure lOd: 

Eo « /o(Z£o + Zjfo) (55) 

Eo' NIoZjfo (56) 


Reference 

1. Symscbtrzcal Componbkts (a book), C, F. 
Wagner and R. D. Svaas, McGraw-Hill Book 
Company, 1933. 


Piscussion 

A. Na Garin (General Electric Company, 
Pittsfield, Mass.): The;material presented 
in this very interesting and timely paper 
falls naturally into two distinct parts. 

Seen from out^de, the regulating trans¬ 
former, consisting of two separate trans¬ 
formers properly interconnected and placed 
in a common tank, has the physical appear¬ 
ance of a single transformer. To be able 
to treat this combined unit as a single trans¬ 
former in the analysis of the system it is 
necessary first to determine its terminal 
characteristics. Thus, the first problem is 
that of determining the characteristics of 
the combined unit from the dbaracter^tics- 
of the two separate transformers forming 
the unit. 

The second problem is that of represent 
ing the combined unit, which may now be 
treated as a single transformer, in the 
equivalent circuits of the system. I shall 
limit my discussion ’of this part of the 
paper to the obsenration that the difference 
in positive- and zero-sequence transforma¬ 
tion ratios, the flow of zero-sequence cur- 
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rents through transformer windings with¬ 
out transformation^ the various phase shifts, 
etc., are not exclusive prerogatives of 
regulating units consisting of two intercon¬ 
nected transformers, but often will be found 
in individual power transformers. The 
methods of analysis and representation de¬ 
scribed by the authors have, therefore, a 
broader significance and a wider field of ap¬ 
plication than they have indicated. 

The procedure used for deriving the per¬ 
cent positive-sequence impedance of the 
circuit shown on figure 1 is straightforward, 
explicit, and does not presuppose any 
familiarity with the modem methods of 
transformer circuit analysis on the part of 
the reader. Since, however, several pages 
and 35 numbered equations are required to 
arrive at the value of the per-cent positive- 
sequence impedance of the very simple 
circuit of figure 1, it is obvious that the 
labor involved in deriving by this procedure 
the impedances of more complicated cir¬ 
cuits, such for instance as the circuit of 
figure 7, must be prodigious. 

The number and variety of regulating- 
transformer circuits, that are either in 
actual use or have been proposed, are quite 
impressive so that it is fortunate that no 
lengthy and complicated calculations are 
really required to determine their effective 
impedances. Thus the positive-sequence 
impedance of the regulating transformer of 
figure 1 may be obtained in the following 
manner. Assume that this transformer is 
designed to give a maximiun quadrature 
voltage of (r X 100) per cent and that it is 
desired to find the value of the positive- 
sequence impedance it will introduce in the 
system when operated on a tap connection 
giving a quadrature voltage of (g X 100) 
per cent, where g may have any value from 
0 to r. In terms of the system kilovolt¬ 
amperes, the kilovolt-amperes in the series 

transformer is given by / ^ as indi- 
V1 + 

cated by the voltage vector diagram, and 
by the law of conservation of kilovolt¬ 
amperes the same figure must apply for the 
exciting transformer. The impedance in 
troduced into the system, expressed in per 
cent at system kilovolt-amperes, is given 
by the sum of the impedances of the excit¬ 
ing and the series transformers, expressed 
in per cent at system kilovolt-amperes, 
multiplied by the square of the ratio of the 
kilovolt-amperes in each transformer to the 
system kilovolt-amperes. 

If the per cent impedance of the exciting 
transformer, connected on the tap giving 
(g X 100) per cent quadrature voltage, is 
denoted by %Zp ^3 and the per cent im¬ 
pedance of the series transformer at the 
excitation corresponding to (r X 100) per 
cent quadrature voltage is denoted by 
%Zv^Wf the positive-sequence impedance 
of the combined miit may be written as: 

~ (%2y-r)] 

1 -T 2* 

This equation corresponds to equation 35 
of the paper. 

As another example, the positive-sequence 
impedance of the circuit of figure 7 may be 


derived as follows: let the regulating trans¬ 
former be connected on taps giving (p X 
100) per cent in-phase and (g X 100) per 
cent quadrature voltage and, as in the previ¬ 
ous example, denote the maximum total 
voltage for which the series transformer is 
designed by (r X 100) per cent. The kilo¬ 
volt-amperes in various parts of the circuit 
in terms of the system kilovblt-amperes are 
readily seen to be: 

Series transformer (by the voltage vector 
diagram) 

+ g» 

V(1 -= P)* + 2* 

Winding P of the exciting transformer (by 
the kilovolt-ampere conservation law) 

Vi^ + g" 

V(1 * py + 2* 

Winding 5 of the exciting transformer (since 
it supplies only the in-phase component of 
the series transformer voltage) 

P 

V(1 P)* + 2* 

Winding T of the exciting transformer (since 
it supplies only the quadrature component 
of the series transformer voltage) 

g 

V(1 * P)^ + q* 

Since the currents in windings 5 and T must 
be in time quadrature the impedance be¬ 
tween these windings will not appear in the 
formula and the positive-sequence im¬ 
pedance of the combined unit may be writ¬ 
ten as 

- a - »)■ + + 

g*(%^p-r) “h r^%Zv^w)] 

where all impedances are at system kilo¬ 
volt-amperes, the upper sign before p is to 
be taken for boost and the lower for buck 
connections, %Zp-.s and %Zp^t are for 
taps giving (p X 100) per cent and (g X 100) 
per cent voltage components, and % Zy-xr 
is taken at maximum excitation correspond¬ 
ing to (f X 100) per cent series transformer 
voltage. Tranriated into ohms the above 
formula is identically the same as the 
formula appearing in figure 7b of the paper. 

Formulas for effective values of zero- 
sequence impedances in terms of leakage 
impedances of the two transformers may be 
obtained by the same process, which need 
not be further enlarged upon since it has 
been presented to the Institute in 1936 in 
a paper entitled “Transformer Circuit Im¬ 
pedance Calculations” by K. K. Paluev and 
the writer. 

In conclusion I should like to ask the 
authors a question that may have little 
bearing on the main subject of their paper, 
but is of considerable practical importance: 
do they consider the circuit of figure 7 to 
be a safe circuit from the viewpoint of the 
third harmonic? 


Edward W. Embark (Polytechnic Institute 
of Brooklyn, Brooklyn, N. Y.): The 
authors have given a very clear derivation 


of the equivalent circuits of regulating trans¬ 
formers, and their results will prove valu¬ 
able to any one who carries out, either by 
paper calculations or by use of a network 
analyzer, studies of power systems having 
such ^ansformers. But there still remains 
the* unsolved problem of how conveniently 
to represent on the network analyzer a 
regulating transformer for phase-angle con¬ 
trol. The series impedance of the authors* 
equivalent circuit is readily represented, 
and the ideal transformer of complex ratio 
may be represented, as they mention, by 
two adjustable electromotive forces. As an 
alternative, one of the electromotive forces 
(the one which absorbs power) may be re¬ 
placed by an impedance element. The dis¬ 
advantage of any such scheme is the large 
number of adjustments to be made—adjust¬ 
ments which affect one another. !^ch 
electromotive force must be adjusted both 
in phase and in magnitude (or the impedance 
element which replaces one of them ad¬ 
justed in both resistance and reactance), 
giving altogether four degrees of freedom. 
If studies are to be made of single-phase 
faults or other unbalanced conditions, then 
the equipment and adjustments of the posi¬ 
tive-sequence network must be duplicated 
in the negative-sequence network, giving 
eight degrees of freedom. The adjustment 
of the regulating transformer itself, if it 
controls both ratio and phase angle, has 
only two degrees of freedom; or, if it con¬ 
trols phase angle alone, has but one degree 
of freedom; thus its network-analyzer 
representation has from two to seven super¬ 
fluous degrees of freedom, which make the 
adjustments very laborious. The adjust¬ 
ments not only must be so made that 
they introduce the required phase shift and 
ratio of transformation into the two se¬ 
quence networks, but they must also be 



made to satisfy two conditions which are 
satisfied automatically in the actual trans¬ 
formers, namely to give active and reactive 
powers on one side of the transformers 
equal to those on the other side. 

I wish to suggest a method of represent¬ 
ing a regulating transformer which obviates 
these difficulties of adjustment. In the 
actual regulating transformer the ph^ 
shift is produced by taking voltage front 
one phase and introducing it in series with 
another phase. A three-phase representa¬ 
tion could be used on the network analyzer. 
However, it is simpler to use a two-phase 
representation. A paper entitled “Two- 
Phase Co-ordinates of a Three-Phase Cir¬ 
cuit,” which I presented at the same meet¬ 
ing as the authors* paper (AIEE Trans- 
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ACTIONS, volume 58, 1939, pages 894-904), 
describes a set of substituted variables 
analogous to symmetrical components but 
different from them. Briefly, the positive- 
and negative-sequence networks of the 
method of symmetrical components are re¬ 
placed y two other substitute networks, 
called h x and y ne works, which jointly 


KVx' Fisure 2 



constitute a two-phase network equivalent 
to the original three-phase network after 
the zero-sequence currents and voltages 
have been abstracted from it. The equiva¬ 
lent circuit of the regulating transformer 
shown in figure 1 of the paper is given in 
terms of two-phase co-ordinates by figure 
1 of this discussion. An adjustable voltage, 
proportional to the shunt voltage of each 
network, is introduced in series with the 
other network; and since imder balanced 
conditions the x and y voltages are in quad¬ 
rature, this cross connection effects an equal 
ph^ shift in each network as shown by the 
vectors of figure 2 of the discussion. With 
balanced negative-sequence conditions, the 
phase shift produced by the equivalent cir¬ 
cuit is equal and opposite to that for posi¬ 
tive-sequence conditions. Since unbalanced 
conditions are equivalent to the superposi¬ 
tion of positive and negative sequence, the 
circuit also gives correct phase shifts under 
unbalanced conditions. Furthermore, the 
small inherent change in ratio produced by 
this type of regulating transformer when a 
phase-angle adjustment is made, is repro¬ 
duced automatically by this equivalent 
circuit. For representing a regulating trans¬ 
former with both phase-angle and ratio 
control, such as that shown in figure 7 of 
the paper, for example, autotransformers 
may be added to the output terminals of 
the X and y networks. Both these auto¬ 
transformers and the adjustable series trans¬ 
formers may be gang-operated, so that the 
number of adjustments to be made on the 
network analyzer is the same as that on the 
actual transformer plus adjustment of the 
series impedances Zi. 

The disadvantage of the network- 
analyzer representation just presented, for 
a study of balanced conditions, is that two 
networks (the x and y networks) must be 
set up instead of one (the positive-sequence 
network), requiring additional apparatus 
and duplication of g;enerator adjustments. 
For unbalanced conditions the same num¬ 
ber of networks are required in either the 
symmetrical-component or the two-phase 
method, but in the latter method both net¬ 
works contain generators. It is believed 
that in many cases the disadvantages stated 
will be more than offset by the ease of ad¬ 
justment of the circuit representing the 
regulating transformer. 

For paper calculations the symmetrical- 
component representation presented by 
the authors is definitely preferable, because 


the sequence networks of the transformer 
are independent. 


Edith Clarke (General Electric Company, 
Schenectady, N. Y.): In volume 49, AIEE 
Transactions, April 1930, page 819, I. H. 
Summers gave an equivalent circuit for a 
regulating transformer for voltage and 
phase-angle control. This circuit is not 
published under its own title, but is given 
as part of a discussion of the paper, “In¬ 
version Currents and Voltages in Auto¬ 
transformers,” by A. Boyajian. Since one 
would not expect to find the equivalent cir- 
cmt for a regulating transformer under tbtjs 
heading, it is not surprising that this valu¬ 
able contribution has not received the at¬ 
tention it merits. 

Mr. Summers’ equivalent circuit is a 
static delta in which the sum of the three 
branch impedances is zero. With this cir¬ 
cuit, a boost or buck in voltage and a for¬ 
ward or back shift in phase can be secured. 
Circuit base voltages may be the sami* or 
different, there is no restriction. When there 
is a shift in phase in the regulating trans¬ 
former, the resistance of one of the branches 
of the equivalent delta must be negative. 
This makes the circuit inconvenient for 
use on an a-c network analyzer, but offers 
no difficulty in an analytic solution. It is 
an ideal circuit for anal^ic work with sym¬ 
metrical components, since it can exactly 
replace the regulating transformer in each 
of the three sequence diagrams when excit¬ 
ing currents are neglected. 

It may be well to point out that the 
S 3 rmbol indicating division has been omitted 
between “Rated transformer kva” and 
“System base kva” in the equation (not 
numbered) tor x. 

It is customary to give transformer im¬ 
pedances in per cent based on their ratings; 
and for system studies, to express the im¬ 
pedances of the various circuits in per cent 
or per unit based on a chosen sj^tem 
kilovolt-ampere base and the base voltages 
of the individual circuits, determined at no 
load. The ifatroduction of ohms and the 
use of base impedances is unnecessary, if 
the following principles are applied: (1) 
With exciting current neglected, the im¬ 
pedance of a two-winding transformer in 
per cent is the same referred to either side 
of the transformer when based on the kilo¬ 
volt-ampere rating of the transformer and 
rated no-load voltages. (2) An impedance, 
in per cent on given kilovolt-ampere and 
voltage bases, can be expressed on new kilo¬ 
volt-ampere and voltage bases if it is multi¬ 
plied by the ratio of new to given base 
kilovolt-amperes and by the square of the 
ratio of given to new base voltage. 

By inspection, the impedance to the 
current in the output circuit of figures 1 and 
3, usings the notation of the authors, is 
i2p8% + Zvw%) based on the voltage of 
the V winding and the kilovolt-ampere rat¬ 
ing of the exciting and series transformers 
(assumed equal). Base current in winding 
V is base current of the output circuit; 
but base voltage of winding V is 
whereas base voltage of the output circuit 
is JVE». The ratio of the kilovolt-amperes 
of the output circuit to the kilovolt-am¬ 
peres of winding V is therefore the ratio of 
their base voltages. Expressed on the kilo¬ 
volt-amperes and voltage of the output 
circuit, making use of principle (2) above. 


the impedance of the regulating transformer 
in per cent is 

•s/Znifh 

N 

This impedance has been determined for the 
output circuit, but it can be put in the input 
circuit as Zi per cent without change. 
When base voltages are proportional to 
iV as in figure 46, the same per-unit current 
flows in both circuits, and therefore it is 
immaterial on which side of the ideal trans¬ 
former the per-ceitt impedance is placed. 

The impedances of all regulating trans¬ 
formers cannot, of course, be determined so 
readily by inspection as that of flgures 1 
and 3. Figure 7, for example, with its three- 
winding transformers is more complex, but 
by using a per-unit equivalent-circuit for 
the three-winding transformer, impedances 
for figure 7 and any of the other cases con¬ 
sidered, can be determined directly in per 
cent. 

It appears, therefore, that the authors 
could have reduced the length of their paper, 
and at the same time increased its useful¬ 
ness as a reference, if they had determined 
the impedances of the various types of 
regulating transformers they have con¬ 
sidered directly in per cent, instead of first 
in ohms as in appendix I, and then in per 
cent as in appendix II. 

When the positive- and negative-sequence 
impedances in the other circuits of the 
system under consideration are equal, solu¬ 
tion on the a-c network can be obtained by 
using a, jS, and 0 components, described in 
“Problems Solved-by Modified Symmetrical 
Components,” General Electric Review, 
November and December 1938, or by using 
X, y, z components described in “Two-Phase 
Co-ordinates of a Three-Phase Circuit” by 
E. W. Kimbark, AIEE Transactions, 
volmne 68, 1939, pages 894-904. 

Since the a and jS voltages in a balanced 
system are at right angles to each other, in- 
phase and quadrature components of volt¬ 
age corresponding to those of the regulat¬ 
ing transformer can be automatically intro¬ 
duced into both the « and jS circuits by the 
use of ideal transformers, and no readjust¬ 
ment is required during fault conditions. 
The connections of the a, and 0 (or the 
X, y, z) networks for various types of 
faults are given in the references cited above. 


W. A. Lewis: Mr. Garin points out that 
many of the properties of regulating trans¬ 
formers described or derived in the paper 
are not exclusive properties of regulating 
transformers or transformer combinations, 
but are frequently found in individual 
power transformers. The authors have 
recognized this, of -course, but the character¬ 
istics of individual transformers and their 
equivalent circuits have been covered by 
several authors in the past, and the effort 
in this paper was to discuss that phase of 
the general problem of transformer repre¬ 
sentation which had not been adequatdy 
covered heretofore. The methods of repre¬ 
sentation and analysis presented are believed 
to be adequate for attacking problems of all 
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types, and assume little previous knowledge 
except Kirchkoff's laws and the elementary 
principles of two- and three-winding trans¬ 
formers. 

Both Mr. Garin and Miss Clarke have 
criticized the length of the derivations. In 
so doing they have both implied that the 
desired objective was to derive the equiva¬ 
lent impedance of the regulating transformer 
in per cent, and that the steps given were 
believed by the authors necessary for that 
purpose. As a matter of fact the authors 
believe, for reasons stated in the paper, 
that less difficulty is encountered, and less 
confusion results, in complex cases, if the 
system study is carried out in ohms and 
volts rather than in per cent or per unit. 
The equivalent circuits have therefore first 
been derived in ohms and then converted 
to per cent for the benefit of that group who 
prefer to carry out numerical work in that 
form. Obviously, if the sole objective had 
been to derive the final results in per cent 
or per unit, it would have been much shorter 
to start with all quantities in that form and 
carry out the work directly in those units. 
For those who wish to carry all work in per 
cent, the principles enunciated by Miss 
Clarke will prove useful. 

Again, the length of any derivation de¬ 
pends upon the starting point and the as¬ 
sumed knowledge. Both Mr. Garin and 
Miss Clarke give shorter derivations for 
some of the results of the paper, but in so 
doing, they make use of derived principles 
which are assumed to be familiar to the 
reader. This paper was written primarily 
for engineers engaged in occasional system 
studies, and the experience of the authors 
has indicated that the principles so easily 
assumed by the discussers are not widely 


known. For example, Mr. Garin assumes, 
in discussing figure 7, that, since the cur¬ 
rents in windings S and T are in time quad¬ 
rature, the impedance between them will 
not appear in the formula. He further as¬ 
sumes that the remaining impedances, 
when converted to the corresponding kilo¬ 
volt-amperes, may be simply added. It is 
not at all apparent to the authors, and, we 
believe, to many of our readers, how these 
principles may be assumed without proof. 
In considering figures 9 and 10, for example, 
it is not at all apparent, without adequate 
derivation, that a single impedance is used 
for the positive-sequence impedance of 
figure 9c and that a T circuit must be used 
for the zero sequence of figure 9d. If the 
proofs for the principles so glibly stated 
to suit the case are supplied, and the 
results are worked out both for those who 
wish to work in ohms and those who wish 
to work in per cent, the authors believe that 
the derivations will not be substantially 
shorter than those given. Following the 
methods given, an engineer, not an expert 
in this particular field, confronted with a 
particular case, can proceed directly from 
fundamental principles to obtain the re¬ 
quired equivalent circuit. 

Mr. Giurin asks if the authors consider 
the circuit of figure 7 safe from the stand¬ 
point of the third harmonic. The examples 
selected for the paper were chosen primarily 
to illustrate the points discussed, rather 
than because they were widely used in 
practice. The circuit of figure 7, composed 
of single-phase units or three-phase shell- 
type units, would not be recommended 
unless it was permanently connected to a 
low-impedance return path for zero-se¬ 
quence fundamental and third-harmonic 


currents. Such a path might consist of a 
generator or s 3 mchronous condenser, having 
a low impedance to zero-sequence currents 
and permanently connected to the trans¬ 
former, so that the transformer was not in 
service unless the machine was also operat¬ 
ing. The machine neutral would also have 
to be connected to the transformer neutral 
with the minimum possible neutral imped¬ 
ance intervening. 

If the regulating transformer of figure 7a 
were composed of small-size three-phase 
core-type units, it would probably be safe 
from the standpoint of third harmonic cur¬ 
rents, but the zero-sequence circuit of figure 
7d would be modified by the zero-sequence 
properties of the core-type unit. 

Both Miss Clarke and Professor Kim- 
bark have pointed out the possibilities of 
using other components than the usual 
positive-, negative-, and zero-sequence 
components. The components suggested 
have both advantages and drawbacks. 
For their components to be used, it is neces¬ 
sary to assume that the positive- and nega¬ 
tive-sequence system impedances are every¬ 
where equal. Where main transmission 
circuits are of primary importance, the 
characteristics of the generators and other 
rotating machines are usually predominant 
and this assumption is not allowable. 
Furthermore, in stability studies, where 
generating sources must be maintained 
separate, the representation of each source 
in two networks instead of one often intro¬ 
duces more complication than it saves. On 
the other hand, in studying the distribution 
system, the characteristics of the generators 
assume less importance, and the advantages 
of the method suggested may outweigh its 
disadvantages. 
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An Automatic A-C Potentiometer and 
Its Application to the Nondestructive 
Testing of Insulating Equipment 

GEORGE KEINATH 

MEMBER AIEE 


T he importance of the measurement 
of dielectric loss for determining the 
quality of high-voltage equipment has 
been well known for a long time by the 
high-voltage-cable industry and its meas¬ 
urement has been included in the inter¬ 
national regulations for acceptance tests 
of cables. It was obvious that the same 
method that had been applied success¬ 
fully to cables could be used also for test¬ 
ing other high-voltage devices, such as 
transformers, bushings, etc. 

Shortcomings of the Present 
Method of High-Voltage Testing 
With System Frequency 

The short-time test with about twice 
the phase-to-phase voltage, as it is 
usually applied in routine tests, does not 
give any indication of what happens 
in the dielectric during the test. Many 
times the voltage stress during the test 
is so high that the object is partly dam¬ 
aged without, however, bresddng down 
completely. This kind of test corre¬ 
sponds to a mechanical test during which 
the maximum load is applied without ob¬ 
serving the deformation of the material 
as the test progresses. 

Disadvantages of the Thomas- 
Schering Bridge When Used 
for Insulation Testing 

The manual adjustment of the bridge 
takes too long a time for the usual high- 
voltage test lasting only about two min¬ 
utes, half of which is used for raising the 
voltage from a low value to test voltage. 
To obtain the characteristic diagram of 
power factor versus voltage and time, it 
would be necessary to take within these 
two minutes at least ten readings of 
capacitance and power factor, and half of 
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them at different voltages. Since this 
is impossible one has to be satisfied with 
a few readings at various voltages, with 
the highest one usually falling short of 
the maximum test voltage, because of the 
difficulty encountered in reading the in¬ 
strument at the maximum value where it 
becomes too unsteady. 

Principle of the New Automatic 
A-C Potentiometer 

Automatic d-c potentiometers, with 
very high sensitivity, have been known 
for a long time. Their original designs 
require 30 to 40 seconds for the pen to 
go from one end of the chart to the other 
because of the step-by-step adjustment 
by a mechanical contactor, which is very 
similar to the manual adjustment of a 


Figure 1. Schematic diagram of the automatic 
a*« potentiometer 


potentiometer. The late^ automatic d-c 
potentiometers are much faster and re¬ 
quire only about two seconds for full- 
scale deflection, but are more complicated 
and, therefore, more expensive to manu¬ 
facture. 

The a-c potentiometer must be pro¬ 
vided with two zero indicators, one for the 
active component of the current, and the 
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other for the reactive component. It 
must also have two adjusting devices 
which may consist of variable resistors, 
inductors, or capacitors, whose settings 
indicate directly the measured value in a 
way similar to the slide-wire contact of 
the d-c potentiometer. Most of the re¬ 
cording d-c potentiometers in actual serv¬ 
ice have a galvanometer used as zero 
indicator and a continuously running 
motor and chopper-bar attachment 
which changes the position of the slid¬ 
ing contact when the value to be 
measured has changed. For consider¬ 
able changes in value several steps 
are necessary for obtaining the final 
indication. 

An a-c potentiometer developed by 
Geyger is equipped with an entirely new 
element, namely zero motors which 
serves both as zero indicator and as 
motor for adjusting the sliding contact. 
As there are two adjustments to be made, 
one for the active and one for the reactive 
component, we must have two zero mo¬ 
tors, twQ sliding contacts, and two re¬ 
corder charts. 

Connection of the Potentiometer 

Figure 1 shows schematically a simple 
arrangement for testing a high-voltage 
capacitor Cx by the voltage E from the 


testing transformer Ti*. A standard 
capacitor of negligible power factor 
is also connected to the testing trans¬ 
former. In series with the capacitors 
are small resistors r* and fn, respectively. 
Furthermore, in parallel with and C* 
and their assoaated resistors there is a 
step-down transformer Td with two 
secondary windings feeding two slide 
wires. One, STFr, is in series with a 
resistor and the other, SWq^ is in series 
with a capacitor, resulting in currents 
and voltage drops which are in phase 
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and in quadrature, respectively, with 
the high voltage E, The bridge is 
iDalanced when the two points Bxf 
have the same potential. If this condi¬ 
tion is not fulfilled, we may change 
either resistance or capacitance until 
equilibrium is established or, what is 
actually done, we add or subtract volt¬ 
ages from both slide wires and read the 
values of power factor tan, 5 and change 
of capa^tance AC immediately from 
the position of the slide-wire contacts. 
This adjustment of active and reactive 
voltages in the bridge is done auto¬ 
matically by the two zero motors ZMr 
and ZMq. The voltage on the diagonal 
of the bridge, between the points B^ 
and Bny is impressed on an amplifier A 
with power supplied by the line voltage. 
The output voltage of this amplifier is 
connected to the current coils of the two 
zero motors, whose voltage coils are con¬ 
nected through a phase shifter Ph 
to the phase-to-phase voltage and phase- 
to-neutral voltage, respectively. In this 
way one of the motors ZM^ gives a 
torque only with the active component 
of the amplified current, the other with 
its reactive component. Any voltage 
existing between the points B^ and 
is amplified and feeds the motors, which 
move the contacts on the resistors SWr 
and SWc so that the voltage between 
the points 5* and B^ is more and more 
nearly compensated. When one of the 
components becomes zero, the corre¬ 
sponding motor ; stbps at once without 
overrunning. The position of the con¬ 
tacts on SWjt and indicates directly 
the power factor tan t and the change of 
capacitance A^C pi the material tested. , 

. i (j : 



Figure St. Recorder with built-in zero motor 
for moving the slide«wire contact and the pen 


Actual connections of the a-c poten¬ 
tiometer are somewhat different from 
figure 1. Voltage for feeding the two 
slide-wire resistors SWr and SWq is 
not taken from a special step-down trans¬ 
former but from a resistance in series 
with the standard capacitor The 
power required to supply the slide wires 
is so small that practically no additional 
error is involved. In some cases it may 
also be more convenient to replace 
the standard capacitor by a voltage 
transformer of very high accuracy. The 
standard capacitor is then connected to 
the secondary of this transformer. 

Properties of the 
Testing Equipment 

Both motors run with variable speed. 
When the voltage difference between 
the points B^ and is great, the speed 
is very high, about five revolutions per 
second, and becomes lower as balance is 
approached. Large deflections over the 
whole 260-millimeter (ten-inch) width 
of the paper are accomplished in not 
more than two seconds. The final setting 
of the contact and with it of the recorder 
pen is independent of line voltage and 
degree of amplification. Both factors 
influence only the speed but not the 
final results. The accuracy depends on 
the well-known elements of the a-c 
bridge, on the accuracy of the slide wires, 
the standard capacitor, the resistors r® 
and r„, knd the phase angle between 
input and output voltage, of the ampli¬ 
fier, The sensitivity is very high, the 
recorder giving the full deflection for two 
millivolts on the input; therefore, all 
precautions must be taken such as elec¬ 
tric and magnetic shielding, as for other 
highly sensitive a-c bridges. 

Construction 

The new recorder is of utmost sim¬ 
plicity. The zero motors are watt- 
hour-meter elements with standard volt¬ 
age coils and are special only in that the 
current coils have more than the usual 
number of ampere-turns. All other parts, 
including the slide wires, are the same as 
in other recorders of similar kind, but 
with the necessary shielding (figure 2). 
The slidmig contact is connected with the 
pen and in this way continuous diagrams 
of power factor and capacitance are ob¬ 
tained from the recorders. 

Sensitivity and Accuracy 

The sensitivity may be the same as 
with any other a-c bridge, and is limited 


only by the degree of perfection obtain¬ 
able in shielding the parts of the com¬ 
plete circuit, and by the accuracy of the 
standard resistors r* and and the 
capacitor For general testing work 
on bushings a range of five per cent for 
both power factor and capacitance is 
very useful, with changes of 0.1 per cent 
in power factor resulting in a deflection 
of 2.5 to 5 millimeters. For cable test¬ 
ing the range is adjusted to one per cent 
or even as low as 0.2 per cent, in order to 
detect sudden changes in capacitance or 
power factor in the order of 0.01 per cent 



Figure 3. Change of capacitance and dielectric 
loss during the test of a bakelite-paper bushing 
for SO-kv rated voltage 

Test voltage is 64 kv. Power factor is 0.75 
per cent up to 32 kv and rises to 1.2 per cent 
at test voltage; a very good result. Change 
of capacitance is about 0.3 per cent between 
line voltage and test voltage. Capacitance 
increases at almost the same voltage as ioniza¬ 
tion begins 



Figure 4. Same test on a bushing for 10-kv 
rated voltage and 42-kv test voltage 


The initial value of power factor is almost 
the same, 0.8 per cent, but above 24 kv 
the ionization Increases rapidly, the power 
factor at 43 kv being 2.25 per cent. The 
capacitance begins to increase at 26 kv; 
at 43 kv the increase is 1.2 per cent. Note 
slight, but definite, increase of both power 
factor and capacitance during the test 


or even lower. It must be understood, 
however, that these figures refer to sensi¬ 
tivity and not to accuracy. In this kind 
of test work it is not important to 
know whether the power factor is, say, 
0,42 per cent or 0.43 per cent absolute, 
but it is important to know whether 
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there was a sudden change of 0.01 per 
cent during the test. 

Advantage of a Continuous Record 
of Power Factor and Capacitance 

A continuous diagram gives much 
more information than spot readings 
plotted and connected to form a curve. 
It gives such details as small sudden 
changes in capacitance and power fac¬ 
tor occurring when there is a partial 
breakdown in the dielectric. These 
changes might never be detected by spot 
readings. 

Application of the A-C 
Potentiometer 

A record is very useful, wherever di¬ 
electric losses are measured versus volt¬ 
age or versus time with constant voltage. 
To record losses against voltage, we 
may move the paper not proportionally 
to time but proportionally to the volt¬ 
age (which is a special feature of this 
form of an a-c potentiometer by mov¬ 
ing the transport wheel of the paper 
instead of moving the recording pen) 
or one may raise the voltage of the 
testing transformer proportionally to 
time and move the paper chart in the 
usual way proportionally to time. The 
potentiometer is sensitive enough to 
give a reliable record with 20 per cent or 
even 10 per cent of the maximum voltage. 

Testing of High-Voltage 
Equipment, for Example Bushings, 
Transformers, Cables, Capacitors 

The voltage is raised proportionally 
to time up to test voltage and kept con¬ 
stant for the required time, usually one 
minute, while recording is done. Figures 
3 and 4 show the results of test on two 
bakelite-paper bushings. Figure 5 gives 
the results of testing a high-voltage cable 
for 20 hours with seven times rated volt¬ 
age and 50 per cenfovercurrent. In the 
beginning of the curve, during the first 
three hours, the line is thin and even. 
It shows the variations of capacitance 
and dielectric loss with temperature. 
Changes in capacitance, not observed at 
all by other methods, may sometimes be 
even more significant than changes in 
power factor. After a few hours the line 
becomes thicker and rippled, indicating 
that the setting of the zero motor is no 
longer stable, which in turn shows that 
deterioration of the insulation has begun 
and the destruction of the cable has been 
started. The initial range was 0-6 per 
cent, but had to be changed to 6-12 per 



W 15 16 SCALE D 

HOURS 

Speed oF paper chart 6p millimeters per hour. Durir >3 the first half hour, power factor goes 
down from 1.2 per cent to 0.5 per cent due to temperature influences/ capacitance changes 
only slightly, 0.1 or 0.2 per cent. After passing a minimum, both power factor and capacitance 
increase at the rate of about 0.5 per cent per hour. The diagram is first a thin line, but after 
more than one hour becomes thicker and rippled, showing deterioration of the cable during the 
test. With increasing losses the rise of tan 6 becomes more rapid, the range has to be changed 
several times until final breakdown occurs with about 20 per cent power factor and increase of 
capacitance. Note the unsteady line in the last two-thirds of the test, a sure sign of the coming 

breakdown 


cent and later to 12-18 per cent. The 
increases of both power factor and ca¬ 
pacitance are almost the same and rise 
rapidly until complete breakdown occurs 
after about 20 hours, without any dam¬ 
age to the instruments. Diagrams of this 
kind would provide excellent supporting 
data for any high-voltage test on cables 
as they give complete records of what is 
going on during the test. 

Value of a Continuous Record in 
Comparison With Spot Readings 

The continuous record, visibly written 
with ink on a paper chart, enables us to 
observe the whole test to see whether 
an 3 rthing abnormal is going on. If the 
power factor of a bushing or of a trans¬ 
former rises much faster than usual, the 
test may be stopped before the complete 
breakdown occurs, to give the device a 
better vacuum treatment for the next test. 

The entire diagram gives a picture of 
the relative strength of the object under 
continuous high-voltage stress. If the 
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ionization point is below the voltage be¬ 
tween the lines, the device tested cannot 
be considered as good for continuous 
service. But if at test voltage the power 
loss is unusually small and not much 
greater than at line voltage, indicating 
that test voltage could be maintained in¬ 
definitely, the insulation is-better than 
required. In this case either the insula¬ 
tion may be reduced or the same device 
may be used for the next rated standard- 
voltage. By intensive study of current 
and voltage transformers in this manner 
it was possible to reduce their weight to 
such an extent that a complete set of 
three current transformers and three volt¬ 
age transformers for 220-kv line voltage 
and 460-kv test voltage weighs only 12 
tons, resulting in considerable reduction 
of the price and in possibilities of much 
larger applications than with the much 
more expensive earlier designs. The re¬ 
cording and measuring of power factor was 
the only means of insuring in the labora¬ 
tory the absolute safety of operation which 
was confirmed later in manyyears of actual 
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service. Not one of all these transformers 
developed any electrical defect in the last 
12 years, although their weight was in 
many cases only one-fifth or even one- 
tenth of that of the earlier designs. Not 
only instrument transformers but also 
power transformers may be improved in 
this way, by testing all insulating parts 
separatdy in the first stage of develop¬ 
ment, to obtain a uniformity of insulation 
throughout the transformer. 

Testing of Insulators in the Field 

A test diagram taken with this appara¬ 
tus at the time of delivery of the insula¬ 
tors is an excellent means of detecting any 
subsequent changes in insulating quality 
during operation and is much better 
than spot checks often mside far below 
the actual line voltage. If it does not 
appear advisable to apply the full test 
voltage after three or five years of serv¬ 
ice, the insulators should be tested at 
least with line voltage. With a test 
voltage of not more than ten kv, as is 
used in many testing sets, it is possible 
only to detect wet bushings, but not 
bushings with ionization at some higher 
voltage. It is not possible within the 
scope of this paper to give a complete 
description of portable measuring sets, its 
purpose is only to attract attention to the 
mudi better information obtained from 
comparing diagrams for the insulator 
when new and after a period of service 
than from comparing figures. Even some 
temperature correction could be made 
automatically during the test, using 
temperature-sensitive standards for com¬ 
parison. 

It appears impossible to predict all the 
possible applications of the automatic a-c 
potentiometer. A number of European 
manufacturers are using it already in their 
test rooms, and some utility companies 
also are using it to test with it the high- 
voltage equipment prior to installation. 
In the opinion of the author it is in the 
interest of both manufacturers and users 
to complete the present method of test 
with a record which gives a clear picture 
of the uniformity and quality of the prod¬ 
uct. Potentiometer tests niade as de¬ 
scribed herein give a very good indica¬ 
tion of the subsequent behavior of the 
equipment in service with the possibility 
of checking changes of quality at any 
time later. 


Discussion 

George Keinath (in presenting the paper 
for discussion): In addition to my report, 
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I should like to tell you something about 
the history of this development. Some 15 
years ago the VDE (Verband Deutscher 
Elektrotechniker) raised the test voltage 
for 12-kv equipment from 30 to 42 kv. I 
did not like to have bigger and more ex¬ 
pensive instrument transformers designed, 
I wanted just to improve the insulation by 
applying another, in my opinion better, 
vacuum treatment of the high-voltage coils. 
Everything seemed to go well, the test 
voltage was raised from 30 to 42 kv without 
any trouble for the short time of the test. 
Trouble, however, started plenty about two 
months later, when the same transformers 
exploded in the power stations, one after 
the other. They were compound-filled 
and it is not necessary to describe the pic¬ 
ture. Very soon we found that the reason 
was the imperfect impregnation of the high- 
voltage coils, with the formation of nitrous 
gases inside the windings. It was easy to 
improve the process of impregnation, but 
with this experience I had lost all my con¬ 
fidence in the usual high-voltage test. At 
that time, however, 16 years ago, no better 
method for testing ciarrent and voltage 
transformers was existing, for testing with 
the a-c bridge at test voltage was im¬ 
possible. 

To be sure that the transformers would 
not be damaged by running with rated 
voltage, I made a type test with every new 
design, testing the transformer with the 
test voltage (42 kv for the 10-kv instru¬ 
ment transformer) not just one minute, but 
eight hours. This is certainly a very severe 
test, but I had no difiSculty with any oil- 
insulated transformer and it was never 
necessary to increase the dimensions. All 
new current and voltage transformers were 
tested in this way, for 110-kv line voltage 
with 240 kv, for 240 kv with 460 kv, during 
eight hours. The result was the entire 
elimination of all failures in actual service— 
the bad thing, however, was that some of 
the customers wanted this test made for all 
transformers ordered by them. 

Such an eight-hour test is very expensive 
and it will certainly not improve the in¬ 
sulating quality of the object under test. 
So I had to look out for a new method for 
suitable routine testing of transformers. 
This could be only a method which gave a 
record of the test—a diagram of the power 
factor and capacity change during the test. 
First we used a very sensitive wattmeter 
and later a vibrating mechanical rectifier 
and a d-c mirror galvanometer, and got a 
record of the active component of the ca¬ 
pacity current versus voltage and versus 
time on photographic paper. Diagrams of 
this kind already had proved very successful 
for the devdopment of new transformer de¬ 
signs, but the method was not good for 
routine testing of high-voltage equipment 
because the diagram had to be developed 
in the darkroom. So I decided six years 
ago to find a method to have the diagram 
written with ink on a paper chart during 
the short time of the ordinary voltage test, 
so that every change of capacity or power 
factor could be seen immediately and that 
the test could be stopped before the eventual 
breakdown was complete. 

This recorder is desdibed in my paper. 

It is for the greater part the work of my 
former colleague and collaborator Wilhelm 
Geyger, who dturing almost all his engi¬ 
neering time studied d-c and a-c potentiome- 
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ters and their application for the most 
different purposes. 

By using this recorder for testing all 
instrument transformers, and testing all 
their parts separately, I was able to reduce 
their dimensions more than anybody else 
tried to do before and afterward. I never 
did care for any “standards” regarding the 
dielectric stress as long as the power-factor 
record at test voltage was low, usually not 
more than two or three times the value at 
line voltage. Many designs originally in¬ 
tended for a certain line voltage have 
finally been used for 25 or 60 per cent 
higher rated voltage (of coturse with corre¬ 
sponding increase of fiashover distance), 
after it turned out that the test voltage 
could be raised so far without any trouble. 
The total weight of a 110-kv current trans¬ 
former which can be tested with 240‘kv 
during eight hours and which will finally 
break down at 350 kv after this test was 
reduced by-and-by to less than 1,000 
pounds. 

The 220-kv current transformer was 
finally built with a weight of only 3,600 
pounds; it was tested with 460 kv during 
eight hours and broke down with 650 kv 
after this test. Far more than 1,000 
current transformers of this design are in 
actual service in Europe and there has never 
been a single electrical breakdown on them 
in the field, after they had been developed 
to have low power factor not only at the 
rated voltage, but also at test voltage. It 
seems to me that this proves well enough 
that the new method of testing corresponds 
with the practical experience. This method 
has been adopted also by other companies. 
The Allgemeine Elektrizitaets Gesellschaft 
uses a diagram drawn with the present 
recorder for advertising their voltage trans¬ 
formers and their good insulating qualities. 


Eric A. Walker (Tufts College, Medford, 
Mass.): In the paper entitled ^'An Auto¬ 
matic A-C Potentiometer and Its Applica¬ 
tion to the Nondestructive Testing of 
Insulating Equipment,” Doctor Keinath 
has made a very definite contribution to 
the power-factor testing of high-voltage 
insulation. 

Engineers who must make power-factor 
tests have long realized the handicap im¬ 
posed by the time required to balance a 
bridge circuit, especially if several guard or 
shield circuits must be balanced in addition 
to the principle bridge. Very often when 
testing used insulation, such as oil from cir¬ 
cuit breakers or cellulose insulation which 
has been contaminated by moisture, the 
characteristics are not the same at the be¬ 
ginning, of the test as when the test has 
been completed. For this very reason, 
wattmeter sets, with adequate shielding and 
correction factors to account for PR losses 
in the circuit, have considerable merit. 
By means of such a device a curve can be 
plotted point by point. .In this paper, 
however, we are presented with a device 
which not only shortens the time required 
to make an observation but even auto¬ 
matically records that observation. 

There are several points which the author 
might explain in more detail. First of all, 
must the standard capacitor Cn of the 
author's figure 1 have approximately the 
same capacitance as the object being tested? 
If not, what preliminary adjustments must 
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be made before the potentiometer is ready 
to start a recording? 

In a later paragraph the author speaks 
of an application to the .testing of insulation 
in the field. We all know that most de¬ 
vices in the field which may be power-factor 
tested have one electrode grounded, such 
as the flange of a bushing or the tank of a 
transformer. This fact would reqtiire some 
changes in the wiring diagram of figure 1. 
Not only must the position of the ground 
shown in this figure be changed but the 
system of shielding must be modified. 
Moreover, unless a preliminary balance is 
made, which is what the author is trying to 
avoid, the shielding must be such that the 
capacitance which is then connected in 
parallel with the measuring means does not 
change as the physical position of the trans¬ 
former, the high-voltage conductor, and 
other parts of the circuit are changed. 
This is one of the factors which makes the 
testing of grounded equipment rather diffi¬ 
cult. 

I would also like to ask the author what 
the response of the instrument will be if one 
attempts to make measurements in a strong 
electrostatic field? It is perhaps well- 
known, that when making dielectric loss 
measurements in the field, the currents in¬ 
duced in the circuit by electrostatic coupling 
between the object being tested and nearby 
energized wires are quite large. Although 
such currents may not seriously affect the 
capacitance balance of the bridge, their 
phase angle may be such that the power 
factor indicated is several times the true 
power factor. Indeed, negative power- 
factor indications are quite possible. Such 
erroneous values can hardly be avoided by 
shielding because it is highly impractical 
to attempt to shield a power transformer 
or circuit breaker in a congested substation. 

In field testing, magnetic interference 
cannot be entirely neglected for one might 
be called upon to test a device which is near 
conductors carrying large currents. 

One solution, of course, is to use a test 
voltage of different frequency from that of 
the interfering voltages or currents. Such 
a scheme is impractical for large devices be¬ 
cause of the cost of generating equipment. 

It is quite possible that further develop¬ 
ment is required before the device is adapted 
to the field testing of insulation, but there is 
no doubt about its value as a new labora¬ 
tory tool. 


P. L. Betz (Consolidated Gas, Electric 
Light and Power Company of Baltimore, 
Baltimore, Md.): The paper that has just 
been presented is of considerable interest to 
those engaged in dielectric testing. There 
are, however, several suggestions as to con¬ 
tent that I would like to make. I have in 
mind a group of papers on dielectric testing 
which at first glance appears to give a com¬ 
plete story, yet, on closer consideration, 
one realizes that no paper in the group 
given a complete circuit diagram which in¬ 
cludes the shielding arrangements. I should 
like the author of this paper to include in his 
printed closing discussion a circuit diagram 
of his bridge that shows the actual shielding 
circuits, and the actual circuit means for 
supplying voltage for the two slide-wire re¬ 
sistors SWr and SWo> In the case of the 
shield circuits, what preliminary balancing 
is necessary and does this balance, made at 


a given voltage, apply for all of the other 
values of test voltage? 

I woifid also like to ask the author for a 
comparison of the power factor measure¬ 
ment obtained with his bridge, and those 
obtained by means of a Schering bridge. 


L. J. Berberich (Westinghouse Electric and 
Manufacturing Company, East Pittsburgh, 
Pa.): Doctor Keinath has described a 
very ingemous device for continuously re- 
cordmg power factor and capacitance 
change. In some insulation-testing ap¬ 
plications it c^tainly has some advantage 
over the spot-reading procedures that 
must be used with the conventional bridges. 
The extent of the application of the device 
will, however, be strongly influenced by the 
cost of the equipment. We would appre¬ 
ciate it, therefore, if Doctor Keinath would 
give us some idea of the cost of the equip¬ 
ment necessary in order to transform a con¬ 
ventional power-factor bridge into one that 
records automatically. 

In some of his earlier papers, Doctor 
Keinath suggested the use of automatic 
power-factor recording devices for testing 
the insulation on the stator windings of 
high-voltage generators. We believe that 
no power-factor method is satisfactory for 
testing the older machines, in which the 
contact between stator core and the outer 
surface of the coil insulation may not be 
definite. In the later machines, steps 
have been taken to make thi*; contact 
definite and suppress all corona discharge 
that may form between the coil surface and 
stator slot and in these cases a test showing 
the power-factor behavior with voltage may 
have some value. In the older machines, 
however, a sharply rising power factor 
with voltage may be caused by either in¬ 
ternal ionization or ionization between 
outer coil surface and slot. There is no way 
to distinguish between these and this is one 
of the problems that makes nondestructive 
testing of generator insulation diffietdt. 


H. R. Richardson (Consolidated Edison 
Company of New York, Inc., New York, 
N. Y.): The recording a-c potentiometer 
described in Doctor Keinath’s paper is of 
interest to the user of electrical insulating 
equipment in that continuous curves show¬ 
ing the trend and variations of power factor 
and capacitance with voltage or temperature 
against time are easily obtained. The 
record pf momentary fluctuation of these 
quantities is of interest but I wonder if it is 
significant, especially in the case of oil- 
or compound-filled cables or bushings where 
small localized trouble spots are self-healing. 

As this circuit is similar to the Dawes- 
Hoover high-voltage bridge with the ex¬ 
ception of using a capacitor in the slide- 
wire circuit in place of a mutual inductor to 
obtain the quadrature balancing voltage, 
I presume that the shield and guard poten¬ 
tials must be adjusted in the same manner 
for this bridge as for the Dawes-Hoover 
bridge. 

I would be interested in more detail as 
to the method of changing the range of this 
bridge. In particular, which resistor is 
changed and can this be done while the 
circuit is alive and the recorder in opera¬ 
tion? Where the power factor is in the 
order of 20 per cent, as shown in figure 6 of 


the paper, would the accuracy of the briej^^ 
be seriously affected by this method of 
creasing the range? 

Also, is a fixed phase shifter used to suppi 
the fields of the zero motors? If so, whci.% 
provision is made for a preliminary manuti^ 
balance to assure the user that these fiel<l J* 
are in the correct phase relation to 
components of the imbalanced bridge cur¬ 
rent, especially as regards possible phas=;«t.* 
defect between line voltage and bridge de-.. 
tector voltage? 


W. F. Davidson (Consolidated Edison Cou^ ^ 
pany of New York, Inc., New York, N. Y.> : 
It was my good fortune during the past 
summer to have an opportunity to see irx 
operation some of the recorders described 
in this paper. Of particular interest was 
demonstration of the precision and speed of 
response. This was made by arranging xx 
test sample so that small resistances migHt 
be inserted in series to increase the loss ixj. 
power factor by a predetermined amount or 
so that small capacitances could be cox%^ 
nected in parallel to cause an abrupt but 
definite change in the capacitances. For ozic^ 
set of tests, the full-scale power factor 
two per cent while the scale in the capaci - 
tance element was such that atwoperceai: 
change represented the full range of tlxt* 
record. In both cases, the response was so 
rapid that it was impossible without the aid 
of ^edal instruments to detect any tim^^b 
lag and at the same time there was no over- 
travel. Also, the power-factor record wgl& 
entirely independent of the capacitanee 
record and conversely the capacitance wa.5; 
influenced by changes in power factor. 

My own experience during a good 
years of testing insulation, particularly in 
high-voltage cables, has convinced me thsLt: 
a continuous record would reveal much in- 
formation of decided value. This would l>€^ 
doubly true if the time scale could 
sufficiently expanded so as to reveal rapid 
changes whidi escape detection whexa 
manually operated bridges must be resorted 
to. 

A somewhat disturbing featture at tbe 
moment* is the high cost of the equipment. 
Recently, I was given quotations on equip¬ 
ment to be imported from Germany and the^ 
figure was so high as to make it almost 
prohibitive, but this does not appear to be 
an unsurmountable obstacle. 


A. J. Williams, Jr. (Leeds and Northrup 
Company, Phfladelphia, Pa.): DoctOT 

Keinath’s solution to his problem is most 
interesting. As I understand it, with onlj^ 
a limited amount of time to m^e -tests oia 
each piece of equipment, he arranged to 
collect the maximum amount of information 
in the’ time that was available. He did 
this by placing a recorder on watch to 
make a record of the two principal facto^ 
throughout the whole time. Before thi^ 
was done, the question might have been 
raised whether the extra information was 
helpful, but the end result obtaineci» 
namely, the production of smaller and 
more reliable equipment, seems to answer 
this question. 

‘ Doctor Keinath mentioned definitely 
that the gain of the amplifier does nor 
affect the accuracy. It appears also thar 
any phase shift in the amplifier would nor 
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affect the accuracy since at balance nothing 
comes through the amplifier anyway. This 
independence of phase shift is not general 
for power-factor measurement, but is 
definitely restricted to null measurements. 

In connection with errors from the am¬ 
plifier, it is possible that two or more upper 
harmonics from the bridge might, as a 
result of modulation in the amplifier, 
produce some input into the zero motor at 
fundamental frequency. This would re¬ 
sult in a false shift in the balance position 
of the recorder. Although this type of 
error is not often encountered, the recorder 
described would be somewhat susceptible 
because of the high power level to which the 
amplification is carried, hence the greater 
chance for modulation. 

It is most interesting that Doctor Keinath 
has been able to arrange his circuits so that 
balance of both components can be ob¬ 
tained by the use of slide-wires (rather than 
decade switches), which lend themselves 
to simple recorder construction. 

In closing this discussion, I would like to 
ask: 

(a). What was the approximate size of the slide- 
wires? 

(fc). What gearing was used between the zero 
motors and the slide-wires?' 

(c). ^ Are the power-factor pen and capacitance 
pen in the same or separate recorders? 

1 

Frank C. Doble (Doble Engineering Com¬ 
pany, Medford Hillside, Mass.): The paper 
by Doctor Keinath makes an interesting 
contribution along a line of investigation 
that needs attention in factory practice 
and one that should prove to be valuable 
to the manufacturers of electrical insulated 
equipment. 

As a matter of general interest, it may be 
worth while to call attention to a statement 
in his paper under the subheading "Testing 
of Insulators in the Field,” as follows: 

With a test voltage of not more than ten kv, as 
is used in many testing sets, it is possible only to 
detect wet busUngs, but not bushings with ioniza¬ 
tion at some higher voltage. 

This Statement will bear careful analysis 
because "in the field” brings to mind 
routine tests on equipment as installed in 
operating position, whereas, the test de¬ 
scribed in the paper is more properly a 
manufacturer's test on new insulation at the 
factory. 

In this country, nine years* experience 
with 10 kv for hundreds of thousands of 
field tests on insulation of all voltage ratings 
from 11 kv to 220 kv, inclusive, indicates 
that a 10-kv test is entirely adequate to 
show practically all forms of deteriorations, 
including the effects of moisture and corona, 
before they become immediate failure haz¬ 
ards. 

It appears that in foreign practice there is 
a feeling that ten kv can not find, in .time 
to prevent a failure, deterioration due to 
ionization, present only at or near operating 
voltage which might be several times ten 
kv. Without doubt, this belief is due to 
the fact that outside of the United States a 
very limited number of field tests on electric 
power equipment have been made at any 
voltage. Inexperience with actual ten- 
kv field tests accounts for the opinion still 
held by a few United States engineers that 
field tests at operating voltages are indis¬ 
pensable. 
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In American practice, there are numerous 
examples of actual failures on all operating 
voltages that were predicted by a ten-kv 
test. The case history of a 220-kv bushing 
failure which was predicted by a 10-kv 
test is available, together with similar data 
for all other operating voltages. 

Moreover, ten-kv tests, properly applied 
to parts of a bushing, will reve^ certain 
types of serious faults that would not be 
found by an over-all applied voltage up to 
or even greater than the normal operating 
voltage of the equipment under test. 

We have records of approximately 1,000 
tests made on solid-t 3 rpe bushings at least 
ten years old at a test voltage equivalent to 
IV 2 times normal line to groimd voltage. 
Very thorough investigation involving bush¬ 
ings dissected at the manufacturer’s labora¬ 
tory failed to disclose evidence of a serious 
failure hazard that would not be found by a 
ten-kv test in time to prevent failure in 
service. 

A further point to consider regarding high- 
voltage testing in the field is that many 
extraneous losses inherent to high-voltage 
equipment but not causing deterioration 
might be present in a volume as great as a 
real defect that should be foimd. It ap¬ 
pears that the disadvantage of these extra 
losses more than offset the apparent ad¬ 
vantages of testing in the field at voltages 
higher than ten kv. 


George Keinath: In answering Mr. 
Walker's question, I should like to say that 
the standard capacitor may have almost 
any capacity. Actually the following are 
used: 

between 

100 and 2,000 volts—50,000 microtnicrofarads 

1,000 and 20,000 volts— 2,000 micromicrofarads 

5,000 and 250,000 volts— 100 micromicrofarads 

20,000 and 500,000 volts— 50 micromicrofarads 

There has to be a preliminary adjustment 
to bring the pen into the chosen range of 
the recorder, so that the width of the paper 
is. utilized, as it should be, only for the 
expected change of capacity which is 
usually approximately the same as the power 
factor. 

Of course the wiring diagram has to be 
different if the capacitor to be tested is 
grounded with one electrode. 

The infiuence of electrostatic and electro¬ 
magnetic fields on the bridge is the same as 
in any other bridge and for high sensitivity 
shielding has to be very effective. I was 
describing only a new device for an auto¬ 
matic a-c potentiometer recorder and all 
this could not help in the least to avoid diffi¬ 
culties as they arise with any a-c bridge. 

Mr. Richardson is absolutely right if he 
says that with the measurement of power 
factor on a large object one cannot easily 
detect localized trouble spots. Even when 
the loss on this spot increases perhaps 
100 per cent or more in comparison to the 
loss in the same area in the good parts of 
the object, this may be less than 0.1 per 
cent of the total loss in the capacitor. 

Just as the shielding, this has nothing to 
do in principle with the automatic a-c 
potentiometer, but refers to the value of 
power-factor measurements in general. 
Actual experience, however, has shown that 
with a continuous record one can detect 
small partial breakdowns in the dielectric 

Kemath—Automatic Potentiometer 


much better than by making spot tests. 
According to the sensitivity you have 
chosen, and which for a cable test well might 
be five inches for one per cent power-factor 
change, you can easily see a change of 0.01 
per cent power factor by a sudden break 
of the line, at the same time mostly also 
on the capacity curve. On a hand-set 
bridge, however, you cannot rely on such 
small changes generally and you do not 
know whether you have a sudden break, 
or a slow rise which might be caused by 
increase of temperature. Naturally, if 
the trouble spot is too small in comparison 
with the whole capacitor area, you will 
not find it, even with the most sensitive 
recorder. On smaller objects, on bushings 
or transformers, partial breakdown due to 
defective spots is easily detected by a sud¬ 
den break of the line. Some time ago, I 
published a number of diagrams taken 
with the photographic recorder which I 
already have mentioned. 

The range of the recorder is changed by 
adjusting the tappings on the resistors on 
the grounded side. This is done while 
the circuit is alive and the recorder in 
operation. When the power factor is as 
high as 20 per cent, there is always not 
much accuracy left because the capacitor 
is very near breakdown. In these last 
minutes or perhaps hours of capacitor life 
you have a large amount of higher harmonics 
which take part in the development of heat. 
I cannot give data for the accuracy under 
such circumstances, but I think it would 
not be important if the actual value were 18 
per cent instead of 20 per cent. It seems 
to me that the absolute value of power factor 
and capacity are always of much less im¬ 
portance than the recording of the smallest 
changes of same, hitherto not observed with 
spot readings. 

In itself, the change of the range for 
power factor or capacity by adjusting the 
resistances, is as accurate as it should be, 
depending only on the accuracy of the re¬ 
sistors. 

The phase shifter which supplies the cur¬ 
rent for the zero motors is set before the 
test. It is not necessary to readjust it dur¬ 
ing the test, even a considerable phase shift 
between the voltages in the three-phase 
supply, several degrees, could not affect 
the bridge. 

I am much obliged to Doctor Davidson 
to give a report on his personal impression 
when he saw the recorder in my former 
laboratories in Berlin. 

Repl 3 dng to Mr. Berberich, I would 
say that a number of the recorders actually 
in use have been designed and delivered as 
a supplement to old a-c bridges with vibra¬ 
tion galvanometers so that the recorder 
always may be checked with the old bridge 
wiring. For high voltage, for more than 
200 kilovolts, the standard capacitor is the 
most expensive part of the whole equipment. 
The new parts comprise the recorders, am¬ 
plifiers, and some resistors, the cost of same 
may be between $2,000 and $3,000, prob¬ 
ably less, if they would be manufactured in 
this country. 

I admit that some time ago I hoped to be 
able to get good information by the power- 
factor testing of generator coils. However, 
as I said in my paper, the power factor itself 
can nev«" g^ve by its numerical value any 
reliable indication of the quality of the in¬ 
sulation. Five per cent may be very good 
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for a generator, but it is very bad for an oil- 
insulated coil. But, if you have either 
records of several generators of the same 
kind or of the same generator under differ¬ 
ent conditions, for example, after several 
years of service, you may be able to deduct 
important information on differences and 
changes of the power factor-voltage and 
capacity-voltage curves at approximately 
the same temperature. I have tried to 
develop a recorder which gives a continuous 
curve of the dielectric losses in a generator. 
I could not finish this work, because too 
many considerations had to be taken be¬ 
fore a suitable generator in one of the big 
power stations of Berlin could be selected 
for this test, but I still think that this 
would give a very good picture of the tem¬ 
perature inside the windings of the genera¬ 
tor, so that it could be run not to a maximum 
temperature, but to a maximum dielectric 
loss. Excessive dielectric loss destroys the 
insulation and brings down the breakdown 
voltage. The fact that it rises very fast 
with the temperature makes the measure¬ 
ment more sensitive than the measurement 
of temperature with thermocouples. 

To answer Mr. Betz, the limits of ac¬ 
curacy in general are given by the a-c 
bridge; for the recorder they are given by 
the accuracy of the slide-wire calibration 
and by the accuracy of the mechanical 
parts used for the transmission. Perfect 
shielding is just as necessary as with any 
other a-c bridge and the necessary shielding 


is not typical for the automatic potentiome¬ 
ter, therefore I did not give details about 
the shielding. The voltage for the slide- 
wire is actually supplied from the standard 
capacitor, so that it is not necessary to have 
a step-down transformer for the test volt¬ 
age. 

Mr. Doble has objected to my statement 
that for high-voltage testing of bushings a 
higher voltage than ten kv should be used. 
There is no doubt about the excellent work 
Mr. Doble has performed with his method. 
He can claim that he has reduced to a great 
extent the number of failures due to bad 
bushings, but it seems to me, that only in 
exceptional cases he has tested the same 
bushings with a higher voltage too. I ad¬ 
mit that I have no practical personal ex¬ 
perience with tests in the field, but I have 
tested a number of bushings in the labora¬ 
tory and we have found that some of them 
were perfect at ten kv, but had consider¬ 
able ionization at line voltage. It seems 
to me that such bushings should be elimi¬ 
nated at once and not put in service until 
the deterioration is so much advanced that 
also the test at ten kv shows up the trouble. 
I do not think that there is much difference 
in behavior, besides the fact that a part of 
the humidity evaporates after bringing the 
bushings into the warm laboratory. 

It seems to me that a diagram with vary¬ 
ing voltage gives much more information 
than a single point, especially when it is 
compared with the diagram at the time of 


delivery. I think that Mr. Doble^s method 
could be very much improved in this way* 
If it should come to the weight of the testing 
equipment, I should say, that I had de¬ 
veloped on the other side testing trans¬ 
formers with a very small weight, so that 
even an equipment for 160- or 200-kv test 
voltage could easily be transported with a 
light truck. I am sorry not to agree with 
Mr. Doble when he states that the dis¬ 
secting of bushings never disclosed failures 
that would not also be found by a ten-kv 
test. We found corona traces on 60-kv 
bushings with a perfect 10-kv record. 

I am much obliged to Mr. Williams to 
tell me that even a phase shift in the ampli¬ 
fier does not affect the accuracy of the 
measurement. The zero motor is prac¬ 
tically tuned to the fundamental wave,, 
because the current in the voltage coil has 
an almost pure sine shape and does there¬ 
fore not respond to the higher harmonics 
eventually produced by the amplifier* 
We have made special tests and found that 
even 100 per cent third and fifth harmonic 
did not change the indication. 

To answer Mr. William's questions: 

(а) . The slide-wire is of the toroid type and about 
six inches long. 

(б) . The transmission between the slide-wire and. 
the motor is done by a metallic ribbon. 

(tf). The two zero motors and the two pens may 
be either in one or in two recorders, depending, 
on the width of the recording diagram desired. 
Actually both types of recorders are used. 
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Two-Phase Co-ordinates oi a 
Three-Phase Circuit 

EDWARD W. KIMBARK 
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I N RECENT years ^ere has been an 
increasing interest in the use of sub¬ 
stituted variables in the anal)rsis of un¬ 
balanced three-phase circuits and ma- ‘ 
chines. The best known and most widely • 
used of the substituted variables are 
S3rnmietrical components, introduced by 
Fortescue^ in 1918. ‘ In the method of 
symmetrical components the actual cur¬ 
rents and voltages of the three phases of a 
three-phase circuit are replaced by the 
zero-sequence, positive-sequence, and 
negative-sequence currents and voltages, 
and, furthermore, the three-phase cir¬ 
cuit itself is replaced for purposes of an¬ 
alysis by three fictitious single-phase cir¬ 
cuits known as the sequence networks. 
This method has achieved extensive use 
in the anal)rsis of polyphase machineiy 
and in the making of fault studies on 
three-phase power systems. Another ex¬ 
ample of substituted variables is furnished 
by the direct-axis and quadratxure-axis 
quantities as defined by Park* in 
1929, which have greatly facilitated the 
mathematical analysis of salient-pole 
synchronous machines. 

This paper deals with a new set of 
substituted variables, which will be 
found simpler to use than S3rmmetrical 
components in the anal 3 rsis of certain 
types of unbalanced three-phase circuits. 
The new variables are related* both to 
symmetrical components and to the 
direct- and quadrature-axis quantities, 
but are different from dther. They were 
used by Park and Skeats,^ by Clarke, 
Weygandt, and Concordia,* and by 
Stanley® in the anal 3 rsis of transient prob¬ 
lems; and have been devdoped by Mhs 
Clarke^*® for use in steady-state prob¬ 
lems. They have been called “modified 
S3amnetrical components^ or “a-/5 com- 

Paper number 39-96, recommended by the AIBE 
‘Committee on basic sciences, and presented at the 
AIBB North Eastern District meetingr, Springfield, 
Mass., May 8-5, 1939. Manuscript submitted 
July 26,1938; made available for preprinting March 
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ponents”; but the author believes that 
they are of sufficient importance to merit 
a more distinctive name, and proposes 
the name “two-phase co-ordinates (or 
components)” as an appropriate one, be¬ 
cause the three-phase circuit to be ana¬ 
lyzed is replaced by an equivalent two- 
phase circuit and a single-phase circuit 
similar to the zero-sequence network. 

The purpose of this paper is to provide 
a comprehensive and systematic deriva¬ 
tion of the equations and equivalent cir¬ 
cuits in two-phase co-ordinates of all the 
usual three-phase circuit elements such as 
series and shunt impedances, open cir¬ 
cuits and short circidts, transformer 
banks, and transmission lines. This 
material, whidi will be found in the ap¬ 
pendix, is preceded by a short discussion 
of the properties of two-phase co-ordi¬ 
nates and by several examples of their 
application. 

Definition of Two-Phase 
Components 

The two-phase components of current 
(Isf 4, and of voltage (F^?, Vy, F,) are 
defined as follows in terms of the phase 
currents (Ja, 4,4) and the phase voltages 
(Fa, F„ F,): 

4 “(2/a-4-4)/3 
ly « (4 - 4)/\/3 
4 - (4+4+4)2/3 

V, - (2Fa - F, - Vc)/S 
Vy - (F, - Fj)/V5 
F. « (F« + F> + Vc)/Z 

Note that the expression for 4 differs from 
that for Vz by a factor 2. 

If equations 1 and 2 are solved for the 
phase quantities in terms of their two- 
phase components, the following expres¬ 
sions are obtained: 

4 « 4 + Wz ) 

h - -Vr4 - (VS/2)4 + V»/^ \ (3) 

4 - -Va4 + (VS/2)4 +7*4 ) 
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- V, + F, ) 

F, - -V«F, - (V5/2)r, + V, V ( 4 ) 
Vc - -‘AF, H- (V5/2)F, + V, ) 

The current and voltage S 3 anbols in 
equations 1 to 4 may represent either 
instantaneous values (real numbers) or 


steady-state values (complex numbers ,or 
vectors); however, the use of steady-state 
values only is considered in this paper. 


Relation of Two-Phase Components 
to Symmetrical Components 


By substituting into equations 1 and 2 
the usual expressions for phase currents 
and voltages in terms of their symmetrical 
components, we obtain the following ex¬ 
pressions for two-phase components in 
terms of symmetrical components: 

4 =4+4 

4 =7(4-4) 

4 =24 

F* = Fx + Vi 

Vy «j(Fi - Vi) 

Vz = Fo 

where subscripts 0, 1, 2 denote zero¬ 
positive-, and negative-sequence com¬ 
ponents, respectively. The x current 
and voltage are equal to the sum of the 
positive- and negative-sequence com¬ 
ponents, and the y current and voltage 
are equal to the difference of the positive- 
and negative-sequence components, mul¬ 
tiplied by The z voltage is the zero- 
sequence voltage, but the z current is 
twice the zero-sequence current. 

Imagine a balanced set of three-phase 
currents of positive sequence. Their 
negative-sequence component, 4, is zero. 
Their two-phase components are given by 
equations 5 as 4 4 and ly =: jh^ which 
denote balanced two-phase currents of 
phase order y, x, (The phase angle be¬ 
tween 4 and 4 is the same as that be¬ 
tween the conventional positive directions 
of the X and y axes of a rectangular co¬ 
ordinate system.) If, on the other hand, 
the three-phase currents are of negative 
sequence, their two-phase components 
are given by equations 6 as 4 — 4 and 
4 "’74, which denote balanced two- 

phase currents of phase order x^ y. 

The S3ntnmetrical components in terms 
of two-phase components are: 



4 

4 

4 

Fo 

Fi 

F, 


V2 


(A -iA)/2 

\ w 

(A+ir,)/2 

) 

F, 

) 

(F.-iF„)/2 

[ (8) 

(F. +iF,)/2 

) 


Relation of Two-Phase Components 
to Direct- and Quadrature-Axis 
Quantities 


The direct-axis current, 4» and the 
quadratture-axis current, are defined as 
follows in terms of the instantaneous 
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Fi 0 ure 1 . Equivalent circuit in two-phase 
co-ordinates of a phase converter taking 
single-phase power and supplying three-phase 
power through a series transformer in wires b 
and c to a three-phase induction motor 
(problem 3) 
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Figure 2. Equivalent circuit for series im¬ 
pedances (aX and/ when joined to (b), for 
wye-connected shunt impedances 


directly by combining electrically the 
two-phase compon^ts existing in net¬ 
works set up on a calculating board. 


armature phase currents (4> 4> 4) of a 
synchronous machine: 

4 “ (2/3) 14 cos 0 -1-4 X \ 

cos(6^ — 120®)-1-Sc cos (fi + 120®)] ( /gv 
-4 “ (2/3) [4 sin ^ + ij, i 

sin (e - 120®) + 4 sin (0 + 120®)] / 

where d = electrical angle between the 
magnetic axis of phase a and the direct 
field axis, varying with time. If we put 
^ = 0 in equations 9, the expressions for 
4 and —4 become equal respectively to 
those for Ix and ly in equations 1. A like 
relation holds for voltages. 

The direct- and quadrature-axis cur¬ 
rents, 4 and 4> give magnetomotive 
forces on two axes in space quadrature 
and fixed with respect to the field struc¬ 
ture, while the two-phase components of 
current, and Jy, give magnetomotive 
forces along axes in space quadrature 
and fixed with respect to the armature. 
If the two-phase components, and Jy, of 
given three-phase currents, la, h, and Ic, 
flow in the windings of a symmetrical two- 
phase machine, they produce a space- 
fundamental magnetomotive force pro¬ 
portional to that produced by the given 
three-phase currents fLowing in the 
windings of an equivalent threerphase 
machine. Furthermore^ the electromo¬ 
tive forces induced in thie windings of a 
two-phase machine by a given space- 
fundamental magnetic flux density are 
proportional to the two-phase compo¬ 
nents, Ex and Ey, of the electromotive 
forces, Ea, £», and Ec, induced in the 
wmdings of the equivalent three-phase 
machine by the same flux density. 

Physical Interpretation of 
Two-Phase Components 

Examination of equations 3 brings out 
the physical meaning’of the two-phase 
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components of current. Suppose that 
current component Ix is present alone, 
ly and 4 being absent. The actual cur¬ 
rents are then found by setting ly and 2, 
equal to zero, which gives: 

h “2* 2, « 2c « -Ix/2 (10) 

That is, lx is a current which flows out 
on conductor a and returns equally di¬ 
vided between conductors h and c. 

Again, suppose that ly is present alone. 
Putting 2ic » 2* * 0 in equations 3 gives: 

2a - 0 ic = -26 - (V3/2)2y (11) 

That is, 2y is a current flowing out on con¬ 
ductor c and back on conductor h. It 
does not flow in a, 

2*, of course, has the well-known char¬ 
acteristics of zero-sequence current. 

Measurement of Two-Phase 
Components 

The two-phase components of current 
and voltage in a three-phase circuit may 
he measured by ammeters and volt¬ 
meters connected to the three-phase dr- 
cult through groups of instrument trans- . 
formers, thie connections and ratios of 
which may be determined from inspection 
of the coef&dents in equations 1 and 2. 
Since the coeffidents are real, no imped¬ 
ances need be employed, as in the meas¬ 
urement of positive- and negative- 
sequence quantities, to shift phase. 

If 2, is known to be absent, Ix is equal 
to la and may be read on an ammeter in 
line a. Vx is proportional to the reading 
of a voltmeter connected from line a to 
the mid-point of an autotransformer or 
drop wire connected between lines h 
and c. Vy is proportional to the voltage 
between l^es h and c. 

Equations 3 and 4 indicate how the 
phase currents and voltages can be read 
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Expression for Power in Terms of 
Two-Phase Components 

The total complex power (usually called 
“vector power”) of a three-phase circuit 
is given by 

P +jQ «la conj Va 4- h conj Vj, + 

U conj n (12) 

On substituting equations 3 and 4 into 12, 
the expression for complex power of a 
three-phase circuit is obtained in terms 
of two-phase components: 

JP+iO-(3/2)(2*conjF*-f 

2yConj 7y+2aConj y,) (13) 

The power is seen to be invariant ex¬ 
cept for the presence of the constant 
factor 3/2. This degree of invariancy is 
necessary for the correct representation 
of short circuits or open circuits on a 
three-phase network by coimections be¬ 
tween the substitute networks. 

Substitute Networks 

The substitution of new currents and 
voltages for the three-phase currents and 
voltages in every branch of a three-phase 
network in accordance with equations 3 
and 4 may be extended to embrace the 
substitution of three new single-phase 
networks for the original three-phase 
network. The new networks are the x 
network, wherein Ix and 7* exist, the y 
network, wherein ly and Vy exist, and the 
z network, wherein 2* and 7* exist. They 
are analogous to the positive-, negative-, 
anH zero-sequence networks used in the 
method of symmetrical components. 
They may be set up to scale on a calcu¬ 
lating board, or used merdy as diagrams 
for paper calculation. 

The and y networks may be regarded 
as jointly constituting a two-phase net¬ 
work equivalent to the given three-phase 
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network with its zero-sequence or z quan¬ 
tities removed. 

For a balanced three-phase network 
having no pol 3 rphase rotating machinery, 
the X, y, and z networks are independent. 
The X and y impedances are equal to 
each other and to the positive- and nega¬ 
tive-sequence impedances (which are sdso 
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Figure 3. Wye connection 


equal to each other in this case). The z 
impedances are one-half the correspond¬ 
ing zero-sequence impedances. Even in 
the case of polyphase rotating machinery 
it is sometimes regarded as sufficiently 
accurate to assume the positive-sequence 
impedance equal to the negative-se¬ 
quence impedance, and in such cases it is 
permissible to assume that the x and y 
networks are independent. To be more 
accurate, however, an inequality in the 
positive- and negative-sequence imped¬ 
ances is equivalent to a coupling be¬ 
tween the X and y networks, in the nature 
of a nonreciprocal mutual impedance, 
Zgf, « —which is dijBficult to repre¬ 
sent on a calculating board. 

If the three-phase network contains 
balanced three-phase electromotive forces 
of positive phase sequence, then the x and 
y networks contain electromotive forces 
of equal magnitude, those in the y net¬ 
work leading those in the x network by 
90 degrees. Ordinarily the z network 
contains no generated electromotive 
forces. 

The self- and mutual impedances of the 
substitute networks and the connections 
between the networks corresponding to 
any given impedances and connections of 
the three-phase network or a portion 
thereof may be found by the following 
process: (1) Draw a diagram of the 
three-phase circuit element. (2) Write 
equations expressing the relations between 
the phase voltages, currents, and im¬ 
pedances. (3) By substituting equations 
3 and 4 into the equations mentioned in 
step 2, obtain an equal number of equa¬ 
tions giving the relations between the 
two-phase components of current and 
voltage and the impedances. (4) Find 
an equivalent circuit satisfying the equa¬ 
tions obtained in step 3. Such circuits 
can always be found if the use therein of 
ideal transformers of red or complex ratio 
is allowed. In the appendix there are 
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presented the results of this process for a 
large number of different three-phase 
circuit elements. 

In some cases it is simpler to consider 
the different two-phase components of 
current to flow separately, and then to 
compute for each the resulting phase 
voltages and from them the two-phase 
components of voltage and the imped¬ 
ances. This method is used in the ap¬ 
pendix to find transmission-line imped¬ 
ances. 

In those cases in which the x and y net¬ 
works are independent, the following sim¬ 
ple rule may be used to find their self¬ 
impedances: is two-thirds of the im¬ 

pedance between line a and lines b and 
c joined together. Zj^ is one-half of the 
impedance between lines b and c. 

Comparison of 
Two-Phase Co-ordinates 
and Symmetrical Co-ordinates 

The method of two-phase co-ordinates 
has two advantages over the method of 
symmetrical co-ordinates: First, as shown 
by inspection of the equivalent circuits 
developed in the appendLc, the y network 
is independent of the x and z networks 
(though the latter two are usually 
coupled) in every case in which the rep¬ 
resented three-phase circuit is static and 
is S3rmmetrical with respect to phase a. 
Second, even if the static three-phase cir¬ 
cuit is not S3mmietrical with respect to 
phase a, the substitute networks are 
coupled by reciprocal mutual impedances, 
which are readily represented on a cal¬ 
culating board, and never by nonredp- 
rocal mutual impedances as is the case 
in the method of symmetrical co-ordi¬ 
nates. 

The disadvantages of the method of 
two-phase co-ordinates are, first, that the 
X and y networks are coupled nonredp- 
rocally in the case of balanced rotating 
machines having unequal positive- and 
negative-sequence impedances, whereas 
the positive- and negative-sequence net¬ 
works of such machines are independent; 
and, second, that both the x and y net¬ 
works contain generated electromotive 
forces, whereas in the method of symmet¬ 
rical co-ordinates only the positive-se¬ 
quence network contains them. 

The method of two-phase co-ordinates 
is thus most us^ul in the analysis of un¬ 
balanced static three-phase drcuits which 
are symmetrical with respect to one phase. 
In tins category fall many transformer 
connections (such as delta-delta with one 
transformer different from the other two, 
vee-vee, vee-reversed vee, tee-tee, and 
Scott), open circuits, short drcuits, single¬ 
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phase loads, etc. The analysis is particu¬ 
larly simple if the connections are also such 
that zero-sequence current cannot flow. 

Illustrative Problems 

Several examples will now be given to 
illustrate applications of the method of 
two-phase co-ordinates and the use of 
material from the appendix. For ap¬ 
plications to fault stu(h[es, see reference 7. 

Problem 1 

Statement. A common device for in¬ 
dicating the phase rotation of a three- 



Figure 4. Delta connection of impedances 
(a) and its equivalent circuit (b) 


phase circuit consists of two lamps and a 
reactor connected in star. For one phase 
order one lamp is brighter than the other 
and for opposite phase order the second 
lamp is brighter than the first. Show 
which lamp is brighter when a positive- 
sequence voltage is applied to the device, 
and calculate the current in each lamp 
if its resistance is 100 ohms, the imped¬ 
ance of the reactor, 0 + jlOO ohms, and 
the applied voltage, 110 (line to line). 

Qualitative Analysis. It is advisable 
to denote the phases in such manner that 
the drcuit is symmetrical with respect to 
phase a; hence the reactor will be called 
phase a, and the lamps, b and c. 

The path of Ja, consists of the reactor 
in series with the parallel combination of 
two lamps; the impedance of this path 
is predominantly inductive, and ther^ore 
J, lags behind by a large angle. The 
path of Jy, being through the two lamps 
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in series, is resistive; hence ly is in phase 
with Ey. 

For balanced positive-sequence volt¬ 
age, El, the two-phase coinponents of 
voltage are equal in magnitude and are 
in time quadrature, Ey leading; that is, 
Ey — jEx — jEi. As a result of this phase 
ration between E^ and Ey and of those 
between E^ and Ix and between Ey and 7^, 
it follows that 7* and Jy are approximately 
in phase opposition. 

The expressions for the lamp currents. 
If, and 7c (using equations 3 and noting 
that Ig = 0) are proportional to Ix + 
V37y and to 7® — VS7y, respectively. 
Inasmuch as Ix and ly are nearly in opposi- 
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Figure 5. Equivalent circuit for shunt imped¬ 
ances connected in delta or in ungrounded 
wye 

tion, it is obvious that 7c is larger than 76, 
and that lamp c is brighter than lamp b if 
the phase sequence is positive (abc). 

, Calculations . ' 

Ex = El , * Ea = 110/V3 = 63.5 volts, 
= jEx = 763.6 volts, 

Za = 7*100 ohms, Zjf ^ Zc — 100 ohms. 

Refer to cases 14 and 9 of appendix. 
From equations 9b, 

Zx « (1/3) (2Za + Z^ = (100 + i200)/3 
, ohms, and Zy = Zj^ =400 ohms 

Ix = ExlZx = 63.5 X 3/(100 +7200) 

= 0.38 — 70.76 ampere 
ly = Ey/Zy — 763.5/100 = 70.64 ampere 
Iz = 0 because the neutral of the star is 
isolated 

=V»(-4-V34+i’.) 

= V»(-0.38 +i0.76 -il.lO) 

— —0.19 — jO.17 ampere 
|7»|“ 0.26 ampere 
7c = V2(-7 x+\/37^ +7-) 

« V2(~0.38 +70.76 +71.10) 

» —0.19 + 70.93 ampere 
|7c|= 0.96 ampere 

Problem 2 

Statement. A certain three-phase 60- 
cycle overhead line, 1.0 mile long, con¬ 
sists of three numb^ 0000 seven-strand 


copper cables spaced two feet apart in 
a plane. There are no transpositions and 
no groimd wires. What impedances 
should be connected in series with the 
wires to equalize the voltage drops of 
the three wires when the line currents 
are balanced? 

Solution. Compute the line imped¬ 
ances Zxx and Zyy by substituting into 
equations 34^ the following data: 

Efl = ^6 =* Ec = 0.303 ohm per mile, Daa = 
I^hh “ I^ec *=* 0.0168 foot, DaJi « Dac = 2 
feet, i?6c “ 4 feet, w = X 60 radians per 
second. This gives Zxx = 0.303 + 70.559 
and Zyy « 0.303 + 70.669 ohm. In addi¬ 
tion, Zxy * 0. 

In order for balanced line currents to 
give balanced voltage drops, the line im¬ 
pedances Zxx Zyyi must be equal. To 
equalize them Zxx must be increased by 
70.110 ohms. From case 7 of the ap¬ 
pendix we find that an impedance Z in 
wire a is equivalent to 2Z/3 in network 
X, but has no effect on network y. Hence 
the line impedances may be equalized 
by adding an impedance 1.5 X 70.110 = 
70.165 ohm in series with the center wire. 

Since Zxz = 70*028 ohms, a small Vz 
drop is produced by balanced line cur¬ 
rents, tending to imbalance the line-to- 
ground, but not the line-to-line voltages. 

Problem 3 

Statement. A three-phase induction 
motor, connected to a single-phase line 
(on. terminals b and c) and running with¬ 
out shaft load, is used as a phase con¬ 
verter to supply three-phase power to a 
second induction motor, which runs 
loaded. Investigate the efficacy of a 
series transformer with negative mutual 
inductance, connected in wires b and c of 
the line between the phase converter 
and the motor, in reducing the voltage 
unbalance at the motor terminals. 

Analysis. The single-phase line may 
be considered as a three-phase line, wire 
a of which is open. The three-phase cir¬ 
cuit then consists of the following parts 
in the order named: (1) single-phase 
source of voltage E connected between 
wires b and c, (2) open circuit in wire 
a of line, (3) phase converter in shunt 
with line, (4) series transformer in phases 
b and c of line, (5) induction motor in! 
shunt with line. The equivalent circuit 
for two-phase components is made up of 
the equivalent circuits for the several 
parts, connected in the same order. 
These circuits are found in the following 
sections of the appendix: phase converter 
and induction motor, cases 2 and 14; open 
circuit, case 11; series transformer, case 
id. The single-phase source is repre¬ 


sented by an electromotive force E/ iii 
network y. The equivalent circuit re¬ 
sulting from the combination of the sev¬ 
eral parts may be simplified in two ways: 
(1) omission of network z, since Ig can¬ 
not flow; (2) omission of the two trans¬ 
formers of ratios 1 :j through which net¬ 
works X and y are coupled, witli the under¬ 
standing that the currents and voltages 
in the x network now represent jlx and 
jVx instead of 7® and F*. The circuit 
thus simplified is shown in figure 1, with 
notation of the impedances as follows: 
Zci and Za are the positive- and negative- 
sequence impedances of the phase con¬ 
verter; Zfni and Zfnit the same for the 
motor; X is the self-reactance of the 
transformer coils in wires b and c; and 
k is the coefficient of coupling, making the 
mutual reactance --kX. 

Knowing numerical values of these im¬ 
pedances, it is now an elementary net¬ 
work problem to compute the motor 
terminal voltages 7F»* and Vmy! and 
if 7^ma; = Vmy the voltages are bdanced. 
It should be noted that (Z^ — Zci)/2 is 
several times as large as Z^ for an un¬ 
loaded machine and that motor voltage 
jVmx is lowered by the drop 2ZesjIx* It 
is now dear that the function of the series 
transformer is to add impedance to net¬ 
work y without adding an appredable 
amotmt of it to network x, thus lowering 
Vmy to the already lowered value of jVmx* 
If, for simplidty, we assume ^ = 1, the 
impedances added to networks x and y 
are, respectively, 0 and j2X. To pro¬ 
duce balanced motor voltage, jX Should 
equal Z<a as a first approximation. 



Figure 6. Equivalent circuit for shunt imped!* 
ance Z connected line to neutral or ground 


The equivalent drcuit of figure 1, witfi 
suitable modifications, may be used to 
investigate the effect of other devices, 
such as a series capacitor in wire a, tapped 
autotransformers, etc., on the motor 
terminal voltages. 
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The solution of this problem by symmet¬ 
rical components is given by Lyon.^® 

Conclusion 

Though prognostication is uncertain, 
it seems probable that the chief appli¬ 
cation of the method of two-phase co¬ 
ordinates will be in the field of power dis¬ 
tribution, with its single-phase loads, un- 
symmetiical transformer connections, un¬ 
transposed lines, and mixtures of three- 
phase and two-phase circuits; whereas 
the chief application of the itnethod of 
S3niimetrical co-ordinates has been in the 
fields of transmission and of polyphase 
machinery. 

At any rate, a man who is confronted 
with a problem on unbalanced three- 
phase circuits should consider which 
method is best suited to his particular 
problem—^the use of the actual three- 
phase currents and voltages, of sym¬ 
metrical components, of two-phase com¬ 
ponents, or of some other substitution of 
variables devised to fit the specific prob¬ 
lem. 

Appendix, Equations and 
Equivalent Circuits for Two-Phase 
Components Corresponding to 
Various Three-Phase Circuit Ele¬ 
ments 

General Remarks 

Notation 

Via* Vic “ line-to-ground voltages of 
wires a, b, c at left-hand side of the 
circuit element, volts. The positive 
direction of voltage rise is from ground 
to line as indicated by the arrows in 
figure 3 

Viy» Viz “ corresponding two-phase 
components 

Vfa* Vrht Vrc *** line-to-ground voltages at 
right-hand side of circuit element, 
volts 


Vnt* Vty^ Vrz * corresponding two-phase 
components 

For shunt elements subscripts I and r are 
omitted 

Alt ■?»* and lie = line currents in wires 
a, bf Cf entering left-hand side of the 
circuit element, amperes 
Jto* Iiyt Tiz — corresponding two-phase com¬ 
ponents 

Jro. irfti ^Tc =* line currents leaving right- 
hand side of circuit element 
^Tx, Itv* ^rz = corresponding two-phase com¬ 
ponents 

For shunt elements or series elements sub¬ 
scripts I and r are omitted 
For transformer banks subscripts p and ^ 
are used instead of I and r, and the 
positive direction of all currents is 
toward the transformers as indicated 
by the arrowheads in figures 9 to 12, 
^ inclusive 

Z — impedance, ohms. Various subscripts 
are used and the significance in any 
particular case is explained in the text 
for that case or is apparent from the 
equations or figures thereof 
r «« transformer turns ratio 
Other symbols are defined in the text for 
particular cases. 

Units, It should be noted that all volt¬ 
ages, currents, and impedances, both in 
the equations and in the diagrams, are in 
volts, amperes, and ohms, respectively, 
and not in per unit. This usage was fol¬ 
lowed with the idea of keeping the change of 
variables under discussion, namely, the 
change from phase -quantities to two- 
phase components, separate from any ad¬ 
ditional changes of variable, such as going 
to per-unit quantities or rrferring quanti¬ 
ties on one side of a transformer to the 
other side. 

Use of Transformers in the Equivalent 
Circuits, The equivalent circuits pre¬ 
sented in this appendix consist of self-im¬ 
pedances and of ideal transformers having 
no leakage impedance nor exciting admit¬ 
tance. Such transformers offer no difficulty 
in computation; on the a-c calculating 
board they may be represented by actual 
transformers in which the leakage imped¬ 
ances and exciting admittances either are 
negligible or are compensated for by changes 
in other impedances of the circuit or by in¬ 
troducing adjustable sources of voltage. 
The transformer voltage ratios, generally 
one-to-one, are marked on the diagrams, 
and the polarity is understood to be sub- 
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Figure 7. Short cir¬ 
cuits symmetrical 
with respect to phase 
a, and their equiva¬ 
lent circuits in two- 
phase co-ordinates 


tractive; but a negative value of the ratio 
is equivalent to additive polarity. In one 
case the imaginary ratio l:y is used. For a 
voltage ratio of 1 f the current ratio is also 
V,j; that is, both current and voltage are 
shifted 90 degrees in the same direction. 
(In general, the current ratio must be the 
conjugate of the reciprocal of the voltage 
ratio to make the complex power equal in 
the two windings.) 

Simplification of Equivalent Circuits, In 
all the equivalent circuits the three sub¬ 
stitute networks are shown as insulated 
from each other, constituting a six-wire cir¬ 
cuit; and the lower or neutral side of each 
network is shown without impedance. It is 
permissible to combine the neutral sides of 
the three networks, thus forming a four-wire 
circuit. In some cases it is more convenient 
to join the neutral side of one network to the 
upper or line side of another. Such a case 
is the line-to-ground short circuit, figure 7a, 
in which the transformer may be eliminated 
if such a connection be made. 

Wherever two networks or subnetworks 
are coupled through a single transformer, 
the transformer may be replaced by a con¬ 
ductive connection voltages, currents, and 
impedances on one side be referred to the 
other side (no change if ratio is 1 ;1). If the 
networks are coupled through several trans¬ 
formers of the same ratio, one transformer 
may be replaced by a direct connection and 
the others by 1:1 transformers, or in some 
cases also by direct connections. If the net¬ 
works are coupled through transformers of 
different ratios, one transformer may be re¬ 
placed by a direct connection and the ratios 
of the others changed accordingly. 

Another way in which the transformers 
may sometimes be eliminated can be illus¬ 
trated by reference to figure 12. The 1:1 
transformer in that figure may be omitted if 
impedance Zgy be placed in the common 
neutral wire of networks x and y. 

By elimination of transformers as sug¬ 
gested, the equivalent circuits may be con¬ 
siderably simplified. However, any such 
simplifications which would remove the in¬ 
sulation between the substitute networks 
have not been made in the circuits for three- 
phase circuit elements presented here be¬ 
cause the best method of simplifying the 
equivalent circuit of any given three-phase 
network depends on what elements the com¬ 
plete network consists of. 

Series Impedances 

1. General Series Impedances With 
Nonrbcxprocal Mutual Impedances 

The most general case of series imped¬ 
ances is the one in which the self-impedances 
of the three phases are unequal and in which 
there are mutual impedances between 
phases which are both unequal and non¬ 
reciprocal. (The mutual impedance be¬ 
tween two circuits is nonreciprocal if the 
voltage produced in the first circuit by unit 
current in the second circuit is not equal to 
the voltage produced in the second circuit 
by unit current in the first.) Although this 
general case seldom occurs in practice, it is 
well to develop it first and then to derive 
various special cases of practical interest 
from it. 

Let the impedances be designated by Z 
with two subscripts, the first of which re¬ 
fers to the voltage, the s^ondto the current. 
The phase voltage drops may then be 
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written as follows in terms of the phase cur¬ 
rents and impedances: 

Via Vra “ “h ^aJc ) 

Viif — Fyft = + Zjfc^c r (la) 

Vic ^ Vfc — Zcala H“ ZctJh "h ZcJ^c ) 

The corresponding expressions in sym¬ 
metrical components are: 

ViQ — Fro “ + Z(iih ) 

Fu — Fri = ZioJo + Ziih + Znl2 r (lb) 

“ Fr2 “ Ziolo + Ziih -{- Z 23/2 ) 

where each Z is a certain function of the Z*s 
in equations la.® 

The corresponding expressions in two- 
phase components are: 

Vix ” Vrx — Zxx^x “h Zxylp H“ Zxziz ) 

Vly — Vry *= Zyxix "f" Zyyiy + Zyziz T (Ic) 
Viz - Fr, = ZzJix + Zzyly + Z„/, ) 

where 

Zxx » (2/3)Zaa + (l/6)(Zw +Zcc + 

Zj^c + z^) - (1/3)(Z«, + 

Zac + + -^iw) 

* ^/ 2 (Zii -h -2^12 + Z 21 + Z%i) 

Zxy =* l/(2'\/3) (^6& “ Zee Zj)c'\'‘ 

Za, - 2Zao + 2Zac) 

=* ^/%j(.^Zi\ 4* Z 12 — Z 21 + Z 22 ) 

Zxz “ (1/3) (Zaa 4“ Zai) 4“ Ziac) 

(l/6)(Zw + Zee + Zfic 4" 

Zca 4- Zch 4* Zfca) 


=* V2(ZlO 4* Z 20 ) 


Zyx 

» i/(2V5)(z»» 

-Zee 

+ Zte — 


Zeb 4“ 2Zca 

-2Zto) 


— Va^*(Zu 4 - Z 12 

— Z 21 

— Zjj) 

Zyy 

“ V2(Zoo 4- Zee 

“ Zoe “ 

-Z^) 


= V 2 (Zu - Zx 2 

— Za - 

f Z„) 

Zyz 

= 1/(2V3) (- 

Zoo 4 - 

Zee — 


Zoc 4" Zea 4- 

ZcO 

Zea) 


- V2/ (Zio “ Z20) 

Zzx “ (1/3) (Zoa 4* Z(jfl 4* Zjw) — 
(l/6)(Zw 4- Zee + Zu + 

Zab 4* Zeb 4“ Zae) 

= Va(Zox 4 - ZoO 

Zzy — l/(2'\/3)(““Zfto 4* Zee 4“ 

Zbe — Zab ^cb 4" Zac) 

“ Vj^* (""Zoi 4 “ Z02) 

Zzz = (l/6)(Z«a 4- Zoo 4- Zeo 4- 
Zbe 4- Zea 4- Zab 4* Z^o 4“ 

Zoc 4“ Zott) *“ W^Zw 

No equivalent circuit is offered for this gen¬ 
eral case on account of the difficulty of rep¬ 
resenting the nonreciprocal mutual im¬ 
pedances between substitute networks. 

2. Balanced Series Impedances With 
Balanced Nonrbciprocal Mittual 
Impedances (as in Three-Phase Rotat¬ 
ing Machinery) 

This is a special case of case 1, where 

Zoa “ Zo& Zoc 
ZaO “ Zbc “ Zea 
Zac Zo« ~ Zeb 

Equations Id become 

Zxx ~ Zj^y= Zoa ^li>{Zbe 4“ Z^o) . 

=* ^li^Zn 4" Z 22 ) 

Zxy — ~Zyx “ (\/3/2)("“Zj>c 4‘Zco) 

« Vs^X-Zu 4 - Z 22 ) 

Zzz = V2(Z«a + Zoc + Zco) « V^oo 

Zxz « Zyz -- Zzx ^ Zzy ^0 



The z network is independent of the others, 
but there is a nonreciprocal coupling be¬ 
tween the X and y networks. For an equiva¬ 
lent circuit use figure 2 , putting ri =» 7 , 
i^iZxtf *= V 2 (Zii — Z 22 ), Zxz = Zj^ «= 0, H — 
J « Z 22 , and K * ^AZoo, and omitting trans¬ 
formers r 2 and u. 

3. Unbalanced Series Impedances With 
Reciprocal Mutual Impedances 


Equations Id become: 

Zxx Zyy ^ Zs ^ Zfa =* Zll Z22 

Zzz “ V 2 ZC 4“ Zm “ V 2 Z 00 

Zxy “ Zxz Zyx * Zy^ *= Zxx 
Zay = 0 

The substitute networks are independent. 
For an equivalent circuit use figure 2, 



This is a special case of case 1, where 
Zbc “ Zco» Zae “■ Zea* Zab Zoa (3a) 

Equations Id become: 



Co 




Zxx “ (2/3) (Zaa ““ Zab ~ Z^c) 4“ 
(l/3)Zoc 4- (l/6)(Zoo 4- Zee) 

“ Zu 4" V 2 (Zi 2 4" Z 21 ) 

* VaCZoft 4-Zee) — Zoc 

- Zn - V 2 (Z ,2 4- Z 21 ) 

z« - (1/3 )(Zoc + Zao 4- Zac) 4" 
(l/6)(Zaa 4* Zoo 4- Zee) 

- V 2 Z 00 

Zxy — Zyx — (l/'\/3)(Zac Zao) 4* 
1/(2V3)(Zoo - Zee) 

« Via(Zi 2 - Zn) 

Zxz = Zzx (1/3) (Zoa ““ Zoc) 4“ 

(l/6)(Zao4-Zac-'Zoo.-Zcc) 

* V 2 (Zoi + Z 02 ) 

Zyz ^ Zzy ^ l/(2V3)(Zcc - Zoo 4" 
Zac — Zab) “ ydiZoz — Zoj) 




Figure 8. Short circuits symmetrical with 
respect to phase b, and their equivalent circuits 
in two-phase co-ordinates. For symmetry with 
respect to phase c, reverse network y 


There is reciprocal coupling between eaxih 
pair of networks. An equivalent circuit is 
shown in figure 2. For simplicity the 
transformer ratios, n, rs, and fj, may be 
taken as unity, though in some cases a 
different ratio may be advisable. 


4. Series Impedances and Reciprocal 
Mutual Impedances Symmetrical With 
Respect to Phase a 

This is a special case of cases 1 and 3, 
where 

Zoo Zcct Zbe “ ZcOi ZaO — Zoa “ 

Zac “ Zea (4a) 


Equations Id become: 

Zxx^ (2/3)Zaa 4- (l/3)(Zoo + 
Zoc) - (4/3)Zao 

Zyy = Zoo Zbe 

Zzz « (l/6)Zaa 4- (l/3)(Zoo + 
Zoc) 4- (2/3)Zao 
Zxz ~ Zjs* (1/3) (Zaa ““ Zoo ” 
Zbe 4" Zao) 


Cixy 


Ijyx 


(4b) 


Network y is independent of the others, 
while X and z are coupled. For an equiva¬ 
lent circuit use figure 2 , omitting trans¬ 
formers n and r». 


6. Balanced Series Impedances 
With Balanced RsaPROcAL 
Mutual Impedances 

This is a special case of cases 1, 2, 3, and 
4 where 

Zoa Zoo — Zee “ Ze ) 

ZaO ” Zbc Zea * Zae Zoo r (3a) 

“ Zeo =*. Zfz ; 


omitting all transformers and putting Zxy “ 

Z*c « Zyc = 0 . 

6. Unbalanced Series Impedances 
Without Mutual Impedance 

This is a special case of cases 1 and 3, 
where 


Zbc " Zeo ■* Zai 


' Zab 


Zoa “ 0 

(iSa) 


Equations Id become: 

Zxx - (2/3)Zaa 4- (l/6)(Zoo 4- Zee) 
Zyy V 2 (Zoo 4“ Zee) 

Zzz = (’l/6)(Zfla 4* Zoo 4“ Zee) 

Zxy ” Zyx “ "^Zyz “ ““Zzy 
« 1/(2V5)(Zoo - Zee) 

Zxz « Z*x 

= (l/3)Zaa-(l/6)(Zoo + Zee) 




m 


For an equivalent circuit use figure 2. 


7. Series Impedance Z in One Wire (a) 

Although this is a special case of case^S, 
we may as well start from the relations be¬ 
tween phase quantities; 

F*a - Fra « laZ 
Vib - Fro » 0 
Vic -Vre^O 

The corresponding relations between two- 
phase components are: 

Vix.-Vrx^2iViz-Vrz) } 

^ (2/8) Z(Ix “h Vziz) M7b) 

Fiy- Fry -0 ) 

For an equivalent circuit use figure 2, 
omitting transfonn^s n and fs, and puttmg 
f 2 — 2, fyZxi “ (2/3)Z, Zxy — Zyz — 0, and 
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Shunt Impedances 



Figure 9. Equivalent eircuite of wye-wye, 
delta-delta, and vee-vee transformer banks 

For wye-wye, puj: fc: = - 1/ and use net¬ 

work z1 

For delta-delta, put kx ^ ky ^ 1/3, and use 
network z2 

For vee-vee, put k* * 1/3, — 1, and use 

network z2 

The circuits shown are for zero phase dis¬ 
placement; for 180-desree displacement 
reverse the secondary terminals of each net¬ 
work 


8. Equal Series Impedances Z 
IN Two Wires (b and c) 

Relations between phase quantities: 

Via-Vra^O ) 

Vij, - Vri, * Zh V (8a) 

Vic - Vrc - ZIc ] 

Relations between two-phase com¬ 
ponents: 

Vix-Vrx^-{Vic-Vrc) ) 

= (1/3) Z{Ix - Iz) > (8b) 

Viy-Vry^Zly ] 

For an equivalent circuit use figure 2, 
omitting transformers n and fs, and putting 
rz' « — 1, rzZxz = (Vs)-^* Zxy Zyz « 0, = 

« 0» and J = Z. 


9. Equal Series Impedances in Two 
Wires (b and c) and a Different Im¬ 
pedance in the Third Wire (a) 

Relations between phase quantities: 

Via - Vra » ) 

Vii, - Vri, « } (9a) 

Vic - Vrc « Zi^c ] 


Relations between two-phase components: 


Vix - Vrx 

Viy - Vry 
Viz - Vrz 


(l/3)(22a + Zi)Is + ' 

0-/3)(Za - Z^)I, 
Ztiv . 

(l/3)(^ - + 

(l/6)(2, + 2Z»)/, j 


(9b) 


For an equivalent circuit use figure 2, 
omitting transformers n and ft, and putting 
Zjiy •* Zyg “• 0 and J * Zy, If Zy ^ Zn, put 
r, = -1, r^gg = (»/,) (Z» - Za), H - Z^. 
and K •“ ‘A Za. If Zj < Zo, put rj =» 2, 
- (V«) {Za - Z»), S’ - Z». and jr - 


doo 


10. Equal Series Impedances Z« in 
Two 'Wires (b and c) and Mutual 
Impedance Zm Between Them 

Relations between phase quantities; 

=■ 0 ) 

- Vry - Z,/» + Zyjg ^ (10a) 

Vig — Vre = Zmly + Zgig ) 

Relations between two-phase compo¬ 
nents: 

Vta - Vry - -iVu - Vr^) - ) 

(1/3)(Z, -I- Z„){Ix - A) ) (10b) 

Fiy — Vry = (Zz — Zfa)Iy ) 

For an equivalent circuit use figure 2, 
omitting transformers ri and fj, and putting 
ra — —1, fzZxz “ (1/3) (Z, Z^), Zxy =» 

Zj« « 0, S' = ii: « 0. and 7 = Z, - Z,„. 


14. Wye-Connected Impedances 

With Neutral Grounded 

Through Impedance Z„ 

This combination of impedances may be 
considered as two circuit elements in series, 
first, a group of series impedances, with or 
without mutual impedances, such as have 
been considered in cases 1 to 10 inclusive, 
and, second, the element shown in figure 3. 
The equivalent circuit will then consist of 
a series combination of the elements repre¬ 
senting the two portions. The circuits for 
the first portion have already been given; 
that for the second portion (figure 3) will 
now be developed. The relations between 
phase quantities for this portion are: 

Va^ v, = Vc^Zr,(Ia+I,+Ic) (Ha) 


Open Circuits 

11. Open Circuit in One Wire (a) 
delations between phase quantities: 


The corresponding relations between two- 
phase components are: 


Vy~Vy ~0 ) 
Vg = (3/2)Z„A J 


(14b) 


/« - 0 ) 

Vn, - - 0 [ ( 11 a) 

Vtg - Vrc =0 ) 

Corresponding relations between two- 
phase components: 

Is + Wz “ 0 ) 

Vix- « 2 (Fte- Vrz) Mllb) 

Vly - Vry ^0 ) 

For ah equivalent circuit use figure 2, 
omitting transformers ri and fs, and putting 
“ 2 , Zxz “ Zxjf Zyz™ 0 , and jBT ~ 
/ = iT = 0 . llie resulting circuit is like 
that portion of figure 10 between lines AA 
and BBt and consists of a coupling between 
the X and z networks through a 2:1 series 
transformer. 

12. Open Circuit in 
Two Wires (b and c) 

Relations between phase quantities: 

Via - Vra ^0 ) 

h™0 ^ (12a) 

/«= 0 ) 

Corresponding relations between two- 
phase components: 

(.Vix - Vrx) + {Viz " Vrz) = 0 ) 

Ix”Iz >(12b) 

ly « 0 ) 

For an equivalent circuit use figure 2, 
omitting transformers ri and fj, and putting 
f2 = ’“!» Zxz — Zxy ™ Zyz — 0, S’ = K™ 
0, and J VI CO (that'is, open network y), 

13. Open Cmcutr in All Three Wires 
Relations between phase quantities: 

la * 0, - 0, Jc « 0 (13a) 

Corresponding relations between two- 
phase components: 

1^ = 0, Jy«0, (13b) 

This means that all three substitute net¬ 
works! are open at the point corresponding 
to thef open circuit in the three-phase net¬ 
work. ' 


The equivalent circuit, shown in figure 
2b, consists of short circuits on the x and y 
networks and a shunt impedance {3l2)Zn in 
the z network. Zn may have any value, 
from zero in case of solidly grounded neutral 
to infinity (open circuit) in case of isolated 
neutral. This equivalent circuit may be 
coimected to the circuit of figure 2a as 
shown by the dotted lines. 

15. Delta-Connected Impedances 

Delta-connected impedances (figure 4a) 
may be considered as consisting of two cir¬ 
cuit elements in cascade: first, a delta con¬ 
nection, and, second, series impedances. 
The equivalent circuit for the first element 
will be developed; that for the second 
element is shown in figure 2. The relations 
between line and delta quantities are as 
follows in terms of phase quantities. Let 
subscript I stand for line and d for delta, and 
let each delta phase be named from the op¬ 
posite line phase: 

Voa « Vn - Vic 
Vat = Vic - Via 
Vac ^ Via - Vn 

Ila ” ide ~ Idb 

lib — Ida Ido 
lie ** Idb Ida 

The corresponding relations in terms of 
two-phase components are: 



Viy 

- - VSVly , 

1 

Viy 

» V3V,y 

(ISc) 

Vig 

" 0 ! 

) 

Ive 

•a ■y/ZIiy j 

) 

Iiy 

“ - V^IiX 

‘ (ISd) 


= 0 ] 

1 


Equations 15c and 15d are satisfied by 
the connections of the equivalent circuit in 
the left-hand part of figure 46, to which may 
be connected on the right hand the equiva¬ 
lent circuit of figure 2 . 

If it is not desired to preserve the identity 
of the delta currents and voltages, the cir¬ 
cuit can be reduced to a simpler form. The 
transformers of ratio 1 : \/5 may be omitted 
if all impedances in the right-hand part of 
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the circuit are divided by 3. If there is no 
objection to a conductive connection be¬ 
tween the neutral terminals of the x and y 
networks, the circuit can be reduced finally 
to three impedances connected in wye or 
delta. In the next case a delta equivalent 
circuit is derived directly. 

16. Delta-Connected Admittances 

Let the delta-connected admittances be 
Yabf Ybcf Y'ea^ The relations between 
phase currents and voltages are: 

la = {Va - V,)Ya, - - Va)Yca ) 

Ilf « (Fi — Yc)Yifc — (Fa — > (Ida) 

Ic = (Fa - Va)Yca ~ (F, - Fc)^, ) 

The corresponding relations between two- 
phase components are: 

I^^(S/2KYca+Yaif)V,+ 

(V3/2) - ¥„)Vy 

Iv - (V^/2)(Frt - Yca)V^ + (16b) 

( 2 F»„ + + '/tYa^)V„ 

=0 

An equivalent circuit is given in figure 5. 
A, B, and C are admittances whose values 
are: 

A = Yai (3 - •v/5r)/2 + 1 

Yea (3 + \^r)/2 

B - 2F*, + 7«»(1 - V^/f)/2 + (16c) 

F«.(l + V3A)/2 

C - (V 3 / 2 r)(y„j - F«,) J 

If Fi» > Yea. put f = 1; if Fas < Yea, 
put r =» — 1. 

Note that for symmetry with respect to 
phase a, Yajb “ and C = 0 (open cir¬ 
cuit), which makes the x and y networks 
independent. 

The results of this case may be applied 
to impedances connected in Y with isolated 


Figure 10. Equivalent circuit for wye-delta 
or for open wye-open delta (reversed vee-vee) 
transformer bank 

For wyc-delta omit portion between AA and 
BBf and put Kr « 1. For open wye-open 
delta omit that portion of network z between 
BB and CC, and put It: « 3. Connections 
shown are for positive-sequence voltages on 
delta side 90 degrees behind those on wye 
side 


neutral, by first changing the 7 to an equiva¬ 
lent delta. 

17. Single Impedance Z 
Connected Line to Line 
Relations between phase quantities: 

/a“0, /6+/c«0, 

Fft - Fa - Zh (m) 

Corresponding relations between two- 
phase components: 

J* « 0, I* - 0, Vy - ^UZIy (17b) 

The equivalent circuit consists of im¬ 
pedance Z/2 in shunt with network y. 

18. Single Impedance Z Connected Line 
TO Neutral 

Relations between phase quantities: 

Va = Zla. » 0, Ja « 0 (18a) 

Corresponding relations between two- 
phase components: 

F* + Va = (3/2)Z4, 4 = A, 

« 0 (18b) 

An equivalent circuit is shown in figure 6 . 

Short Circuits Symmetrical 
With Respect to Phase a 

19. Line-to-Oround Short Circuit on 
Phase a 

Relations between phase quantities: 

Va = 0, « 0, Ja » 0 (19a) 

Corresponding relations between two- 
phase components: 

Va :+ Va ^ 0, J, “ Iz . 4 “ 0 (19b) 

Equivalent circuit, figure 7a. 

20. Line-to-Linb Short Circuit on 
Phases b and c 

Relations between phase quantities: 

la =0, /& + /, « 0, Fe, = Fa (20a) 

Corresponding relations between two- 
phase components: 

la = 0, J* * 0, Fy - 0 (20b) 

Equivalent circuit, figure 7b. 


21. Two-Line-to-Ground Short Cir¬ 
cuit ON Phases b and c 

Relations between phase quantities: 

la « 0, Fft « 0, Fa « 0 (21a) 

Corresponding relations between two^ 
phase components: 

/x + V*/«“0, F*«2Fa, Vy^O (21b) 

Equivalent circuit, figure 7c. 

22. Three-Phase Short Circuit Not 
Involving Ground 

Relations between phase quantities: 

la + h + Ic ^ O , Fa «Fft« Fa (22a) 

Corresponding relations between two- 
phase components: 

Iz « 0, F* « 0, Fy « 0 (22b) 

Equivalent circuit, figure 7d. 

23. Three-Phase Short Circuit In¬ 
volving Ground 

Relations between phase quantities: 

« Fft - Fa =* 0 (23a) 

Corresponding relations between two- 
phase components: 

* Fa » 0 (23b) 

Equivalent circuit, figure 7e. 

Short Circuits Not Symmetrical 
With Respect to Phase a 

These are included to show that two-phase 
components can be used in problems of 
simultaneous faults. Only faults symmet¬ 
rical with respect to phase b are treated in 
detail. For faults symmetrical with re¬ 
spect to phase c, the equations in two-phase 
components differ only in changed algebraic 
sign of ly and Vy; the equivalent circuits 
differ only in reversed polarity of the y net¬ 
work. 

24. Linb-to-Ground 
Short Circuit on Phase b 

Relations between phase quantities: 
la - 0, - 0, F, - 0 (24a) 

Fi^ura 11* Taa-fac transfonnaf bank with 
grounded neutrals on both windings 
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Corresponding' relations between two- 
phase components i 

h - vys - -VA \ 

V, + V5F^ -27,-0 / 

Equivalent circuit, figure Sa. 

26. Line-to-Linb 
Short Circuit on Phases a and c 

Relations between phase quantities: 

h “ 0 , la + Ic^ 0 , Va - Vc (25a) 

Corresponding relations between two- 
phase components: 

I» “ 0 , h + V34 « 0 , 

Vx « VV 3 ( 2 Sb) 
Equivalent circuit, figure 86. 

26. Two-Linb-to-Ground Short 
Circuit on Phases a and c 

Relations between phase quantities: 
li =• 0, 7,-0. 7,-0 (2«a) 


ages, by replacing the 1:VS transformers 
of figure 4 by direct connections and di¬ 
viding the transformer impedances, ex¬ 
pressed in ohms, by 3. (If expressed in per 
unit, they are not changed.) The equiva¬ 
lent circuit is then that of figure 9 with ifej. =» 
ky « 1 / 3 , and with the z network like that 
marked '*s 2 .” 

29. Wye-Delta Connection 

The equivalent circuit (figure 10) is built 
up of portions similar to ^ose found in the 
last two cases. It is worthy of note that 
the X network on the primary side is con¬ 
nected to the y network on the secondary 
side, and the y network on the primary side 
is connected to the x network on the sec¬ 
ondary side. Furthermore, a reversal of 
polarity occurs in one of the two connections 
(shown in the py-sx connection for trans¬ 
former connections giving voltages of the 
delta side 90 degrees behind the voltages of 
the wye side), 

30. Open Delta or Vee-Vbe 
Connection 


Corresponding relations between two- 
phase components: 


Ix 4* 'S/Sly — 0 

Vx - Vy/V^ - -F, 

Equivalent circuit, figure 8 r. 



Transformer Banks 

27, Wye-Wye Connection 

Each transformer, all three of which are 
assumed to be identical, is represented by 
an equivalent T circuit in cascade with an 
ideal transformer of the same ratio (r:l) as 
that of the actual transformer. The T cir¬ 
cuit consists of the following impedances, all 
referred to the primary side: Zp, the pri¬ 
mary leakage impedance, the secondary 
leakage impedance, and Zf,^, the exciting 
impedance. Since the three transformers 
constitute a balanced circuit, their repre¬ 
sentation in the substitute networks is the 
same as the representation of a single 
transformer, except that in the z network the 
impedances have one-half their true values. 
The neutral impedances, Znp and Zns, appear 
in the z network multiplied by 3 / 2 , just as in 
case 14 (wye-connected impedances). The 
complete equivalent circuit for the bank 
and neutral resistors is given in figure 9 
with kx ^ ky ^ I and the z network like that 
marked '^zl.” The ideal transformers, 
marked 'V;l,” may be omitted if secondary 
currents and voltages are referred to the 
primary side, and in many cases the shimt 
branches Zm may be omitted also; then the 
equivalent circuit consists simply of a series 
impedance in each substitute network. 


The open delta transformer bank may 
be considered to consist of the following 
portions in cascade: ( 1 ) delta connection, 
( 2 ) open circuit in phase a, ( 3 ) transformers, 
(4) open circuit in phase a, and ( 6 ) delta 
connection. The equivalent circuit may 
be built up from corresponding portions, 
using figure 4 for the delta connections and 
that portion of figure 10 between lines AA 
and BB for the open circuits. The resulting 
circuit is then simplified to the circuit of 
figure 9 by two steps: (1) eliminate the 
2:1 transformers representing the open cir¬ 
cuits by multiplying the transformer im¬ 
pedances in the z network by 4 and adding 
them to the cori^ponding x impedances; 
( 2 ) replace the ^/3 :1 transformers by direct 
connections and divide the transformer 
impedances by 3. The equivalent circuit 
then becomes that of figure 9 with kx « 
1/3 and ky = 1 . Note that the effect of re¬ 
moving one transformer from a delta-delta 
bank is to increase the y impedances three¬ 
fold. 

31. Open Wye-Open Delta or 

Reversed Vee-Veb Connection 

The equivalent circuit for this case (figure 
10 ) may be derived from that for a wye- 
delta bank, just as that for an open delta 
bank was derived from that for a delta- 
delta bank, by inserting an open circuit in 
phase a on each side of the transformers. 
The effect of thus removing one transformer 
is to increase the impedance of the px-sy cir¬ 
cuit threefold and to couple the px and pz 
networks. 

32. Teb-Tbe Connection 


28. Delta-Delta Connection 

Most of the remarks on the last case apply 
to this one also. The circuit may be con¬ 
sidered to consist of three portions in cas¬ 
cade: ( 1 ) delta connection, ( 2 ) transform¬ 
ers, (3) delta connection; and the equiva¬ 
lent circuit consists of three correspond¬ 
ing portions. The two portions representing 
the delta connections are like the circuit 
of figure 4i|, developed in case 16, The 
circuit resulting from the combination of the 
three portions may be simplified, with loss 
of identity of the delta currents and volt¬ 


Figure 11 shows the tee-tee connection 
with both primary and secondary circuits 
grounded through impedance. Two trans¬ 
formers are used, each having two tapped ' 
windings—^the main transformer, connected 
between lines 6 and r, and the teaser Ixans- 
, former, connected between line a and the 
center tap of the main transformer. The 
teaser transformer may be tapped at two- 
thirds of the turns from line a to provide the 
neutral connections. In the following analy¬ 
sis, however, exciting current is neg- • 
lected, and the transformers are assumed to i 


be ungrounded. The main transformer 
must be treated as a four-circuit transformer 
to find the impedance drops. Let the por¬ 
tions of the windings be numbered from 1 
to 4 as shown in figme 11, the odd numbers 
being assigned to the primary and the even 
numbers to the secondary side. The im¬ 
pedance drop between any two windings, 
i andy, of an n-dreuit transformer, neglect¬ 
ing exciting current, is given by 

n 

F< — Fjf = (32a) 

jfc-i 

where F* and Vj are the terminal voltages of 
windings i and 7 , respectively, 7* the current 
in winding k, Zuc the short-circuit or equiva¬ 
lent impedance of windings i and kt etc., 
all quantities being referred to the same 
winding. Za — Zjj = 0 . Applying for¬ 
mula 32a to the main traioisformer, assuming 
for convenience that the two center taps are 
at the same potential, and not referring all 
quantities to the same side, one obtains: 

Vpj, — fFjft »= — Vat“*- 2 ^ 12 / 3,6 -f 

Znlaii/r -|- {Z\% — ^82)(—/pc) + 

(Zh -f*Z24)(-7ccA)) (32b) 

Vpc ~ rVso « -Vi[-Ztapc + 

Zzdtch + (^i« ““ •^ 14 ) (— 7 ^ 5 ) + 

(^« - r*Z*4)(^7,5/r)] (32c) 

Regarding the teaser transformer as a two- 
dreuit transformer of impedance T (re¬ 
ferred to primary), 

Vpa. — fFsa (32d) 

The following current equations are ob¬ 
tained by summing the ampere-turns on 
each core: 


rlpj, + Isb — flpe ^ 7ac “ 0 

(32e) 

0 

If 

+ 

•1 

(32f) 

and the following are obtained from Kirch- 
hoff^s current law: 

•fjw 4 7p& 4Tpe ** 0 

(32g) 

Isa 4 Isb + Ise 0 

(32h) 

The following equations in 
components are equivalent to 
326 to 32h in phase quantities: 

two-phase 

equations 

Tipx 4“ Is£ 0 

r/pp Tsy **» 0 

1 (32i) 

lpz«0 

Isz «0 

} (32j) 

Vpx ^ V^x « Zxipx 4 Zxylpy 

Vpy — fVgy Zxylpx 4 Zylpy 

1 (32k) 

where 


Zx *2r/3 + J776 

Zy =» JI7/2 



Z^ - {Zvi - Zu)l2-s/l 
where 

T » imped^ce of teaser transformer, re¬ 
ferred to primary side . 

M «■ Zi2 + Zu + Zyi - 1 - Zxi, — Zit — r^Zu 
impedance of main transformer meas¬ 
ured on windings 1 and 3 in series 
with windings 2 and 4 in series short- ' 
dreuited 


902 Kitnbcrk — TwO'‘Pluis^-Co^(M^dincU6s AIEE Transactions 



M* *= Zi 2 + Zm + Ziz + r^Z%A — Zn — ^14 
*= impedance of main transformer meas¬ 
ured on winding 1 in series with 3 
reversed, when winding 2 in series 
with winding 4 reversed is short- 
circuited 

An equivalent circuit is given in figure 
12. Note that with symmetrical construc¬ 
tion of the main transformer, Z^u = 0, re¬ 
sulting in simplification of the equivalent 
circuit. 

If both neutrals are grounded, z current 
can flow to ground freely from either side. 
All four circuits (a;, y, and $z) are coupled 
together through different mutual imped¬ 
ances, making the equivalent circuit very 
complicated. 

33. Scott Connection 

The discussion is limited to the case of 
•isolated neutrals. Let the currents and 
voltages on the two-phase (secondary) side 
be denoted by subscripts sx and sy; no 
substitutions need be made for them. Let 
the ratios of the main and teaser trans¬ 
formers be denoted by r,^and r^, respec¬ 
tively; ordinarily « ('v/3/2)rm. Let the 
windings of the main transformer be denoted 
as follows: 1 and 2, the halves of the primary 
winding connected to lines c and 6, respec¬ 
tively; 3, the secondary winding. Ex¬ 
citing current is neglected. 

The equations in phase currents and volt¬ 
ages are; 


^pa “1“ Ipb *4“ ^ 

rJva 0 

^mijvc ^ ^pb) + 2 /fly =» 0 

Vp,, - fiVs, « TIpa 

ypb + Vpe *^ ~ Va["*-2rw(/j,j^+/jpfl) + 

(Z\i — Zn)X,^y 2/f|n] 

i^pe ““ ypb) “* *■ VaX 

KZ 12 - 2Zxz)Ipc + (Zii - 2Zzt) X 

(-Ip,) + iZiz+Zn)Isv2/fm] 


(33a) 


The last two equations are obtained from 
32a. 

The corresponding equations in two- 
phase components are: 


/^, «0 
rtJpx +hx ^ 0 

(V 5 / 2 )f«/„ + J-., -0 

Vpx — (2/3)r< Vj* — Zgipx + ^xv^ptt 

V„ -(r„/v'3)7., ** ZxyXpx py 

where 


(331)) 


Z^ ^2T/S+Ziz/6 
Zy - JI//2 

Zxy « { Z ^ - Zl,)/2V3 

M « short-circuit impedance of main 
transformer measured from primary 
side (that is, measured on windings 
1 and 2 in series with winding 3 
short-circuited), ohms 

T »• short-circuit impedance of teaser 
transformer measured from primary 
side 

Ztt «• impedance measured on winding 2 
with winding 3 short-circuited, ohms; 
etc. 



An equivalent circuit is given in figure 12. 
Note that the secondary terminal voltages 
in this circuit are equfd to two-thirds ihe 
actual secondary voltages. This is explain- 
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Figure 12. Equivalent circuit of ungrounded 
tee-tee or Scott transformer bank, exciting 
current negiected 

For tee-tee, put if = 1, r^: ** * r. For 

Scott, put k = 2/3, r* « r„ ty = 0.866 r^n, 


able by reference to equation 13 for power 
in terms of two-phase components. 

Untransposed Lines 

34. Line Without Ground Wires 
Let 

jRo, = resistances of wires a, c per 

unit length, ohms per meter 

= geometric mean radii of 
wires a, c (0.779 times actual radius 
for a round wire) 

e geometric mean dfetances 
between wires (center-to-center dis¬ 
tances for round wires). The D *s may 
be in any units provided that all are in 
the same units 

^ai \ ^ magnetic flux linkages per unit 
length of wires a, 6, c, webers per meter 
/uo * permeability of air » lO*"^ henry per 
meter (unrationalized meter-kilogram- 
second units) 

/ *3 frequency, cycles per second 

ci> » 2itf 

V “ voltage rise per unit length along line, 
volts per meter 
/ » line current, amperes 
Z » impedance per unit length of line, ohms 
per meter 

Subscripts a, h, c, x, y, z are used with 7, /, 
and Z as heretofore 
p = earth resistivity, ohm-meters 

The relations between phase currents and 
voltages which hold if Jjp = 0 

Va “ Rah 
Vj, “ RbXb 
Vp =» RpXc 



Substitute equations 346 into 34a, 34c 
into the resulting equations, and the latter 
into^ equations 2. The division of the re¬ 
sulting expressions for 7*, 7y, and Vg by 
Ig gives Zxx, Zxyt and Z^g, respectively. Next 
assume current component ly to flow alone, 
that, is, assume 

la - 0. J. » -/j - (V2/2)Ip (34d) 

and by a similar procedure obtain Zyy and 
Zyg, This leaves only Zgg, which may be 
found from the knowledge that it is one- 
half the zero-sequence impedance. Zoo. The 
impedances thus found are: 


Zxx — {2/3)Ra + ( 1 / 6 ) (i?^ 4 - Re) * 4 “ 


ia)(l/3)juo log« 


^ab*^ac 


X>aa* Dbj,DeeDt,c^ 

» (l/2V3)(i?ft - Rg) + 
joy ll/V3)/io X 

logfl WBJDacWr,t,) 

* (l/3)J?a-(l/6)(i?6-Hi2e) + 

io)(l/3)|U0 X 


log* {D-yyD ec^b^/^aa^^ab^atd 
Zyy =» WiiRb + Re) + 
jwpo log* 

Zyg - (l/2VS)(Rc - Rb) + 
joy (l/V3)po X 

log* {DpjfDjfif/DegDg^ 
Zgg - (l/6)(22a -f -h R^ + 
(3/2)2ey H->3polog*(H/A) 


where 


(34e) 


Rq » 0.99 X 10“®/ ohms per meter 
B - 2,160 Vp/f feet 


The impedances of equations 34s may be 
used in equations Is and in the equivalent 
circuit of figure 2. Note that if the line is 
symmetrical with respect to wire a, that is, 
if spacing Dab =* ^ae aud if wires b and c are 
alike (J2j =■ Rc and D» =* /)«)> then Z^ =* 
0 and Zyg » 0, making the y network inde¬ 
pendent. 


35. Symmetrical Line 

With Two Ground Wires 

The discussion is confined to the case in 
which both the line wires and the ground 
wires are symmetrical with respect to a 
plane through wire a. With such a con¬ 
figuration, both Ix and /*, especially the 
latter, induce in the ground wires currents 
which are equal in the two wires and which 
return in the ground, /y, on the other 
hand, induces a circulating current in the 
ground wires. The currents in the ground 
wires can be computed by established 
methods, after which the impedances be 
calculated in the same general way as in the 
last case. 
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Discussion 

A, Boyajian (General Electric Company, 
Pittsfield, Mass.): I wish to make some 
comments as to title, method of derivation, 
and final results. 

Title 

The co-ordinates discussed by Professor 
Kimbark are not true two-phase quantities, 
and there is only one logical name for them: 
Clarke co-ordinates or Clarke components. 
Certain t 3 q)es of co-ordinates are called 
Cartesian co-ordinates after Descartes who 
first formulated them. I frequently call 



Solid arrows represent the actual currents; 
dotted arrows the positive directions of the 
three-phase system 

/a' « L 
W « -/«/2 

ic “ 


symmetrical co-ordinates, Fortescue co-or¬ 
dinates. The system discussed by Professor 
Kimbark may have been used in some frag¬ 
mentary form by others, but Miss Edith 
Clarke being the first person to systematize 
it, it is fitting that we name the system 
after her—Clarke co-ordinates. 

Derivation and Results 

A transformation which replaces a given 
system of circuits by another, presumably 
more convenient, equivalent system of cir¬ 


cuits, should be subjected to two tests: (a) 
physical interpretation, and (b) mathe¬ 
matical consistency. The first is essential 
because engineers are visual-minded, and 
they cannot use a system unless they have 
a clear physical understanding of it. We 
must be able to visualize the current and 
voltage components and also the imped¬ 
ances of the system to the new currents. 
The second is essential not merely to assure 
correctness, but also for the perfection and 
simplification of the technique. 

Professor Kimbark has given some physi¬ 
cal interpretations, but they have not been 
carried through to the voltages and im¬ 
pedances, so that neither he nor the average 
reader is likely to be aware of lack of fit at 
some points of the structure. The voltage 
transformation equations must have been 
obtained either by trial and error or by in¬ 
tuition, because they are not the inverse of 
the current transformation equations; and, 
as a consequence, his power equation 13 
has to have an arbitrary correction factor of 
3/2 applied to it. 

Mathematical consistency demands for in¬ 
stance, that, while the transformation of the 
currents may be assumed arbitrarily, this 
having been done, the transformation of the 
voltages may not be assumed arbitrarily, 
but has to be the tensorial inverse of the 
first, for which we have a standardized rou¬ 
tine. 

I wish to develop the Clarke transforma¬ 
tion for a triple purpose: (a) to obtain a 
consistent system, (5) to show clearly its 
physical significance, and (c) to utilize the 
present case to illustrate a typical pro¬ 
cedure in developing any equivalent system 
and the many benefits of such procedture. 
I shall use Miss Clarke’s notation: Greek 
letters for the new quantities, English 
letters for the customary three-phase quan¬ 
tities. 

la 

Figure 1 of this discussion illustrates 
positive /«: as pointed out both by Miss 
Clarke and Professor Kimbark, this is a 
current which flows in phase a and returns 
equally through the other two. The alge¬ 
braic signs are determined by assuming the 
positive directions in the three-phase system 
as from neutral outward. Thus, a positive 


2a produces a positive component ot current 
(iaO in phase a, and negative half currents 
in the other two phases: 

4' « la, W = 4' * -Ia/2 (1) 

Figure 1 defines also the impedance of the 
system to /«. 

h 

Figure 2 illustrates a positive //j: it is a 
current flowing between phases h and c 



Solid arrows represent the actual currents; 
dotted arrows the positive directions of the 
three-phase system 
= 0 
V' « Ip 
V' “ -Ip 

only, in the positive sense of phase &, The 
three-phase currents corresponding to Ip 
are 

4*^ ** 0 , 4^ “ ^p, 4 *^ —Ip ( 2 ) 

Figure 2 defibties also the impedance of the 
system to Ip, 

It 

Figure 3 illustrates a positive /7: it is the 
current in the neutral and provides equal 
positive currents of one-third value in all 
three lines. Thus, the three-phase cur¬ 
rents corresponding toare 

4 '" * ly/B. h'" » Iy/3, ic'" - ly/B ( 3 ) 


Table I. Transformation Matrices 


For Currents For Voltages 

_ jj\^m 



2IZ 

-1/3 

-1/3 


2/3 

-1/3 

-1/3 

Clarke * 

0 

1 

V3 

-1 

V3 

A m — 

Ap — 

0 

1 

VI 

\/3 


1/3 

1/3 

1/3 


1/3 

1/3 

1/3 

m\ 

m 




m 




2/3 

-1/3 

-1/3 


213 

-1/3 

-1/3 

Kimbark » 

0 

-1 

X 

VI 

A m ^ 
— 

0 

-1 

VI 



2/3 

2/3 

2/3 


1/3 

1/3 

1/3 

lj\m 




m 


2/3 

-1/3 

-1/3 


1 

-1/2 

-1/2 

Bo3^jianATO^ « 

0 

1/2 

-1/2 

A 

Afi — 

0 

1 

-1 


1 

1 

1 


1/3 

1/3 

1/3 
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Figure 3 defines also the impedance of the 
system for ly. 

Attention may be called to the fact that 
ly is the current in the neutral; and, 
therefore, the neutral wire is one of the cir¬ 
cuits of the new equivalent system, not of 
the old three-phase system. In the three- 
phase system, the neutral lead is merely a 
return wire, not an independent circuit. 
To emphasize this point, let us note that 
each system has three independent cir- 



Clarkb Voltages in Terms of 

Three-Phase Voltages 

Equations 1 , 2 , and 3 are arbitrary; but 
once they are accepted, every bit of the rest 
of the work will follow as a mathematical 
necessity. Those who are familiar with 
the tensor point of view, know that equation 
4, hence matrix ( 6 a) transposed, (that is, 
rows and columns interchanged) 


mV 


\ 

a 

b 

c 

a 

1 

- 1/2 

- 1/2 


0 

1 

-1 

y 

1/3 

1/3 

1/3 


defines the inverse transformation of the 
voltages, that is, from the three-phase sys¬ 
tem to the Clarke system; and thus we 
may write, out of mathematical necessity 
and hence with entire confidence, 

Va^ Va-(l/2)n-(1/2)7, 1 

7^ = 0 + 7, - 7, [ (6) 

Vy = (1/3) 7a + (1/3)7, + (1/3)7, J 

Physical Interpretation of Clarke 
Voltages 


Solid arrows represent the actual currents; 
dotted arrows the positive directions of the 
three-phase system 

ia'" = /y/B 
fV" - ly/3 

ic'" » ly/3 


The new voltage components, as defined 
by equation 6 , are shown in figure 4. 

Vfi is simply the line voltage between 
b and c. 

Va is the three-phase system voltage 
parallel to /«, that is, the vector from the 
vertex a to the midpoint of the line voltage 
b-c. 


cuils: the circuits of the three-phase system 
are a, b, c; while those of the equivalent 
Clarke system are a, jS, 7 . The terminals 
a and a coincide, b and ^ coincide, but c and 
7 are separate. Terminal c represents an 
independent circuit of the three-phase sys¬ 
tem, but only a return conductor of the 
Clarke system (of circuit /S). It will be 
seen also that ly is not strictly the old zero- 
sequence current but one eqtual to three 
times the old zero-sequence current. If we 
were to define our ly as Fortescue's Jo, we 
would lose the identity—^the nice physical 
picture—of circuit 7 , besides having to de¬ 
fine Vy as 37o and thereby losing also the 
nice physical picture of 77 . 


RbivAtionship of Resultant Currents 

The total three-phase current, Jc, in phase 
a is of course the sum of all three of its Clarke 
components, 4 ', 4 "# and4'"» from equations 
1, 2, and 3. The same comment applies 
to Ja and J,; hence, 


la ^ la ^ Olfi + (1/3)J7 

J, - (-1/2)1^ ++ (l/3)Iy 

Ic « (“1/2)J« - J/3 + ll/3)Xy 



The matrix of the transformation from 
Clarke co-ordinates to three-phase co¬ 
ordinates may be copied from the coefficients 
of ( 4 ), and may be designated (in tensor 
notation) as 


'X. 

a 

p 

y 

a 

1 

0 

1/3 

« b 

- 1 / 2 “! 

1 

1/3 

c 

- 1/2 

-1 

1/3 


(Sa) 


Finally, Vy is what we have always known 
as the neutral shift, or, the zero-sequence 
voltage. 


Clarke Co-ordinates of Currents in 
Terms of Three-Phase Co-ordinates 
OF Currents 

Equation 4 gave us the three-phase cur¬ 
rents in terms of the Clarke currents; so, if 
we wish to obtain the Clarke currents 
in terms of the three-phase currents, we 
invert* matrix 6 &, and obtain 



a 

b 

c 

a 

2/3 

- 1/3 

- 1/3 


0 1 

1/2 

- 1/2 

y 

1 

1 

1 


Matrix 7 means that the new current 
equations will be 


J« « (2/3)J« - (1/3)1, - (1/3)J, 
= 0 + (l/2)/» - (1/2)/. 

/. +/»+/. 


( 8 ) 


Comparison of Results 

The transformation matrices used by 
Miss Clarke, Professor Kimbark, and the 
writer are exhibited in table I of this dis¬ 
cussion for easy comparison. 

Some differences are to be seen easily. 
That however does not mean that one or 
another of these matrices must be wrong, 
but rather that in one or another the equiva¬ 
lence is not complete, even though, un¬ 
doubtedly, the various applications that 
have been made are all valid. _ 

♦ For the method of inversioii of a matrix see Kron's 
new book, ‘Tensor Analysis of Networks." 


The Clarke matrices have the distinction 
of being identical for currents and voltages. 
This is secured, however, at the expense of 
the vector power equation, because the cur¬ 
rent and voltage transformation matrices 
are not the tensorial inverse of each other. 
For the same reason, it may also be sus¬ 
pected that the Clarke impedances caimot 
be obtained by routine methods: that each 
problem has to be worked out from the 
ground up. 

Kimbark matrices are very similar to the 
Clarke matrices except that the current 
and voltage transformation matrices now 
are not alike in the bottom row. They 
need not be alike, of course, even though it 
would be very nice if they turned out to be 
alike. Evidently, Professor Kmnbark en¬ 
countered some complication in using the 
Clarke matrices, and in his search for a way 
out arrived at his results, not stated how. 
But, even though the current and voltage 
transformation matrices have been rendered 
dissimilar, still they are not the inverse 
of each other, and all difficulty is not 
avoided: his power equation (13) needs a 
correction factor of 3 / 2 , and the physical 



interpretations of the voltage and imped¬ 
ance components are lacking. 

Three things may be said in favor of the 
modifications made by the writer: 

(а) . The voltages have as simple physical interpre¬ 
tations as the currents. 

(б) , The two matrices are the inverse of each other 
and therefore the vector power equation is what it 
ought to be, namely, the sum of the products of tte 
currents with the conjugates of the corresponding 
voltages: 

•P+iQ“J«conj 7«+J/3Conj F/j+J^conj Vy 
=JaConj Fa+Jftconj 7,+JcConj 7^(9) 

(c). All of the formulas developed for various prob¬ 
lems in any system of components can be trans¬ 
formed to the present system with the help of a 
single appropriate transformation matrix and xts 
inverse. For instance, all of the formulas of the 
Fortescue system, for the currents, voltages, and 
impedances of any problem, can be transformed to 
the present system with the help of the following 
single matrix (and its inverse), in which m - 1 , 2,0 
refer to the Fortescue components; and 
7 , to the Clarke components: 


\ m 

A_1 


1 

1 

1 

1 + V5j 

1 -h \/3j 

1 

2 

2 

0 

0 

3 


The statements by Miss Clarke and Pro¬ 
fessor Kimbark lliat the impedances of the 
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new system involve mutuals, and in genera^ 
tors uonreciprocal mutuals, makes me won¬ 
der whether some further fundamental re¬ 
search in this system of co-ordinates may 
not be justified, to find a modification 
which will avoid that complication. Pos¬ 
sible transformations of co-ordinates, that 
is, possible equivalent systems, are infinite 
in number; and we are justified in being 
optimistic. What we need is a due as to the 
direction in which the kind of tool we want is 
to be found. 

Finally, in spite of some who are doubt¬ 
ful the electrical engineering profession will 
in time come to realize that the method 
of reasoning called tensor analysis is a very 
valuable tool. 


Edith Clarke (General Electric Company, 
Schenectady, N. Y.): Professor Sjmbark 
has given an excellent presentation of a 
method of solving three-phase unbalanced 
systems by means of three sets of com¬ 
ponents different from symmetrical com¬ 
ponents. He is to be congratulated on his 
systematic and logical treatment of this 
timely subject. Undoubtedly, the com¬ 
ponents discussed in this paper will be ex¬ 
tensively used, since their use greatly sim¬ 
plifies the solution of many problems, not 
ody those dealing with steady state con¬ 
ditions but with transient conditions as 
well. 

With this in mind and realizing the ad¬ 
vantages of a standardized notation, I am 
prompted to discuss the title and notation 
of the paper: 

The title *'Two-Phase Co-ordinates of a 
Three-Phase Circuit” is not descriptive of a 
circuit in which there are zero-sequence 
components. In reference 8 the title "Modi¬ 
fied Symmetrical Components” was used. 
The objection to this title is that it does not 
specify how the symmetrical components 
are modified. 

In references 3, 6 , 6 , and 8 , the com¬ 
ponents are called ct, j5, and 0 components, 
where 

ct components are positive- plus nes^tive-sequence 
components, and are therefore the same as x com¬ 
ponents. 

P components are positive- minus negative-sequence 
components turned backward 90 degrees, and are 
therefore y components with reversed signs. /J 
components conform to the notation in reference 2. 

0 components are zero-sequence components, s 
components of voltage are zero-sequence voltages. 
z components of current are twice zero-sequence 
currents, s impedances are one-half zero-sequence 
impedances. 

The advantages in retaining the well- 
established zero-sequence components and 
conforming to the notation of reference 2 
appear to me to outweigh the advantages 
of the y and z components. My preference 
is for Of, jS, and 0 components as defined 
above with the title of "a, / 8 , 0 compo¬ 
nents,” but I should welcome a more des¬ 
criptive title and a notation standardized by 
the Institute. 


Troy U. Graybeal (Massachusetts Institute 
of Technology, Cambridge): Mr. Kimbark 
has given a lucid account of a mathematical 
transformation well adapted to solving cer¬ 
tain types of unbalanced three-phase cir¬ 
cuits. His physical. interpretation of the 
transformed currents and voltages is highly 
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commendable. A few words of this nature 
do more to clarify ideas for one uTif amiHar 
with the subject than do pages of descrip¬ 
tion and mathematical formulas. 

The illustrative examples are pertinent 
in pointing out the type of problem that can 
be handled by this method. Undoubtedly, 
the equivalent circuits given in the appen¬ 
dix would be of great value to anyone 
applying these co-ordinates to a problem set 
up on a network analyzer. Yet in a method 
of this type there is often the disappointing 
lack of the "nicety” of symmetry. The 
factor Vz coming into the expression for 
power and the factor 2 in the expression for 
I destroy the symmetry that is desirable in 
any set of working formulas. 

I rather disfavor the title "two-phase com¬ 
ponents.” It gives the impression that the 
three-phase voltages (or currents) are ex¬ 
pressible by two components which are 
two-phase. Actually there are three com-, 
ponents, one of which is the well-known zero 
component divided by two. It does not 
seem proper to speak of a set of voltages as 
two-phase when a zero component is in¬ 
volved. In addition, the two remaining 
components F* and Vy. do not rei>resent a 
set of two-phase voltages in the ordinary 
sense unless F“ = 0 or F+ = 0. This 
relation exists only for balanced imped¬ 
ances in all three phases. These conditions 
are contrary to the cases where this trans¬ 
formation would be applied. 

It seems to me that Miss Clarke’s method 
of representation where F« *=» 7 + 4 * 7 " and 
7 / 3 * 7 +— 7” leads to somewhat simpler 
results than do the use of 7* and Vy, The 
introduction of the J in the y components 
appears to introduce complexities in the 
relations between the different voltages and 
currents so that transformer ratios like l\j 
are needed in some of the equivalent circuits. 
Whereas transformer ratios of this kind may 
be treated easily mathematically, they are 
not easily represented on a networkahalyzer. 


Edward Helwith (Gibbs and Hill, Inc., New 
Y^k, N. Y.): This comment on Doctor 
Kimbark’s paper "Two-Phase Co-ordinates 
of a Three-Phase Circuit” is a presentation 
of some of his conclusions in matrix form, 
illustrating an approach which is prob¬ 
ably standard for cases of substituted vari¬ 
ables. 

Starting with the most general three- 
phase circuit 

Va =* ZaJa "h + ZaJc 

Vb *“ Zbala + Zbbib + 

Vc « Z^a + Zalb + ZcJc 



We define 


Va 


la 


ZaaZfofZac 

Vt 

1 - 

h 

Z « 

ZbaZbbZbc 

Vc 


h 


ZcaZebZce 


and write 7 “ Z-I. 
We define 



Vy 


4 


ZxxZxyZxz 

7' - 

Vy 

r « 

4 

Z' = 

ZyxZyyZyz 


\Vc 


4 


ZzxZyyZgz 


To relate the systems to each other we put 


F* - i (2Fa -Vy-V^ 

(OT'a - n + Vc) 
^ (Va + F, + F,) 

4 - 5 (24 - 4 - 4) 

*J, = ^(07.-4+J,) 

Iz~\ da + It+1^ 


(4) 


(5) 


which in matrix notation is 


Va 


2y* - gt - gi 

Va 

Vy 

— 

0 - e g- 

Vt 

Vy 


e* 2 * 

Vc 


(letting l/^/B be g for brevity) where¬ 
in the square matrix, called is an 
operator or transformation which through 
multiplication converts the last matrix into 
the set of equations (4). Equation 6 says 
7' * C,,.7 

Similarly for (5) we write 7' * CpI where 


^7 


2gi -1 g* — g* 

0 - g g 
2 g* 2 g* 2 g* 


differing from Cy in the last row. 

We postulate that Ohm’s law must hold 
for the two-phase co-ordinates ( 7 ' * 
Z'J') thereby fixing the uniqueness of Z' in 
terms of Z, To find Z': 


r « Cj l 
7' * CyV 

so 

I * cr^-r 

V « Cr^-7' 


^Haa-5Hab+2Zbb+22bc) K^aa+Hab-HbD-Hbc) 
o - VWV---pVWV- 

Kx X 




^rx 


0 


Ky 


Figure 5 


Vry 


and substituting these in 7 * Z*J we get 
Cp-i-F' « Z*C/-i‘7' 
or 

= 7 ' * Cy Z-Cr^-r 
But by Ohm’s law 7' =* Z'7' so 
z' = Cy^z-cr^ 


where C/"^ is the inverse of C/. 


0 —-VWV-J 

r 

* 1 -- 

1 

0 

1/2 

K z 

VrzT Cr^ - 

- 1/2 

- 1/22 

1/2 

1 

1 

" ' " o 

- 1/2 

1/22 

1/2 


(see Doctor Kimbark’s equation 3), 


(7) 
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operating on the Z of (2) as indicated in (7) we get Z' « 




C 0 - + 2Zae ) 

g^+0 + Zw-Z,4 
[ +0 + Z,, -Zee) 

( 0+0 +0 ) 
^+0 + Z,,-Z,e> 
( +0-Ze5+Zee) 


(2Zaa+2Zaj> + 2Zae) 
g* •] — Z^6o “ “ -^&c f 

( “ ^ca ” ^c& “ ^<sc ) 

C 0 +0 +0 ) 

( + ^ca + + ^cc ) 


C 4Z^ — 2Za^ — 2Z(ie ) 

g* •( — 2Zja + Zw + Zfte > 

( -2Zea + ZeB + Zee) 

( 0 +0 +0 ) 
g < — 2 Zbo + Zw + Z^e > 
( +2Zca-Za-Zcc) 

( 2Zaa — Za5 — Zae ) 
g* ■< + 2Z6a — Zftj — Zftc f 

( +2Zea -Ze, -Z«) 


( 0 - Z«^ + Zac } 

g-J+O — Zftft+ZjcJ- 

( + 0 — Zeft + Zee ) 


C Zaa + Zflft + Zae ) 
g* •< + Zsa + Zj6 + Zftc f 
( + Z«, + Ze, + Zee ) 


. where the elements are respectively 

ZaKpZojyZjee 

ZyajZyyZj^e 

ZaeZgyZjje 

This is the most general case possible, 
in which all impedances are permitted to be 
unequal and nonreciprocal. The simpler 
forms used in most problems can be found 
from this by applying the simplifying equali¬ 
ties provided by the data of the problem. 
Thus, for static circuits all mutuals are 
reciprocal, while for balanced circuits vari¬ 
ous impedances are equal. 

Take as an illustration an untransposed 
transmission line symmetrical about its 
center wire a 

^bb — ^ccf ^ha~ ^ca* Zftc«=Zc& 

The impedance matrix (8) reduces to 


The solution of unbalanced circuit prob¬ 
lems is now generally obtained by the 
method of symmetrical components using 
the sets of components designated as posi¬ 
tive, negative, and zero sequence. The 
solutions are commonly carried out with 
the aid of the conception of the sequence 
network,^ first introduced in 1926. The con¬ 
nection of these networks is rather simple 
for the ordinary unbalances to which a sym¬ 
metrical system may be subjected. How¬ 
ever, for the more complicated unbalances, 
such as may be described by the terms 
''unbalanced faults on unsymmetrical sys¬ 
tems” and "multiple unbalances,” the inter¬ 
connections between networks become quite 
complicated. This problem was investi¬ 
gated in a previous paper by Professor 
Kimbark* who provided a solution for a 
number of these cases by introducing mu- 


Z' 


g*(2Zaa “* 4Zflft + Zbb + Zfte) 0 g*(Zatf + Z«j - Zjj - Z^c) 

0 (Zftft — Zjc) 0 

g^{Zaa + Zab ~ Z^ " Zbc) 0 g^^/tZaa + 2Zab + Z^ + Zbc 


(9) 


Note that circuit y is independent, while 
circuits x and z are coupled by a single 
mutual. The other mutuals have vanished 
(which was the reason for using the trans¬ 
formation); The equivalent circuit (figure 
2 of Doctor Kimbark's paper) is Suitable for 
solving by elementary methods or setting 
up on a calculating board (figure 5 of this 
discussion). 

The demonstration that Z' » Ct*Z»Cr^ 
is of course general, and this equation ^ 
give the new impedances for any system of 
substituted variables. 


IL D. Evans and J. E. Hobson (both of West- 
inghouse Electric and Manufacturing Com¬ 
pany, East Pittsburgh, Pa.): Professor 
EIimbark*s paper is of considerable interest 
in that he has given a competent discussion 
of a method which might be suggested as a 
substitute for the familiar method of sym¬ 
metrical components. We believe the re¬ 
sults of his investigation show that the new 
components may be useful for a small class 
of specialized problems as an auxiliary tool 
to supplement symmetrical components, 
but that the proposed system of componente 
offers no fundamental advantage which will 
justify considering it as a replacement for 
symmetrical components in general. We 
agree with what we believe is Professor 
Kimbark’s intent, that the method appears 
to be for limited rather than for general 
use, and of immediate V£due to the specialist 
in circuit theory rather than to the practical 
engineer, handling system problems. 


tual coupling between the networks. An 
investigation revealed that the components, 
described in this paper as "two-phase co¬ 
ordinates,” do simplify the coupling between 
networks for certain types of unbalances. 
The question naturally arises as to the 
practical value of the method. Stated in 
another way, does the method offer sufficient 
promise as to justify the practical engineer 
becoming as familiar with it as he has with 
the method of symmetrical components? 

In our experience and opinion the vast 
majority of unbalanced-circuit problems 
deal with faults on a symmetrical system. 
For such problems the use of S 3 nnmetrical 
components gives the simplest set of com¬ 
ponents because, (1) the positive-sequence 
network is the system network for thenormal 
operating condition, (2) the negative-se¬ 
quence network has an interpretation that is 
readily understood, (3) the use of "two-phase 
co-ordinates” requires sources of electromo¬ 
tive force associated with two rather than 
one set of components, and (4) the majority 
of problems involving machines may be con¬ 
sidered on the basis of nonsalient-pole 
theory; for such cases the negative-se¬ 
quence system is of particular advantage 
from the standpoint of the physical con¬ 
ception and from the ease of manipulation. 

The question thus becomes that of 
whether or not the advantage of the method 
proposed here would justify its use for 
special problems. For double unbalances 
and many similar problems it is possible to 
extend the symmetrical components by 


analytical methods, as discussed by Edith 
Clarke,® Wagner and Evans,^ and E. L, 
Harder.® Many times it is possible to 
resolve the problem into a symmetrical part 
and add it to the symmetrical system, as 
discMissed by Wagner and Evans, ^ chapter 
8. The use of this procedure would permit 
treating examples 6, 7, 8, and 9 of this 
paper as special cases for one type of un¬ 
balance, as in the manner employed by 
Harder.® 

Professor Kimbark has indicated that 
imbalanced faults on an unsymmetrical dis¬ 
tribution system provide the most fre¬ 
quently occurring practical problem for 
which the method would be applicable. 
Such problems as they occur practically, 
usually permit the use of a single source and 
also the use of the same impedance in the 
supply for both positive and negative se¬ 
quence. Such a system may be readily 
solved with the a-c network calculator set 
up to represent the three-phase networks. 
Such a procedure has been found advan¬ 
tageous for the study of transients and has 
been used to a considerable extent.® 

It should be pointed out that some of the 
special cases discussed by Professor Klim- 
bark may be solved with less, or with no 
greater, complexity by the use of symmet¬ 
rical components. The two-phase method 
appears to be advantageous for cases when 
the circuit (1) does not permit the flow of 
zero-sequence currents and (2) is symmet¬ 
rical with respect to one phase. For ex¬ 
ample, the method is advantageous for 
systems involving transformers connected 
open delta/open delta but -offers little ad¬ 
vantage for the open delta/open star con¬ 
nection, for the open ddta/open delta 
autotransformer coimection, or for the open 
delta^pen delta connection for the apexes of 
the two V*s coimected and common to both 
circuits. For either of the cases just men¬ 
tioned the use of either system of co-ordi¬ 
nates will involve mutual coupling with 
the zero-sequence network. 

The term “Two-Phase Co-ordinates of a 
Three-Phase Circuit” suggests that the 
method is simpler than symmetrical com¬ 
ponents with its three sets of components. 
We recognize the difficulty in finding suit¬ 
able names for such methods, but we believe 
the name chosen is not altogether appro¬ 
priate since there is included a third set 
of components not associated with a two- 
phase system, and since the voltages and 
currents of the two-phase system set up in 
this paper do not always bear 90-degree 
relationships. We believe it is more diffi¬ 
cult to get a clear physical conception of the 
two-phase co-ordinate networks than for 
the conventional and accepted positive- 
and negative-sequence networks. Further¬ 
more, it is very unfortunate that the co¬ 
ordinate system set up here has different 
equations for resolving voltages and cur¬ 
rents into their zero-sequence components, 
and that the zero-sequence co-ordinate sys¬ 
tem is so nearly the same as the zero-se¬ 
quence system of symmetrical components 
without being identical with it. The familiar 
zero-sequence system could have been re¬ 
tained by appropriate modification of the 
definitions for the other sequence systems. 

In conclusion, • we feel Professor Kim- 
bark*s investi^tion has been quite worth 
while, that his analysis is thorough and com¬ 
plete, and that he has presented the results 
quite clearly. However, we do not think 
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the system of co-ordinates proposed will in 
any sense replace symmetrical components 
for general use, although specialists in 
system calculations may find occasional 
use for the system of *'two-phase co-ordi- 
imtes'* as a supplemental tool to symmet¬ 
rical components. 
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S. Austen Stigant (London, England): Ac¬ 
cepting the stated definition of the 0, 
a, and j8 currents, an approach to then- 
study, which is perhaps more direct than 
that given in the paper, is as follows. In a 
three-phase system of conductors the 0, a, 
and currents are distributed as shown in 
figure 6 of this discussion from which. 


•Ta = ib + la 
/» = Jo - l/2/« + 

Ic - /o - l/2Iu - Ifi 

or in matrix notation [J„] 
that is. 



MMAI. 



1 . 0 

- 1 / 2 , 1 

- 1 / 2 , -1 



Then, [/.^] - that is. 


( 2 ) 


/o’] ri/ 3 , 1 / 3 , i/ 3 i r/ai 

/« = 2/3, -1/3, -1/3 . (3) 

IpJ Lo. 1/2, -l/2j L^oJ 

from which, 

lo = 1/3 (/a -t- J, H- /,) 
la = 1/3 (2J„ - 
If, - 1/2 (7, - 7J 



The corresponding voltage equations on 
tile basis of line-to-neutral voltages are 
identical -with the foregoing, substituting 
E (or F) for 7, so that, 

[Ey\ - [JI7x]->-[£,,l (S) 


© 

a 




o 

a 


lo lo 
0 CURRENTS 




a CURRENTS 


§) I 

-Ip 

/J CURRENTS 


Figure 6 


Now, 

[•Sot] =“ [Znin^Vnl j. 

“ [ZmnHMMh] S 


and. 


[Zan\-\M,\ 

• ' 


Zaat Zabt Zac 

ri. 1. o] 

a= 

Zba* Zbb* Zbc 

. 1,-1/2, 1 


JZca* Zca* Zcc^ 

Li. -1/2, -ij 


Zoo* Zaa* Zafi 



Zbc* Zba* Zbp 

j, say. 


_Zco* Zca* ZcP^ 



Substituting for [JStoI in (6), 

IMiHEy] - [Z^nHMiHIy] ^ 

and, / (8) 

lEy] = [M^rHZn^nHMtHIy] ) 

SO that the new impedance matrix is, 

[^mV] = IM^rHZmnHMi] 

"i. JL i’ 

3 ' 3 ' 3 

1 - i -i 

3 ' 3 ' 3 


Also, 


[JEJ « [ZsVlI^] where 



so that, 


[MiViEy] « [2:,]-[Jkf2]*[l7land 
[Ey] = mrHZ.HMiHly] 

from which equation 14 is obtained. 

The mutual impedances of the symme¬ 
trical component impedance matrix [Zg] 
( «[S]’^-[Z;„n]-[S]) are, in general, non- 
reciprocal. However, when Zu « Z 22 the 
mutual impedances of matrix 14 are re¬ 
ciprocal numerically if we multiply the first 
column of (14) by V 2 the third column 


Zaa* 

Zaa* 

Zap 

Zba* 

Zba* 

ZbP 

Zfjii* 

Zca* 

Zcp 


{Zao + ZjfQ -f- Zffi), (Zaa + Zj,ct H“ Zca)f (Zafi + Zj^fi -|- Zcfi) 

■— “ ZffQ *— ^co)i (2Z^aa “• Zifct “ Zfjod» i^Z(i0 — Zj^p “ Z^p) 

3 

(ZjfO Zqq) t (Zj)a Zga) * (.Zjfp Zcp) 


In terms of symmetrical components. 


lEs] * [S]-HEn,] 

« lS]-^-lMiHEy] 

where 

IM 2 ] = [5]~i.[Ki] 


( 10 ) 


1, 1, 1 
1 . K 

h 

1. 0, 0 

n 1 • ^ 

2 ’ 

« 1 .1 

. ' 2 ' -^vs. 


1. 1, 


1 .-. 1 

'• 4 


( 11 ) 


and 


[Af.l- 


1 . 

0 , 


0 , 


1 . 


.V^ .V5 


( 12 ) 


byV^* We must then define lo, Ia» and I/} as 

/o » f Va +h+ Ic) 
la (2/a -h- Ic) 

Ip (h - Ic) 

The fact that under these circumstances 
the mutual impedances of matrix 14 and 
hence (9) are reciprocal, that is, matrices (9) 
and (14) are virtually symmetrical, is of itself, 
of no use, since by the ordinary method of 
calculation IZmn] is symmetrical in nearly 
all practical cases. But if, in addition, the 
network is symmetrical about phase a the 
equivalent impedance matrix (9) contains 
only one pair of reciprocal mutual imped¬ 
ances, all other mutual impedances being 
zero. Let 

Zifif = Z^^, Zgjf ** ZfiQ and 

Zab ZjfQf Zjfc =» Zgfyt Z^ =* Zae 

Then, 

Zqo ~ Zaa “H ^Zab 

Zbo ^ Zbb + Zab + Zbc 

Zc9 » Zbb + Zab + Zbc ” Zbo 

Zaa “ ^oa ““ Zab 

Zba =* Zab — -^{Zbb + Zbc) . 

Zca “ Zab "" + Zbc) = Zba 

Zap ^ 0 

Zbp =* Zb^ — Zbc 

Zcp “ Zbc “ Zbb =* ^Zbp 
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\Zm] = 


1 . 0 , 

0 , 1 , 


Zoo 


-Zio + Zjo 


.V5, 


0 p/1 

’ 2 ’ ^2 


^ 00 » ZfiU Zo2 
Zio, Zii, Z\2 
Z 20 , Z 21 , Z 22 


h 0 , 
1 


• — (Zqi + Z 02 ) 


2* •'v^ 

J. 1 

2 ' 


» (^M — Z 02 ) 

1 


“ (^11 + Zn + Zi2 4“ Z22)t -^12 — ^ 22 ) 


J 2 (^20 ^10)» 3 ^ (^21 4" ^22 — <2^12) > “ (2u H" ^22 ““ 2i2 — ^21) 


(14) 


Therefore from (9) the new impedance matrix becomes, 

Zaa 4“ 2Zbi, + 4Zaft 4- 22j<., Zaa + Zat — + Zh^» 

[Zfnfn*] ®* tI ^ 4* ^a6 ” 2(2aa — 2Za5) 4" Z^^ 4“ Zjc> 0 | (1^) 

0 , 0 


IP 

.V] - gj^S 


h Zo,), 0 1 

V Ztc. 0 ( 

,3(Zoo - Z»o)J 


Or dividing the first column by 2 and defining Iq as in (16), and la andJ^ as in (4), the 
new impedance matrix is. 


H + 2Za,h + Zjfct Zaa + ~ (2^J& + Zbc)t 0 

Zaa “h ZaJt *- (Zjj, 4* Z^ic)# 2{Zaa 2Zfli>) 4* Zjj + Z^c* 0 

0 » 0 , 3(Zw-«Z»e)J 


where there is only one pair of mutual impedances and these are reciprocal. 


( 18 ) 


W. A. Lewis (Cornell University, Ithaca, 
N. y.): In the other discussions of this 
paper it is pointed out that the title *‘Two- 
Phase Co-ordinates^* is not truly repre¬ 
sentative of the t 3 rpe of co-ordinates, and 
that a more suitable name should be ap¬ 
plied. In view of the fact that these co¬ 
ordinates are not symmetrical, it would not 
be appropriate to call them a variety of 
symmetrical components even though they 
are conceived in terms of symmetrical com¬ 
ponent quantities. In view of the fact 
that the basic components are normally at 
right angles, I would like to suggest the 
name “quadric components.** 

It must be definitely borne in mind that 
to represent a three-phase system without 
restriction, there must be three components, 
each possessing both magnitude and direc¬ 
tion, in order to comply with the necessary 
degrees of freedom, and it seems extremely 
important that the name used should not 
suggest there are less than three components. 
If an entirely new name is used, but one 
which is to some extent descriptive, it would 
seem that the principal objections are over¬ 
come. 


Edward W. Kimbark: Most of the discus¬ 
sion can be grouped under two heads: first, 
that which concerns the field of application 
of the new co-ordinates; second, that which 
concerns their name, notation, and form. 

With respect to the field of application, 
I agree with Evans and Hobson that the 
new method is not intended to supplant 
S 3 niimetrical components. On the other 
hand, I cannot agree with them that it is 
of such little practical value that the engi¬ 
neer who knows symmetrical components 
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should not bother to become acquainted 
with it. Some problems are solved more 
easily by symmetrical co-ordinates, some by 
two-phase co-ordinates, and some with equsd 
ease (or difficulty) by either method. Sev¬ 
eral practical problems, not given in the 
paper, to which two-phase co-ordinates 
are applied advantageously have come to 
my attention, and future experience with 
the method should widen its field of use. 
The new co-ordinates are not hard to learn, 
because familiarity with the method of 
symmetrical components has already accus¬ 
tomed engineers to thinking in terms of 
substitute currents and voltages and sub¬ 
stitute networks. Becoming familiar with 
a second substitution is a smaller step than 
grasping the concept of using any substi¬ 
tution. Mr. Evans and his associates, by 
evolving a practical, everyday working 
tool from an ingenious but abstruse mathe¬ 
matical transformation, have already broken 
the hard ground. 

The transformer coimections which Evans 
and Hobson cite as ones in which two-phase 
co-ordinates offer little advantage over sym- 
mfefarical co-ordinates are poorly chosen to 
prove their point. As they say, the use 
of either co-ordinates involves mutual 
coupling with the zero-sequence or z net¬ 
work. However, they fail to point out that 
in the equivalent circuits of these trans¬ 
formers in symmetrical co-ordinates all three 
sequence networks are coupled together, 
whereas in two-phase co-ordfiaates only the 
X and z networks are coupled, the y net¬ 
work being entirely independent. For this 
reason the equivalent circuits in question 
are much simpler in two-phase co-ordinates 
than in symmetrical co-ordinates. 

A disadvantage, of the method of two- 
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phase co-ordinates, stated in the paper, is 
that both X and y networks contain sources 
of electromotive force. This disadvantage 
disappears, however, in the type of prob¬ 
lems to which the method would be applied 
most frequently—problems in three-phase 
circuits symmetrical with respect to one 
phase—^because in such cases the y network 
is independent. This fact enables us to 
make one network, set up on a calculating 
board, do double duty—first as the x net¬ 
work, then, with slight change, as the y net¬ 
work. 

Let us turn now to the second aspect of 
the discussion, dealing with name, notation, 
and form. There seems to be general dis¬ 
satisfaction with the name “two-phase co¬ 
ordinates.** The objections to it given 
are: (1) that the name implies that three 
independent variables are replaced by two; 
and (2) that the two-phase co-ordinates of 
an unbalanced set of three-phase currents 
or voltages are not equal and in quadrature 
like a balanced set of two-phase currents 
or voltages. I feel that the name is ap¬ 
propriate because the x and y networks may 
be considered jointly to constitute a two- 
phase network equivalent to the original 
three-phase network after the zero-sequence 
quantities have been abstracted from it. 
The two-phase components of a balanced 
positive-sequence set of three-phase vectors 
form a balanced two-phase set of vectors 
of phase order y, x. Reversing the phase 
order of the three-phase vectors reverses 
the phase order of their two-phase com¬ 
ponents. The two-phase components of 
an unbalanced three-phase set of vectors 
form an unbalanced two-phase set. 

But, as the discussion has shown amply 
that the name “two-phase co-ordinates** 
leads to misunderstanding, another name 
should be considered. The name “quadric 
components,*' proposed by Doctor Lewis, 
does not seem entirely appropriate, as the 
dictionary's definition of “quadric** is 
“(Math.) Of the second degree,** The 
word “quadrature** more nearly fits the 
intended meaning, but is open to one of the 
expressed objections to the name ‘*two- 
phase* * even more than the latter is; namely, 
that the two-phase components of un¬ 
balanced three-phase vectors may not be in 
quadrature. In the absence of an ac¬ 
ceptable descriptive name, a personal 
name could well be used, and the designa¬ 
tion “Clarke components,** proposed by 
Mr. Boyajian, is highly appropriate. 

The notation to be used in denoting the 
three substitute networks is largely a matter 
of taste, and there is no disputing about 
tastes. I prefer roman letters (such as 
X, y, z) to Greek letters (such as a, i5, t) be¬ 
cause the latter are not found on many 
t 3 rpewriters. Besides, the Greek a is easily 
confused with the roman a, often used in 
the same equations to denote a phase. 
Letters x and y, by suggesting the axes of a 
rectangular co-ordinate system, help one 
to remember the positions of the vectors 
representing the two-phase components of 
balanced positive-sequence three-phase vec¬ 
tors; whfie z follows in alphabetical order 
and suggests zero sequence. Obviously, it 
would not be wise to use subscript 0 for 
components similar to, but not identical to, 
the zero-sequence components of symmet¬ 
rical co-ordinates. 

The use of matrix notation was avoided 
in the paper in the belief that it would be a 
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hindrance rather than a heln tn *t, 
reader. However, for r^Lo r average 

matrix and tensor method^ “ 

of Boyajian. Helwith. 
valuable supplement to the oao^* * 

constant factors. That i«s -ar^ <itfferag by 
place of equations 2 of the paper^*^ havein 

“ ^iC2Ia “ //. — Te) 

4 = *»(/(> - le) 

A- = **(/« + /(, 4- Je) 

T> = A*(2F„ - n - v^) 

Vv = K^(.V^ - Vc) 

Vt “ + Vft “f- 

where A,, fe^, fe,, chosen in 

mnous ways. Mr. Boyajian has proposed 
a new form of the components which has 
considerable merit. The considerations 
bearing on the choice of the k's and K^s may 
be listed os follows (not necessaxily in order 
of importance); 

1. (a) Complete or (« parUol invariance of power, 
ny complete invariance" of power. I mea^that 
the vector power of a three •'phase circuit is ffiven in 
terms of substitute variables by X(Int conj 
where ■" s or <k, y; and by ‘'partial in- 
vttriiuicc that it is given by CS(/e„g conj Vm)» where 
C ij ft constant. 1 consider partial Invariance essen- 
tial for the representation of unbalances by means 
of eounectlons between the substitute networks. 
The additioiittl step of complete invariance seems 
less iiecessttfy from a practical standpoint, though 
it is convenient in ciiscs where a three-phase system 
is to be represented partially on a three-phase basis 
and partiutly In two-pha»e co-ordinates. The pres¬ 
ence of the factor C » 3 in the power equation in 
symmetrical components has caused no particular 
difllculty; neither should a factor 3/2 in the corre¬ 
sponding equation for two-phase components cause 
any dlflieuUy. 

2 . ^ liftinc tmiuiformution for voltage as for current. 
This makes the forniultis easier to remember. 

3. Simple ntimcficftl cocfllcients ik*a and iC*s) in 
the Irunsformiitions. This facilitates both numeri¬ 
cal cftlculuthm and visualization. 

4. Simple triuisfurincr ratios (preferably one to 
one) in the connections betvireen the substitute net¬ 


works, especially the x and z networks, in the equiva¬ 
lent circuits of the commonest types of unbalance. 
This gives simple equivalent circuits, especially for 
calculating-board work. 

5. Simple relation of the new components to sym¬ 
metrical components. This takes advantage of 
the engineers* present familiarity with ssmmetrical 
components. 

Unforttmately, the specifications given 
above are somewhat contradictory and can¬ 
not all be met by the same set of com¬ 
ponents. Therefore, one’s choice of a par¬ 
ticular set will depend upon the relative 
weight given to the several items in accord 
vdth one’s opinion as to which contribute 
most to the mathematical consistency, 
nicety, or symmetry, and to the practical 
usability. With the aid of Mr. Boyajian’s 
table of three forms of transformation 
matrix (Clarke., Kimbark, and Boyajian) 
let us see how well each form meets the 
specifications listed above. A fourth form, 
the ‘’tensor form,” given by Concordia,* 
will be considered also. 

1, The Clarke form does not give invariance of 
power, the Kimbark form gives partial invariance, 
the Boyajian and Concordia forms give complete 
invariance. 

2. The Clarke and Concordia forms have the volt¬ 
age transformations identical to the current trans¬ 
formations; the Elimbark and Boyajian forms do 
not. 

8 . The Boyajian form has the simplest numerical 
coefficients and simplest physical interpretation, 
the Concordia form, the least simple. 

4. The Concordia form leads to transformer ratios 
l:V2 in the coupling between substitute networks 
of the equivalent circuit of such simple unbalance 
as a line-to-ground short circuit or an open circuit 
in one wire. The Clarke form gives nonreciprocal 
coupling with the zero-sequence network. Ratios 
of transformers connecting the a and y networks 
of the Boyajian form differ by a factor of 8/2 from 
those connecting the x and z networks of the Kim- 
bark form. 

5. The Clarke form is most closely related to sym¬ 
metrical components, the Boyajian form least 
closely related. 

It is true, as Mr. Boyajian says, that the 
currents, voltages, and impedances in his 


form of the co-ordinates have simple physi¬ 
cal interpretations. As I do not believe 
that he has made the interpretation of these 
impedances clear in his discussion, I should 
like to amplify this point by the following 
statements: 

the admittance measured from terminal o to 
terminals b and e joined together. 

Ypp is the admittance measured from terminalfrto 
terminal c with terminal a open. 

Yyy is the admittance measured from terminals 
0, d, e j<nned together to ground or neutral. 

The corresponding statements for im¬ 
pedance are not true unless the substitute 
networks are independent, for otherwise 
the elements of the impedance matrix are 
not the reciprocals of the corresponding 
elements of the admittance matrix. 

The self-admittances for the Kimbark 
form are equal to those of the Boyajian 
form multiplied by constants. 

The Boyajian a and /S impedances of a 
balanced static three-phase circuit difier 
from each other and from the positive- 
sequence impedance. The relations are 
2eta (3/2)^ll, ^Zitf and 2yy “ 

(l/3)i^oo- 'V^ether or not this disadvan¬ 
tage outweighs the advantage of simpler 
physical interpretation (simpler numerical 
coefficients) is hard to say. 

After considering the discussion on name, 
notation, and form, my inclination is to 
recommend the following: Name—Clarke 
components, co-ordinates, or transforma¬ 
tion. Notation—jc, y, g. Form—^Boya- 
jian or Kimbark, pending investigation of 
equivalent circuits in the Boyajian system. 

In concluding, I express the hope that 
further research in circuit transformations 
will show a general method of finding a 
transformation to eliminate or minimize 
the coupling between substitute networks 
in any given case. In such research, ma¬ 
trix or tensor methods will no doubt be use¬ 
ful and perhaps even essential. 
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On this and the following three pages appear discussions submitted.for publica¬ 
tion, and approved by the technical committees, on papers presented at the 
AIEE Pacific Coast convention, Portland, Ore., August 9-12, 1938, and at the AIEE 
winter convention, New York, N. Y., January 23-27, 1939. These discussions were 
not available for correlation with their respective papers at the time the papers were 
published. 


Low-Gas-Pre$sure Cable 

Discussion «nd author's closure of a paper by 
G. B. Shanklin, presented at the AIEE winter 
convention/ New York/ N. V., January 23-27/ 
1939/ and published in AIEE TRANSAC¬ 
TIONS, 1939 (July section) pages 307-15. 
Other discussion was published on pages 
315-18. 


K. S. Wyatt (Enfield Cable Works, Ltd., 
Enfield, England): The theme of this 
highly interesting paper is in contrast to 
that of an earlier one‘ by the same author, 
for in the latter he showed the benefit of 
getting out and keeping out all gas spaces 
from the insulation, whereas here he shows 
the benefit of putting gas into the insula¬ 
tion. At about the same time that this 
paper, suggesting tliat solid cable is in¬ 
adequate at 40 kv and below, was being 
delivered in New York, another paper* was 
being delivered in London, showing that 
solid cable was satisfactory at 60 kv for 
maximum temperatures of 76 degrees 
centigrade, and should even be considered 
for 132 kv. 

For the last 40 years improvement in high- 
voltage cables has been achieved by getting 
more and more gas and vacuous spaces out 
of cable insulation, and more oil in: this is 
true for solid cable and for extra-high-volt¬ 
age cable such as the oil-filled cable and the 
pressure cable. Now the author advocates 
reversing these principles and pushing oil out 
of the cable insulation and gas in, at least 
for cables up to 40 kv. Those who advocate 
gas in the insulation and the extinguishing 
of ionization by pressure on the gas, must 
show that on a long operating line, pressure 
can be maintained uniformly throughout 
the insulation wall both longitudinally and 
radially. Consider a line two or three miles 
in length, the contour of which will nor¬ 
mally show a continued succession of rises 
and dips: if oil is not thoroughly drained 
from the cable, load-cycles will cause it to 
fill the dips and these will then act as oil 
seals against longitudinal transmission of 
gas pressure. As for radial maintenance of 
pressure, if there is not continuity of gas 
channel from conductor to sheath owing to 
the presence of oil which has not drained 
out, when gas pressure in the filler spaces 
drops, the gas, dissolved in the insulation 
under 10 to 40 pounds per square inch pres¬ 
sure, will come out of solution and tend to 
"'bloat out” the insulation, increasing the 
radial dimensions of voids, and causing 
more severe ionization. It is imperative 


that gas flow through the insulation be such 
that pressure can be maintamed at all points 
during the most rapid cooling cycle likely to 
be experienced in operation. 

Migration of compound from the high 
points of a long line will leave the insulation 
with a very high thermal resistivity. It 
would be of interest if the author would give 
the actual values for this class of cable. In 
England it has been common practice to as¬ 
sume a thermal resistivity of 760 thermal 
ohms per centimeter cube, for cables up to 
six kv, in comparison with a value of 660 for 
high-voltage cables. Such a difference has 
been justified by practical tests and hds 
been attributed to the less compact con¬ 
struction and the inferior impregnation at¬ 
tained in the lower-voltage class. It is dif¬ 
ficult to believe that a cable blown out with 
nitrogen gas would achieve a lower thermal 
resistance than the former of the two classes 
mentioned above. This wiU reduce maxi¬ 
mum current carrying capacity. 

Since the author takes ionization for 
granted in this type of cable, it is certain 
that ionic bombardment of the oil will pro¬ 
duce gases, chiefly hydrogen. The latter 
being admixed with the pressure gas will re¬ 
duce its minimum ionization potential, even 
though original values of the pure pressure 
gas of special composition are quite high. 

Experience with vertical ends of three- 
conductor 24-kv cable, in which compound 
has migrated downward and air at atmos¬ 
pheric pressure has replaced it, confirms 
that such cable will operate satisfactorily 
for years at maximum stresses of 66 volts 
per mil. Nevertheless, to propose for com¬ 
mercial operation a gas-filled cable design 
with advance knowledge that ionization 
takes place in it from the day it is placed in 
operation, appears to be a bold step. There 
is also the consideration of the impulse 
strength of a cable in which ionization is 
taking place in the gas films between layers. 

The 30-degree-centigrade "solid” loss of 
the experimental cable exhibited by the 
author has increased in some cases severely. 
Unfortunately no radial power-factor curves 
which show up such deterioration so clearly, 
are given. There are good reasons for su<i 
increases. First, hydrogen generated by 
ionization from the compound, being ad¬ 
mixed with the pressure gas, will react with 
it during discharge to form from carbon di¬ 
oxide, water; from nitrogen, ammonia and 
amide compounds; and from special gases 
containing chlorine, hydrochloric acid. 
These products in the presence of moisture, 
which is always present in fibrous insulation 
in small amounts, tmdesirably increases di¬ 
electric loss. Second, 0.3 per cent O 2 im¬ 


purity in the pressure gas should react at 2 
atmospheres (absolute) at the same rate as 
0.6 per cent Oj at one atmosphere (abso¬ 
lute) ; and at 16 atmospheres as 4.6 per cent 
oxygen at one atmosphere. If the loss 
keeps on increasing year by year, will these 
cables be economical? 

It is difficult to understand from the 
author’s paper the economic advantage of 
such cable over solid cable, except that the 
lead sheath is perhaps not worked so much, 
thus perhaps cutting down the number of 
water failures. For a given duct size, how¬ 
ever, a larger conductor can be used because 
of the thiimer insulation wall. 

Exception must be taken to the author’s 
comments regarding the difficulty of rein¬ 
forcing a cable for high gas pressure. Such 
reinforcement merely consists of a thin 
metal tape wound over the lead sheath to¬ 
gether with some suitable bedding. If rein¬ 
forcement has to be applied it is immaterial 
whether 40 or 200 pounds per square inch 
gas pressure is employed, somewhat thicker 
steel tapes of course being used for the 
higher pressures. The suggested tendency 
of such a cable to "whip” in manholes if it 
were present could be overcome quite simply 
and inexpensively by the inclusion of a metal 
tape applied with long lay in the reinforce¬ 
ment. 

Conflicting nomenclature is employed by 
the author. In the title the cable is termed 
"low-gas-pressure cable” and in the con¬ 
clusions, "gas-filled cable.” Actually the 
term pressure cable was first used by Hoch- 
stadter and Bowden,* in a paper describing 
the use of fluid pressure,.either gas or liquid, 
external to the lead sheath of an ordinary 
solid cable as a means of eliminating ioniza¬ 
tion and thus permitting operation at not 
less than double the stress of solid cable. 
The term appears to have become generally 
accepted in this sense. Since when oil is 
fed into an operating cable it is termed "oil 
filled” it seems reasonable that when com¬ 
pressed gas is fed into the insulation of an 
operating cable it should be termed "gas 
filled.” 

Rbfbrbncbs 

1. PROOBBSS IN HIGK-TBNSION UNDBBOROUND 
CaBLB RbSBARCH AMD DBVBt.OPMBNT, G. B. 
ShankUn and G. J. Mackay. AIBB Trans¬ 
actions, volume 48, April 1929, page 338. 

2. Lono-Pbrioo Aoxno Tbsts on Soud-Typb 
Cablbs, T. R. Scott and R. C. Mildner. IBB, 
January 1939. 

3. Journal of the Royal Society of Arts, volume 80, 
December 11, 1931. 


R. C. Mildner (Enfield Cable Works, Ltd., 
Enfidd, England): The thorough and 
logical series of investigations on low-gas- 
pressure cables reported by Mr. Shanklin 
will be studied with keen interest by cable 
engineers, not only in America but also in 
many other countries. In all the major 
cable-manufacturing countries the reali^- 
tion that the satisfactory transmission of 
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large blocks of power at high voltages goes 
beyond the basic requirement of adequate 
electrical performance has stimulated in¬ 
tense research activity, which has brought 
forward many new forms of high-voltage 
cable. It may well be that the construc¬ 
tion sponsored by the author will find its 
niche in cable practice, and the Consoli¬ 


dated Edison Company deserves commen¬ 
dation for providing so early an opportu¬ 
nity for a trial installation in the field—a 
requirement which, for final judgment, 
must always supplement laboratory tests. 

In common with other advocates of the 
intemal-gas-pressure cables, the author has 
seemed to adopt the viewpoint that the mere 
application of pressure is capable of defining 
to a very close degree the stress at which 
ionization will take place: as a consequence 
it is claimed that such cables are susceptible 
of exact engineering design so that it is pos¬ 
sible thereby to prevent absolutely any 
deleterious ionization phenomena under 
working conditions. General experience 
and, indeed, the author's own results show 
that this is by no means the case. The 
incidence of ionization at any given pres¬ 
sure is both variable, depentog upon the 
previous history of the cable, and indefinite 
in relation to the stress at which it is ini¬ 
tiated. For the case of the low-gas-pres¬ 
sure cable at least, the situation in this re¬ 
spect is in no way dissimilar to that of 
solid-type cable. Figure 1 of this discus¬ 
sion shows the aging characteristics of a 
solid-type cable which was reported in a 
paper presented recently before the British 
Institution of Electrical Engineers (*Xong- 
Period Aging Tests on Solid-Type Cables," 
T. R. Scott and R. C. Mildner, paper pre¬ 
sented before the transmission section, 
lEE, January 1939), and it will be seen that 
it presents quite analogous phenomena of 
restrained ionization and a "cleaning up" 
process which operates during a major por¬ 
tion of the life under test. Furthermore, the 
cable shows a preliminary period during 


which ionization is entirely absent. In 
modem well-constructed cable cumulative 
ionization of the type envisaged by the au¬ 
thor does not demonstrate itself at the 
stresses quoted for low-gas-pressure cable. 
In the absence, therefore, of quantitative 
tests it is unwise to assume'that pressure- 
controlled cables of this type are immune 


from continuous deterioration when sub¬ 
jected to working electrical stresses at which 
ionization is relatively restrained. 

In his discussion of ionization stability 
the author draws a distinction between posi¬ 
tive and negative pressures. It is difficult 
to see how such a difierence can in fact be 
other than one of degree since, as I assume, 
such pressures are relative to that of the ex¬ 
ternal atmosphere. A dielectric composed 
of impregnated paper and gas pockets com¬ 
prises under voltage a complex series- 
parallel network, in which the latter com¬ 
ponents will in general present saturated 
ionization phenomena. When, under severe 
conditions of test, secondary ionization sets 
in, the magnitude of this ionization will 
often be limited by the capacitive currents 
which the solid dielectric is capable of trans¬ 
mitting. It is therefore not difficult in 
solid-type cable to ensure that such ioniza¬ 
tion is not cumulative but decidedly limited 
in effect. In normal operation an advantage 
accrues to the solid-type cable from the fact 
that the energy associated with saturated 
ionization at low pressures is less than that 
bound up with saturated ionization at high 
pressures. 

I believe that it is true to say that most 
cable engineers in England have accepted 
the thesis that, in judging test performance 
in which breakdown occurs by ionization 
phenomena, it is the value of maximum 
stress rather than that of average stress 
which is the limiting factor of operation. 
Judged on this basis the tests quoted by the 
author do not seem severe in comparison 
with those capable of being surmounted by 
solid cable. Of the cable type adopted by 


the author only one test to breakdown is 
mentioned, and this does not compare favor¬ 
ably, even when using the criterion of aver¬ 
age stress, with the performance of the best 
types of modern solid-type cable. Thus in 
the previously-mentioned paper three dis¬ 
tinct cable lengths with 446-mil insulation 
wall are quoted as having withstood without 
failtire more than 260 days' testing at 134 
volts per mil. Now while one cannot say 
at the moment whether it will prove possible 
to guarantee such characteristics for every 
production length of cable, these results do 
indicate that there would seem to be no ob¬ 
vious intrinsic limitation to the performance 
of solid-type cable, such as the author im¬ 
plies. It is therefore important to establish 
what advantages these gas-pressure cable 
types will have in service operation. 

In conclusion I should like the author to 
express his opinion as to the reason for the 
variation in the solid loss of his cables at 80 
degrees centigrade. An increase in loss 
may well be explained by the oxygen con¬ 
tent of his nitrogen supply, a fact to which 
reference is made, but the decrease in loss 
observed, for instance, in lengths 5,6,7, and 
8, if explained in terms of compound drain¬ 
age, would suggest that such movements of 
compound may persist over a period as long 
as two years. It would appear that the 
high losses in these cables limit their applica¬ 
tion at the moment to medium voltages, 
moderate maximum temperatures, and un¬ 
congested cable systems. 


O. B. Shanklin: In his discussion, Mr. 
Wyatt refers to an earlier paper by the 
same author and cites it as an example of 
inconsistency. While the author reserves 
the right to change his mind as the art 
progresses, this does not exactly apply in 
this case. If Mr. Wyatt will read the older 
paper closely, he will find a statement to the 
effect that gas under pressure in a solid- 
type cable might be beneficial if some way 
could be found to prevent this gas from con¬ 
centrating and forming "dry spots" along 
the cable length. The present paper de¬ 
scribes a design in which we believe this is 
accomplished. 

Mr. Wyatt has raised practical questions 
regarding uniform maintenance of gas pres¬ 
sure along the cable line in service. Such 
questions can only be answered by practical 
field experience. No difficulty has yet been 
found in controlling pressure in the two in¬ 
stallations now in service. We would prefer 
postponement of a final answer to this ques¬ 
tion tmtil more field experience is obtained. 
Regarding maintenance of uniform pressure 
radially from conductor to sheath, I think 
Mr. Wyatt is overlooking several important 
factors. First, the cable is completely gas 
saturated at the required pressure and auto¬ 
matically tends to maintain this pressure at 
all points in the cross section. Second, with 
even the most rapid cooling cycle the drop in 
gas pressure in the feed channels is relatively 
small. We are not worried about the diffi¬ 
culties of maintaining uniform radial gas 
pressure so long as we can maintain uniform 
longitudinal pressure in the gas feed chan¬ 
nels. 

In regard to the thermal resistivity of the 
impregnated-paper insulation after drain¬ 
age, it is stated in the paper that measure¬ 
ments show this to be from 10 to 15 per cent 
higher than the thermal resistivity of solid- 
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type cable. It has been the practice in the 
United States for some years past to assign a 
value of 700 to solid-tsrpe cable after it is 
fully expanded by load cycles in service. 
The gas-pressure cable after drainage of 
compound accordingly has a thermal re¬ 
sistivity from 770 to 806. 

I am afraid Mr. Wyatt has not read the 
present paper very closely or he would un¬ 
derstand that we are not proposing continu¬ 
ous ionization discharge in the cable 
throughout its life and length. The paper 
merely presents test data tending to show 
that at those unfavorable points where in¬ 
cipient ionization might start in service it 
will be extinguished by self-healing action 
before real damage is done. This will allow 
much closer approach to critical ionization 
in service, than is the case with solid-t 3 rpe 
cable, without danger of cumulative action 
at the weaker points along the cable line. 

Mr. Wyatt states that in some cases the 
30-degree-centigrade "solid** loss increases 
severely, and goes on to demonstrate that 
this is due to deleterious by-products of 
ionization. If this were so,' the 80-degree- 
centigrade "solid” loss would increase even 
more severely. A study of the test data in 
the paper will show that this occurred only 
in test length number 9 for reasons fully ex¬ 
plained. In all other lengths tested there 
is no permanent increase in 80-degree* centi¬ 
grade "solid** loss, and the 30-degree-centi¬ 
grade increase is actually small and unim¬ 
portant. 

I am sorry I cannot agree with Mr. Wy- 
att*s claims relating to reinforcement of lead 
sheath for permanent operation at 200 
pounds per square inch pressure. We know 
from a good deal of experience at pressures 
up to 50 pounds that the problem is more 
difficult than outlined by Mr. Wyatt. 

I would like to thank Mr. Mildner for his 
interest in the low-pressure gas-filled cable 
and only wish that I could give him more 
complete answers to the questions he has 
raised. Unfortunately, I cannot because 
Mr. Mildner*s whole discussion is based on 
the supposition that uniformly maintained 
gas pressure gives no more exact control of 
ionization than obtained in ordinary solid- 
type cable where the pressure fluctuates 
widely with temperature cycles. This is a 
question that can be fully answered only by 
operating experience. Laboratory tests 
and theory both indicate that uniformly 
maintained pressure does give more exact 
control of ionization. We all know that 
ionization discharge is materially influenced 
by pressure. The whole question is whether 
this theory will hold under practical operat¬ 
ing conditions. Only time and a lot of 
cable in service will fully answer this ques¬ 
tion by giving a direct comparison with the 
service record of solid-type cable. 

Mr. Mildner cites a test he has made and 
offers figure 1 to show that incipient ioniza¬ 
tion can also be controlled in solid-type 
cable. I do not doubt that this can be done 
when all conditions happen to be favorable. 
The question is can these results be repro¬ 
duced with every length of solid cable 
tested? That there is some doubt of this in 
Mr. Mildner*s mind is shown by his state¬ 
ment, "Now while one cannot say at the 
moment whether it will prove possible to 
guarantee such characteristics for every 
production length of cable, these results do 
indicate that there would seem to be no ob¬ 
vious intrinsic limitation to the performance 


of solid-t 3 ^e cable.** If the low-gas-pres- 
sure cable proves to have any real value, it 
will be based on the hypothesis that uni¬ 
formly maintained gas pressure will result 
in a more uniform performance of the insu¬ 
lation and sheath. If this proves so, then 
obviously we can safely increase the working 
voltage stress and the severity of other con¬ 
ditions as compared with soliitype cable. 

Mr. Mildner is correct in stating that it is 
better to deal with maximum voltage stress 
than average voltage stress. Most of the 
cable lengths we tested had compact sector 
conductors with relatively sharp comers. 
For conductors of this shape it is difficult to 
express maximum voltage'stress accurately, 
and it is for this reason that average voltage 
stress is generally used as a practical yard¬ 
stick in the United States. 

Referring to the last paragraph of Mr. 
Mildner*s discussion, I offer the following 
tentative explanation for the variations in 
the 80-degree-centigrade solid loss of the 
gas-pressure-cable test lengths. The same 
characteristic has been noted in solid and 
oil-filled types of cable and is known to be 
directly related to the amount of impurities 
in the cable, particularly the amount of oxi¬ 
dation impurities. To identify this charac¬ 
teristic some engineers designate it as an 
"oxidation cycle,** The theory is that dur¬ 
ing the initial active stage of oxidation the 
solid loss increases until finally all oxygen is 
consumed. After this the solid loss de¬ 
creases as the final oxidation products be¬ 
come fixed or precipitated. These fixed 
oxidation products are not actively con¬ 
ducting and explain the decrease in loss. 


Symposium on Operation of 
Boulder Dam Transmission 
Line'—General Operation 
of Transmission Line 

Wm. S. Peterson 


Insulation and 

Lightning Protection 

Bradley Cozzens 

Discussion and authors' closures of two papers 
of a symposium presented at the AIEE Pacific 
Coast convention, Portland, Ore., August 
9-12,1938, and published in AIEE TRANS¬ 
ACTIONS, 1939 (April section) pages 
131-56. Other discussion was published on 
pages 156-60. 


C. M. Longfield (State Electricity Com¬ 
mission of Victoria, Melbourne, Australia): 
As an Australian who had the privilege of 
visiting the Boulder Dam project early in 
1938, this group of papers is of very special 
interest to me. It is quite evident from 
even a casual contact with the designing 
staff that the principles upon which all 
components of this scheme were based were 
car^ully checked before a. final design was 
adopted. This aspect, and the courageous 
manner in wWch it was done, even more 


than the magnitude of the undertaking, are 
the things which impress one most, and The 
electrical industry is very much in the debt 
of the Bureau of Power and Light for mak¬ 
ing public both the design and operating 
results of this imdertaking. 

Mr. Peterson gives some very interesting 
data on page 134 of the results of several in¬ 
terruptions. In the case of the trouble ex¬ 
perienced on March 29, 1938, he says that 
Boulder was carrying 230,000 kw. Did this 
result in a major shutdown in Los Angeles? 
As I understand the situation, Boulder 
carries a very large percentage of the total 
load in Los Angeles, and the erection of a 
third line will increase this percentage. 
What provision is* being made for maintain¬ 
ing emergency supply in the event of major 
interruptions on the Boulder transmission 
line? 

It appears that, so far, relay operations 
from one cause or another have always re¬ 
sulted in tripping off both circuits. This 
seems to have been due to: 

(a). Both circuits being damaged by a tower 
wash out, 

(fr). Switching surges on parallelling circuits, or 
(c). Faulty relay wiring. 

In Other words, from an operating point of 
view the reliability of the line has so far not 
been improved by having two circuits. 
Had these circuits been mounted on sepa¬ 
rate towers and paralleled at a lower-volt¬ 
age bus, one circuit might have remained in 
service at least when the load being carried 
was within the transient stability limit of the 
remaining circuit. 

The high efficiency of the line is a striking 
feature of the paper, and revival of the use 
of variable voltage at the generators is of 
particular interest. Have the losses in the 
synchronous condensers been included in 
calculating the efficiency of transmission 
listed in table I? 

It is not generally realized how important 
the distribution of voltage along a transmis¬ 
sion line can be as affecting the size of syn¬ 
chronous condensers. This is especially 
noticeable in those cases where intermediate 
condensers are used when the optimum set 
of conditions is highly critical. 

In discussing lightning protection, Mr. 
Cozzens says that "ground resistance meas¬ 
ured on stakes driven to approximate coim- 
terpoise depth showed resistance values as 
high as 3,000 ohms.*’ Is this the resistance 
to ground of a single stake driven to this 
depth, or is it the soil resistivity as meas¬ 
ured, say, by the Gish-Rooney method? 
The continuous counterpoise as used on the 
Boulder line is a very expensive construc¬ 
tion, and one would naturally want to avoid 
the expense involved if a discontinuous 
counterpoise would do. For a line of the 
type described, but more favorably situated 
as regards ground resistivity, what would 
the author regard as a limiting resistance 
above which a continuous counterpoise be¬ 
comes necessary? A very striking feature 
of the design of this line is the immunity 
from flashovers during the lightning storms 
so far experienced and which have left un¬ 
mistakable evidence of their severity in the 
burning of the gaps. Is it safe to assume 
that the majority of discharges which cause 
burning of the gaps have been direct strokes 
to tower structures? Why is it that the 
magnetic links on the lightning arresters 
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have shown no appreciable evidence of dis¬ 
charge? Is there then no evidence to show 
that the lightning arresters themselves have 
functioned? • If not, why? 

On the evidence so far presented, one 
could summarize Mr. Cozzens* paper by 
saying that the lightning protection pro¬ 
vided has produced a line which, for all 
practical purposes, is trouble-free. It at 
least appears that the line is immune from 
interruptions due to lightning and that with 
p^iodical cleaning of the insulators in cer¬ 
tain sections the line should be free from in¬ 
sulator failures due to foggy conditions. 
This conclusion, if valid, is an important one 
since, in that case, it would be possible to 
put reliance in a single-circuit line where it 
would otherwise be uneconomical to erect a 
duplicate circuit. 

The influence of high-speed operation of 
relays and switchgear is also of great im¬ 
portance, as has been emphasized by E. H. 
Bancker in the discussion. Indeed the ef¬ 
fect of rapid clearing of faults is very pro¬ 
found, especially in those cases where the 
transmission line delivers only a part of the 
tot^ load into the network. Whether an 
additional circuit can be dispensed with will 
depend upon what provision has been made 
for taking up the load dropped by the faulty 
line and the transient stability characteris¬ 
tics of the rest of the system. This brings 
me back to the point raised in the second 
paragraph above, namely—^what provision 
has been made in Los Angeles for supplying 
that part of the load dropped by the loss of 
one or both Boulder circuits? 


W. S. Peterson: We greatly appreciate the 
interest that Mr. Longfield has shown in 
this project so remote from his immediate 
operations, and value greatly his contribu¬ 
tions in discussion. 

In reply to the question concerning the 
outage of March 29, 1938, the rolling re- 
s^e at the time of the trouble was suffi¬ 
cient to carry the entire system load, even 
if the Boulder plant were dropped. How¬ 
ever, during the trouble and before the 
Boulder plants were disconnected, the fre¬ 
quency had fallen from 60 to 48 cycles. 
While the remaining generators were picking 
up the system load, the local load at station 
B, where Boulder power is received, was 
dropped, to facilitate the speed increase so 
synchronizing with Boulder could be ac¬ 
complished. The amount of load dropped 
was approximately 60,000 kw. The re¬ 
mainder of the system load was carried with¬ 
out interruption. 


The additional circuit from Boulder 
travels an entirely different route from Vic¬ 
torville switching station to Los Angeles. 
It is felt that this will give added protection 
to the Boulder power. Additional steam 
facilities will have to be provided in the near 
future to furnish load demands as well as 
stand-by service for the transmission sys¬ 
tems. However, it is not the intent to pro¬ 
vide 100 per cent Boulder system stand-by 
at the time of the armual peak load. Suffi¬ 
cient stand-by will be used to permit the 
leaving out of one section of circuit (90 
miles) and be ready for a switching opera¬ 
tion on another 90-mile section without 
losing synchronism. Due to the high stand¬ 
ards of construction of the Boulder trans¬ 
mission system, it is believed that the serv¬ 
ice under such conditions will be superior 
and the investment less than would prevail 
if lower standards of line construction and 
100 per cent steam stand-by were used. 

Mr. Longfield*s statements are true re¬ 
garding the causes for outages, but it should 
not be misconstrued that the switching 
surges were of the type to cause flashover. 
They were, rather, current transients that 
operated on the relay circuits such as to in¬ 
dicate a faulted line and cause false tripping. 
Also, the major sources of trouble were the 
errors of human operation. It is true that 
to date the relays have failed to clear the 
faulted line without also dropping the par¬ 
allel good section, but it is anticipated that 
this will be overcome in the very near future. 
The undesirable features of two circuits on 
one tower line were recognized, but right-of- 
way expense made the use of two tower lines 
prohibitive. 

As stated on the bottom of page 133, the 
efficiency given in the table includes the 
losses through the autotransformers and the 
synchronous condensers, but does not in¬ 
clude the loss in the transformation from 
132 kv to the distributing voltage of 33 kv. 


Bradley Cozzens: In reply to Mr. Long- 
field^s question concerning the high values 
of ground resistance, these values were de¬ 
termined with the three-electrode Meggar 
method, using two of the electrodes as the 
current-carrying elements and a third stake 
to determine the potential of the ground as 
uninfluenced by the flow of current. This 
method is that outlined for use with the 
ground Meggar in Bulletin 1286 of the 
James G. Biddle Company^ 

In regard to the cost of continuous coun¬ 
terpoise as compared to the radial or other 
type, it is {rue that where the country is 


mountainous, rough, or of a solid rock for¬ 
mation, the continuous counterpoise is the 
more expensive. However, where the 
country is not extremely rough and will al¬ 
low the use of the large counterpoise-laying 
plow, the cost of the continuous counter¬ 
poise is probably less than the actual cost of 
radial counterpoise with terminating ground 
rods, and is felt to be much more effective. 
We have not had sufficient experience to 
state at what ground resistance counter¬ 
poise should go from radial to continuous 
type. Future flashovers, if and when they 
occur, may give the answer to this question. 
It is certain that practically all of the 
burns on the counterpoise gaps were caused 
by direct hits to either the tower structures 
or the ground wires. The few exceptions to 
this might be where the transmission line 
crosses lower-voltage circuits, and these cir¬ 
cuits may have discharged into the counter¬ 
poise system and caused some of the smaller 
bums observed. The strokes to the towers 
have not as yet flashed gaps more than four 
towers from the tower contacted by the 
stroke. 

. With regard to the operation of the arrest¬ 
ers at Boulder, we have had no direct hits 
within the first mile from the Boulder 
switch rack, so it is relatively certain that 
any of the more remote strokes would not 
have induced the 826 kv in the conductor 
which is necessary to cause operation of the 
arresters. The only indication of operation 
of .the arresters is the slight burning of a se¬ 
ries paper-film gap, but this has been at¬ 
tributed to the arcing of the disconnect 
switches connecting the arresters to the 287- 
kvbus. 

Mr. Longfield^s comment concerning im¬ 
munity from lightning will have to have a 
slight prefacing, for on March 22, 1939, the 
Boulder north line was flashed over by 
lightning. This was the first flashover out 
of over 200 recorded direct hits. There is 
some consolation in the fact that it was a hit 
of the “unusual” type. The stroke appar¬ 
ently contacted the top arcing horn of a sus¬ 
pension string and with the heavy ionization 
accompanying such a condition bridged the 
string. This occurred with the ground 
wires located just TVs foot inside the verti¬ 
cal plane through the outer conductors and 
30 feet above them at the tower. Such con¬ 
ditions, of course, cannot be predicted or 
guarded against. The arc formed directly 
between the horns and there were no burns 
on any of the insulators. 

We, again, wish to thank Mr. Longfield 
for his interest and contributions to the 
papers. 
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Report of the Board of Directors 

For the Fiscal Year Ending April 30, 1938 


1"HE board 6f directors of the American 
Institute of Electrical Engineers presents 
herewith to the membership its 54th annual 
report, for the fiscal year ending April 30, 
1938. A general balance sheet showing the 
condition of the Institute's finances on 
April 30, 1938, together with other detailed 
financial statements, is included herein. 
This report contains a brief summary of the 
principal activities of the Institute during 
the year, more detailed information having 
been published from month to month in 
Electrical Engineering. 

Board of Directors’ Meetings 

During the year, the board of directors 
held five meetings, four in New York City, 
and one at Milwaukee, Wis. The executive 
committee meetings in December and 
March were held in place of regular meetings 
of the board. Information regarding many 
of the more important activities of the In¬ 
stitute which have been under consideration 
by the board of directors and the commit¬ 
tees is published each month in the section 
of Electrical Engineering devoted to 
"'News of Institute and Related Activities.” 

President’s Visits 

President Harrison attended the Pacific 
Coast and winter conventions and the 
Middle Eastern District meeting. He also 
visited many Sections and some Student 
Branches. During May and June, Presi¬ 
dent Harrison will attend the North 
Eastern District meeting in Lenox, Mass., 
and the summer convention in Washington, 
D. C., and make a few other visits. 

The places visited are listed below: 

California 

Los Angeles Section 
San Francisco Section 

Colorado 

Denver Section 

Illinois 

Urbana (District conference on student activities) 
Indiana 

Central Indiana Section, Lafayette 
Fort Wayne Section 
Purdue University, Lafayette 

Iowa 

Iowa Section, Des Moines 
Louisiana 

New Orleans Section 
Michigan 

Detroit-Ann Arbor Section, Detroit 
Minnesota 

Minnesota Section, Minneapolis 
Missouri 

Kansas City Section 
St. Louis Section 

Nebraska 

Nebraska Section, Omaha 

New York 

New York Section 
Winter Convention 
Pratt Institute, Brooklyn 

North Carolina 

North Carolina Section, Chapel Hill 
Ohio 

Akron Section 

Cincinnati Section 

Columbus Section 

Ohio State University, Columbus 


Oklahoma 

Oklahoma City Section 
Pennsylvania 

Lehigh Valley Section, Wilkes-Barre 

Philadelphia Section 

Pittsburgh Section 

Tennessee 

Memphis Section 

Texas 

Dallas Section 

Houston Section 

Washington 

Spokane (Pacific Coast Convention) 

Wisconsin 

Milwaukee (Summer Convention) 

Canada 

Toronto Section 

National Conventions 

Three national conventions were held 
during the year, and a brief report on each 
follows: 

Summer Convention, The 53d summer 
convention was held in Milwaukee, Wis., 
June 21-25, 1937. During 10 technical 
sessions, 35 technical papers, 5 committee 
reports, and 3 addresses were presented. 
Two technical conferences were held: one on 
field problems, and the other on electrical 
apparatus for three-phase arc furnaces. 
Convention events of unusual interest were 
a lecture by Doctor Vannevar Bush on 
Tuesday evening, an address by Doctor 
R. E, Flanders during the first part of the 
general session on Wednesday morning, 
and the subsequent introductory discussions 
by six members on various phases of In¬ 
stitute programs, which were followed by 
general discussion. 

Other parts of the convention were the 
annual business meeting, conference of 
officers, delegates, and members, president's 
reception, followed by dinner and dancing, 
boat trip on Lake Michigan, buffet supper 
and smoker, golf and tennis tournaments, 
ladies’ events, and farewell gathering. The 
registration was 1,067, 

Annual Meeting. The annual business 
meeting of the Institute was held on Mon¬ 
day morning, June 21, as part of the opening 
session of the summer convention. The 
annual report of the board of directors for 
the fiscal year which ended April 30, 1937, 
was presented in abstract by the national 
secretary. A report on the finances of the 
Institute was presented by National Treas¬ 
urer W. I. Slichter. The report of the 
committee of tellers upon the election of 
officers for the year beginning August 1, 
1937, was presented, and President-Elect 
Harrison responded to his introduction 
with a brief address. 

Pacific Coast Convention. The 25th Pa¬ 
cific Coast convention was held in Spokane, 
Washington, August 31 to September 3, 
1937, with a registration of 266. Six tech¬ 
nical sessions, two student sessions, a joint 
conference on student activities, reception 
and dancing, a banquet, inspection trips, a 
golf tournament, and ladies’ events consti¬ 
tuted the principal features of the conven¬ 
tion, One of the technical sessions was 
held jointly with the Institute of Radio 
Engineers. 
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Winter Convention, The 26th winter con¬ 
vention was held in New York City, Janu¬ 
ary 24-28, 1938, with a technical program 
including 66 papers in 16 sessions, 4 techni¬ 
cal conferences, and 3 addresses. During a 
general session on Wednesday morning, 
brief addresses were given by President 
Harrison, and T. F. Barton, chairman of 
the winter convention committee, the Alfred 
Noble Prize was presented to Doctor G. M. 
L. Sommerman, and Doctor H. G. Moulton, 
president of the Brookings Institution, gave 
an address on "Technological Develop¬ 
ment ill Relation to Economics.” 

At an evening session, the Edison Medal 
was presented to Past President Gano 
Dunn; and Stephen F. Voorhees, senior 
partner of Voorhees, Gmelin and Walker, 
gave an illustrated lecture on the "New 
York World’s Fair, 1939.” 

A smoker, numerous inspection trips, and 
ladies' events completed the program of the 
convention which had a registration of 
1,438. 

District Meetings 

Brief reports on the two District meetings 
held during the year are given below. 

North Eastern District Meetings This 
meeting was held in Buffalo, N. Y., May 5-7, 
1937, with five sessions, including one for 
student papers, a dinner and a second even¬ 
ing meeting, each with a talk and demon¬ 
stration, a District conference on student 
activities, inspection trips, and ladies’ 
events. The registration was 352. 

Middle Eastern District Meeting. The 
meeting of this District was held in Akron, 
Ohio, October 13-15, 1937, with seven 
technical sessions, including one for the 
presentation of student papers, a banquet, 
dinner and entertainment at Nela Park, 
inspection trips, conference on student ac¬ 
tivities, and ladies’ events. The registra¬ 
tion was 464. 

Sections 

The Sections maintained unusually keen 
interest in their activities during the past 
year. The total number of meetings re¬ 
ported was slightly larger than the number 
for 1936-37, which far exceeded that for 
any previous year. Interest in technical 
groups and other forms of more specialized 
meetings continued strong, and special 
efforts were made in some Sections to deter¬ 
mine the particular interests of their mem¬ 
bership with reference to subjects. 

As usual, a considerable number of Sec¬ 
tions offered prizes for the best papers pre¬ 
sented in competition, and the interest in 
encouraging student participation in Section 
programs produced several excellent joint 
meetings with Branches. 

Three new Sections were organized during 
the year: Wichita in September, Tulsa in 
October, and Muscle Shoals in February, 
and each took its place among the more 
active Sections. These brought the total 
number to 65. 

The name of the Atlanta Section was 
changed to Georgia Section, and its territory 
was extended to include the entire state. 
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' Section and Pranch Statistics 



e 


For Fiscal Year Ending 



April 30, 
1032 

April 30, 
1934 

April 30, 
1936 

April 30, 
1938 

Sections 

Number of Sections. 

Number of Section meetings held........ 

Total attendance. 

. 497.... 

-.‘.106.325_ 

61. 

.... 472. 

....73,271. 

61.... 
.... 540.... 

.. .86.601.... 

65 

624 

....110,148 

Branches 

Number of Branches. 

Number of Branch meetings held. 

Total attendance. 

...... 109_ 

. 64.197.... 

.... 113. 

.... 1,015. 

....41,772. 

... 118.... 
... 1,045.... 

.. .45.304_ 

120 

.... 1,334 

.... 60,446 


The Sections committee completed a 
yearns study of the various Section activi¬ 
ties in an endeavor to facilitate co-operation 
between Sections, and to enable the Sections 
to serve their communities more effectively. 
Self-analysis blanks were filled out by the 
Sections, and the results were studied by a 
subcommittee. The findings of this study 
were published in the March issue of 
Electrical Engineering, pages 134-*5. 

The Sections committee also made a com¬ 
pilation of the various plans which the 
different Sections are using in dealing with 
the local membership problems. A de¬ 
tailed outline was prepared of the more suc¬ 
cessful plans, and a copy was sent to each 
Section. The object of this study was to 
aid the Sections in settling satisfactorily 
their individual problems concerning loc^ 
membership. 

More detailed information on these ac¬ 
tivities may be found in the annual report 
on Section and Branch activities in the June 
issue of Electrical Engineering, pages 
263-3. 

Stitdent Activities 

A new Branch organized at Northwestern 
University brought the total number to 120. 
A large majority of the Branches carried 
on a substantial amount of activity, but two 
reported no meetings. The total number 
of meetings reported was below that for 
the preceding fiscal year, but larger than 
the total for any previous fiscal year. 

The extensive participation by students 
in the technical programs of national con¬ 
ventions and District meetings was con¬ 
tinued, student sessions having been held as 
follows: North Eastern District meeting in 
Buffalo, one. Pacific Coast convention in 
Spokane, two, and Middle Eastern District 
meeting in Akron, one. 

With the endorsement of the chairman of 
the committee on Student Branches, the 
committee on safety sent a letter of October 
30, 1937, to the counselors of all Student 
Branches suggesting that each Branch have 
presented '"a paper dealing with some phase 
of the problem of the prevention of accidents 
or remedial measures after an electrical 
shock.” Twenty-four Branches followed 
this suggestion. 

The terms of enrollment of 1,474 Students 
expired on April 30, 1938, and 703, or about 
48 per cent, applied for admission as As¬ 
sociates. 

Section and Branch Statistics 

Data on the Sections and Branches are 
given in table I. 


Technical Program Committee 

The general review and study of the 
planning, scope, and procedures of the 
programs of Institute meetings, which had 
been carried out during the previous year, 
resulted in two changes which have been 
put into effect in the course of the current 
year and which are believed to be important 
forward steps. 

Advance Copies of Technical Papers. A 
subcommittee of the technical program 
committee, under the chairmanship of 
R. N. Conwell, as a^ result of their study, 
recommended last July that “the Institute 
adopt as a policy the provision of preprints 
of technical articles submitted as program 
material.” This proposal had been made 
by the publication committee, and was dis¬ 
cussed and approved at the conference of 
officers, delegates, and members held at the 
summer convention in Milwaukee. The 
recommendation was approved by the new 
technical program committee appointed the 
first of August, by the publication com¬ 
mittee, and, in October 1937, by the board 
of directors. As a corollary to this recom¬ 
mendation, Electrical Engineering is 
relieved of the necessity of publishing all 
technical papers, but will include about two- 
thirds of them. The Transactions will in 
the future include all of the formal tech¬ 
nical program papers rather than consisting 
of a reprinting of Electrical Engineer¬ 
ing as in recent years. 

The change to the new procedure has 
been carried out gradually during the year, 
and the summer convention in Washington 
will be the first meeting at which the new 
policy is completely effective. At the 
winter convention in January, advance 
copies were provided for 39 out of 66 papers, 
the others having previously been published 
in Electrical Engineering. The ad¬ 
vance copies are sold at a nominal price (in 
addition to a limited free distribution). 
The response of the membership has been 
good, and it is anticipated that the average 
distribution of 212 copies of the advance 
copies of winter convention papers (not in¬ 
cluding quantity orders, averaging 40 
copies per paper) will be increased as the 
plan becomes fully effective and as the 
membership becomes accustomed to it. 

General Meetings. The “special com¬ 
mittee on Institute activities” arranged for 
a meeting of broad general interest at the 
summer convention in Milwaukee, to which 
a half day was devoted without parallel ses¬ 
sions. At this meeting. Doctor Ralph 
Flanders addressed the Institute on the 
subject “The Engineer in A Changing 
World.” This was followed by a discussion 


by members of the Institute on the subject 
“How Can Institute Programs Be Made of 
Greatest Value to the Membership?” This 
discussion evoked so much interest that it 
was continued in the afternoon of the 
following day. 

Based upon this experience, the special 
committee on Institute activities recom¬ 
mended to the board of directors that while 
“major emphasis should continue to be 
given to the technical programs substan¬ 
tially along the present lines,” the programs 
of Institute meetings should frequently in¬ 
clude “sessions at which subjects of general 
interest to all the members are discussed.” 
This recommendation was approved by the 
board in August 1937, and the technical 
program committee has been guided by it in 
the programs for the ciuxent year. 

At the winter convention Doctor Harold 
G. Moulton, president of the Brookings 
Institution, Washington, presented .an ad¬ 
dress on “Technological Development in 
Relation to Economics.” His penetrating 
analysis of this subject proved of great 
interest to the membership. At the ap¬ 
proaching sunimer convention in Washing¬ 
ton, arrangements have been made for a 
general session to which Wednesday morn¬ 
ing will be devoted, at which the Institute 
will be addressed by Doctor W. R. Gregg, 
chief of the Weather Bureau, and Colonel 
J. M. Johnson, assistant secretary of the 
Department of Commerce on aeronautics. 
Also, at the business meeting on Tuesday 
morning, it is hoped that an address will be 
given on municipal planning in Washington, 
by an appropriate official. 

Technical Programs. Certain informa¬ 
tion regarding the technical programs for the 
national conventions and District meetings 
for the current year in comparison with the 
previous year is given in table II. 

These figures show a marked increase in 
the Institute's activity. The increase in 
registration at national conventions and 
District meetings is especially striking. 
There was one more convention this year 
than last (the Pacific Coast convention and 
summer convention having been combined 
in 1936), but, even after allowances for that 
fact, the registration has increased by 20 
per cent. 

Attention is called to the material de¬ 
crease in the average length of paper which 
is, the committee believes, a worth-while 
achievement. Engineering papers tend to 
be too long for maximum effectiveness, and 
in many cases the approval of a paper is 
delayed by the process of having it short¬ 
ened. It is hoped that authors will co¬ 
operate with the technical committees and 
the technical program committee in con¬ 
tinuing this trend toward shorter papers. 


Table II. Technical Programs, Last Two Years 


April 30,1937 
to 

April 30, 1938 

April 30,1936 
to 

April 30, 1937 

Number of sessions... j>.. 

43 ... 

.... 37 

Number of conferences... 

8 .... 

.... 10 

Number of papers pre- 

IS.** .. 

....,v:i24 

Registration at na¬ 
tional conventions 
’ and District meetings. .3,590 .... 

....2,720 

Average length of pa¬ 
per, pages. 

6 >/« ... 

7«A 
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Table III. Membenhip .Statistics for the Fiscal Year Ending Apri^ 30/ 1938 



Honorary 

Fellow 

Member 

Sir-Year 

Associate 

Associate 

Total 

Membership on April 30, 1937.. 

.10. 

..709..... 

,...4,118... 

....6,791- 

_4,680.... 

... 15,308 

Additions 







Transferred. 

.1. 

.. 26^.., 

. - 161 

614 



New members qualified. 


.. 1.... 

... 167!..! 

!!!. 39.... 

_1.428 


Former members reinstated. 


.. 2;... 

... 14..., 

.... 27- 

... 19 



11. 

..737,... 

...4,450.... 

....6,471- 

_6,127.... 

... 17,796 

Deductions 







Died. 

.2. 

.. 16.... 

...* 34..., 

_ 29.-.. 

... 11 


Resigned. 


.. 4..., 

... 37.... 

153.... 

... 120 


Transferred.. 


.. 1 ! 

... 17..., 

!!.*. 149.'... 

... 624 


Dropped. 


.. 6.... 

... 46.... 

!!. 186.... 

... 284 


Membership on April 30, 1938.. 

.9..V.. 

.-.710.... 

...4,316.... 

...5,966. , . . 

.. .5,088- 

...16,078 


In comparison witli a budget of 1,115 
pages for the previous appropriation year, 
the technical program committee is operat¬ 
ing this year on a budget of 1,200 pages of 
papers recommended for the Transactions 
plus provision for duplicating in small 
quantities 300 pages of additional material 
for presentation only. Because of the 
change in the publication procedure associ¬ 
ated with the provision of advance copies 
for technical meetings, a considerable part 
of the expense of publishing this year’s 
technical papers will go over into next year’s 
budget. In the approval of papers, how¬ 
ever, the technical program committee has 
laid its plans on the basis of adhering to the 
allotted budget, since the carry-over of 
publication expense will, of course, affect 
next year’s budget. 

. The satisfactory results of the year’s work 
and the real progress which has been made 
have come about through the loyal co¬ 
operation and devoted efforts of the chair¬ 
men of the technical committees, the mem¬ 
bers of the technical program committee, 
and of other committees co-operating with 
them, and the untiring zeal of Mr. Rich and 
other members of the staff involved in the 
work of the committee. 

Publication Committee 

During the year, there has been put into 
effect the revised publication policy ap¬ 
proved by the board of directors at its 
October *28, 1937, meeting, and described 
on page 1409 of the November 1937 issue of 
Electrical Engineering. This revised 
policy has made it possible not only to meet 
more fully the diversified interests of the 
membership with reference to Electrical 
Engineering and Transactions, but also 
to make available in advance photolitho¬ 
graphic copies of manuscripts of technical 
program papers, and to shorten the time 
required to make technical program papers 
available for distribution; all of this, of 
course, within the limitation of the publica¬ 
tion budget. Also a real improvement has 
been made in the efficiency of operation of 
the publication office. 

At the 1938 winter convention, over 3,600 
separate advance copies of technical pro¬ 
gram papers were sold, and practically all of 
the comments received with reference to the 
arrangement as a whole and with reference 
to the form of the advance copies have been 
favorable. 

One feature of the revised publication 
policy is that discussions are correlated with 
their respective papers, both in the Trans¬ 
actions section of Electrical Engineer¬ 
ing and in the bound annual volume of 
Transactions. While the new policy was 
made effective, in.general, with the January 
1938 issue of Ei^ectrical Engineering, 
the full effect of the new policy will not be 
evident until the issuance of the September 
1938 number. The change from prepubli¬ 
cation of technical program papers in 
Electrical Engineering to postpublica¬ 
tion naturally could not be made completely 
in any one issue. Beginning with the April 
1938 issue, the discussions are correlated 
with all the technical program papers pub¬ 
lished. However, until the September 
issue, there will appear separate discussions 
pertaining to technical program papers 
which were published before the discussions 
became available. 


The improved efficiency in the publica¬ 
tion office is permitting more attention to 
be given to the publishing of a suitable pro¬ 
portion of general interest articles in 
Electrical Engineering. This is a con¬ 
tinuation of the policy outlined in last year’s 
report. 

Early in the year there was brought to a 
satisfactory conclusion the publication of 
the ‘‘Lightning Reference Book,” The 
attempt to handle this matter on a self- 
supporting basis was entirely successful, 
and the form and appearance of this volume 
have received very favorable comment. 
As a result of the success of this venture, 
consideration is being given to the publica¬ 
tion of other books on a similar self-sup¬ 
porting basis. 

In recognition of the duties and respon¬ 
sibilities he has been carrying regularly for a 
number of years, F. A. Norris was appointed 
business manager of Electrical Engineer¬ 
ing, effective November 16, 1937. This in¬ 
volved no change in the salary account of 
the publication office. 

Membership Committee 

The membership committee has continued 
its activity along lines similar to those of 
the last few years. An active national 

Table IV. Number of Applications Received 
From Enrolled Students and From All Others 


From From 

Year Ending Students All Others Total 


April 30, 1938. 
April 30, 1937. 
April 30. 1936. 
April 30. 1936. 
April 30, 1934. 

.716... 

.631... 

... 932.1,671 

...1,040.1,756 

... 946.1,577 

... 715.1,290 

... 496. 963 

Table V. 

Number of Enrolled Students 

April 30, 1938. 


........5,037 (2,428) 

April 30, 1937. 


d. Kfil fO OiloV 

April 30, 1936. 


.. . 4 AdO n QQ1T 

April 30, 1935. 
Apiil 30, 1934. 




Following the number of Students reported for 
April 30 of each year is indicated within parentheses 
the number of new applications received during 
that year; the difference between this number and 
the reported total, of course reflects the number of 
renewals of Student enrollment for the corre¬ 
sponding period. 


committee of 21 members and Section 
committees or representatives in all of the 
Sections have continued tbeir work through¬ 
out the entire year. Two niecLings of the 
national committee were held in New York, 
one being at the time of the winter conven¬ 
tion to permit a large percentage of the com¬ 
mittee to be present. 

Continuing the policy of last year in 
passing along increased re.spousibiUly to 
the District vice-chairmen of the coimnittee, 
it was recommended, and the board <}f 
directors approved the proposal, that the 
vice-chairmen become members of their re¬ 
spective District executive cominUlees. 
The vice-chairmen, supported by their re¬ 
spective Section member.ship committee¬ 
men, have worked in close contact with 
each other to produce a good record for the 
year. 

The general business conditions now af¬ 
fecting a large portion of the industrial areas 
in the country have had their efreet.s upon 
the membership returns, as will be noted in 
table IV wherein it is seen that the total 
number of applications received is .slightly 
smaller than last year. The hard work 
of the Section committees has done much 
to prevent a smaller figure appearing in this 
column. It is interesting to note in the same 
table that the applications received from 
students has, however, slightly increased 
over last year, in spite of the current eco¬ 
nomic conditions. The strong effort.s made 
by the committees to induce Enrolled 
Students whose terms were expiring to apply 
for admission as Associates has been largely 
responsible for this figure not falling below 
last year’s report. Though the total num¬ 
ber of appHcations received is less than last 
year, it must be said., in all fairness, that 
seven of the ten Districts returned more ap - 
plications than they did for the year 1936- 
37. 

In spite of the decrease in the number of 
appHcations received, the total membership 
of the Institute has been increased by 776 
members. This makes the total member¬ 
ship 16,078, ^ dompared with 15,368 one 
year ago. This compares with the 768 in¬ 
crease for last year. The number of mem¬ 
bers dropped durmg the year, due lo failure 
to meet Institute requirements, was 521, as 
compared with 626 last year. 

Table y shows an interesting incrca.se in 
the number of Enrolled Students. These 
men form a very important source of new 
members for the Institute each year. 
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Table VI. Number of Members In Section 
Territory Reinstated 


August 1, 1937 to April 30. 1938.306 

Year beginning August 1, 1936.503 

Year beginning August 1, 1935.663 

Year beginning August 1, 1934.831 

Year beginning August 1, 1933.741 


Table VI indicates a decrease in the num¬ 
ber of former members who have been rein¬ 
stated in Section territory. The number of 
delinquent members available for reinstate¬ 
ment has been decreasing continuously, 
which, of course, accounts for the smaller 
number reinstated each year, but it is also 
probable that present economic conditions 
have had their effects in further decreasing 
the number this year. It will be noted 
that the figure 306 applies to a nine-month 
period. The figure for the same months 
last year was 460. 

It is encouraging to note that the record 
of members who have their dues fully paid 
as of April 30th has again increased slightly 
in spite of the conditions now existing. This 
is shown in table VIII. 

Although the Institute's membership is 
still somewhat less than the peak reached 
in 1927—see table IX—^it has been continu¬ 
ally increasing since the low figure of 1936 
reached as an effect of the business depres¬ 
sion. 

Deaths 

The following deaths occurred during the 
year: 

Honorary Members: Guglielmo Marconi, 
Ambrose Swasey. 

Fellows: Philip P. Barton, Byron B. Brack¬ 
ett, Kay A. Christiansen, Clarence L. Cory, 
Maurice Costa, David F. Crawford, Henry 
W. Fisher, George E. Hayler, Samud E. M. 
Henderson, John W. Howell, Arthur L. 
Mudge, Peter W. Sothman, Edwin R. 
Stoekle, Charles W. Stone, Joseph A. Thaler, 
Norman T. Wilcox. 

Members: Harry A. Baker, Clifford W. 
Bates, Norman M. Baxter, Bennett M. 
Brigman, Charles Brossman, Prank D. 
Burr, E. R. Carichoff, Walter Cary, E. S. 
Code, James A. Correll, H. Milton Dearmin, 
Edgar D. Edmonston, William B. Folline, 
Edwin P. Harder, H. Lester Harris, Joseph 
A. Hepp, William M. Joy, Albert B. Jun- 
kins, Emil M. Kaegi, Charles Max, William 
F. McLaren, Theodore B. Morgan, Edward 
L. Nichols, Edward J. Pratt, Frank B. Rae, 
Charles P. Randolph, Ralph T. Rossi, 
Howard T. Sands, Carl G. Schluederberg, 
James F. Schnabel, Carroll Shipman, Arthur 
Townsend, Henry H. Vrooman, Henry H. 
Wait. 

Associates: David C. Bacon, Maurice Bar- 
rere. Max A. Berg, Robert C. Brown, Fran¬ 
cis E. Cabot, Charles L. Cadle, Paul A. 
Callis, Robert A, Connor, L. W. Copeland, 
Harry G. Cotter, Frank L. Dalas, Alfred W. 
Dater, Lucius F. Deming, Robert J. Deneen, 
E. A. Enquist, Milton M. Gess, Joseph 
Goodman, Russell S. Gueffroy, William G. 
Heptinstall, Edward W. Judy, Emil E. 
Keller, Thomas H. Kettig, Robert King, 
Hugh Lesley, Mrs, Zella A. McBerty, 
George E. McLean, Winfred Morrill, Albert 
J. J. Murphy, William M. O'Brien, Joseph 
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H. Paget, John Pearson, Benjamin Robin¬ 
son, William G. Rogers, Michael Romano, 
Banka A. Roy, Henry W. Taylor, Robert 
Taylor, Wilbur S. Werner, Philip B. Wood- 
worth, George R. Wright. 

Committee on Transfers 

The committee on transfers gave inten¬ 
sive consideration to the development of de¬ 
sirable methods of encouraging members 
who are qualified for the higher grades to 
submit applications for transfer. 

The following paragraphs were prepared 
by the committee for inclusion (with modi¬ 
fications to conform to any amendments to 
constitution and by-laws that may be 
adopted) in the general letter sent to Sec¬ 
tion officers in September of each year by 
the national secretary: 

'‘The oAicers of each Section should consider the 
matter of encouraging members of the Institute 
who are fully qualified for the higher grades to 
submit their applications for transfer, and should 
set up in their Section means for such encourage¬ 
ment. The means should be appropriate to the 
situation in the Section. A Section committee on 
transfers consisting of three or five older men 
(Fellows and Members), who know the Section 
membership well, is probably the best. Such a 
committee continuing on from year to year will 
come to know the situation and can act with dis¬ 
cretion. The Section membership committee can 
no doubt be of considerable help in this work, 


especially in encouraging Associate to Member 
transfers. 

"The regulations covering transfer mil be found 
in the constitution, sections 10-14, 16, and by-laws, 
sections 2-4, 7-9, 13. 

"Any questions which any group has should be 
ref^ed to H. E. Farrer, secretary, board of 
examiners, AIEB, 33 West 39th Street, New 
York, N. Y." 

Table X contains the numbers of applica¬ 
tions for transfer to the grades of Fellow and 
Member recommended and not recom¬ 
mended by the board of examiners during 
the past 12 years. 

Board of Examiners 

The board of examiners held 11 meet¬ 
ings during the past year, averaging about 
two and one half hours each, and considered 
3,956 cases, divided as shown in table XI. 

Standards Committee 

The report of the standards committee of 
a year ago reflected a considerably increased 
activity in the standardization field. That 
general high level has continued throughout 
the year just ended. Several Institute com¬ 
mittees have been carrying on much pre¬ 
liminary development work later to be sub¬ 
mitted to American Standards Association 
as the basis of American standards. Like¬ 
wise, the sectional, committees working 
under ASA procedure have brought to com¬ 
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pletion many projects that now have the 
full status of American standards. 

At this point, it might be advisable to 
call attention to an action taken at the 
October 1937 meeting of the standards com¬ 
mittee. A recommendation was made to 
the directors at that meeting, and later ap¬ 
proved by them, suggesting the carrying 
out by the Institute's technical committees 
of a survey of the entire electrical standardi¬ 
zation field. Such a survey, it was felt, 
would be the most effective way of deter¬ 
mining what fundamental standardization 
should be under way and how the Institute 
could most effectively continue to play its 
rightful part in such work. Concrete in¬ 
dications of the results of the recommenda¬ 
tion made are now becoming apparent, al¬ 
though no evidence of fundamental stand¬ 
ardization overlooked has been uncovered 
in any survey reported to date. 

A statement of actual detailed actions 
taken by the standards committee during 
the year will not be attempted here, as those 
actions are all matters of record. In gen¬ 
eral, it has been necessary to make many 
new committee appointments, because the 
work of many sectional committees has 
reached a stage calling for reorganization, 
and others long, inactive have become active. 
Certain changes in sponsorship of sectional 
committees also have taken place. 


During the year, two Institute standards, 
"Relays" and "Automatic Stations," re¬ 
ceived in revised form the approval of ASA 
as American standards. Likewise, it was 
deemed desirable for the Institute to give 
official approval to the publication of a revi¬ 
sion of its existing standard for “Oil Circuit 
Breakers." This action was taken in order 
to place immediately in the hands of in¬ 
dustry many new data on breakers de¬ 
veloped by the committee on protective 
devices. The revised standard, it is under¬ 
stood, will eventually become part of the 
American standard for "Oil Circuit 
Breakers" now in course of development by 
the sectional committee on power switch- 
gear. 

The standards committee put into opera¬ 
tion a recommendation received from the 
committee on co-ordination of institute 


Table VIII. Memberships Fully Paid 




Number of 

Per 


Membership 

Members 

Cent 


as of 

Fully Paid 

Fully 


April 30 1 

SB of April 30 

Paid 

1938. 


. ..14,127.... 

..87.9- 

1937. 


...13,439..,. 

..87.3 

1936. 


... 12,446...•. 

..85.2 

1935. 


...11,512.,.. 

..80.5 

1927 

(year of 



maximum 




membership).. 18,344..., 

...16,247. 

.88.5 
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Table VII. Membership of the Institute/ April 30/1938 


Of the 16,078 members reported for April 30, 1938, 14.127 are fully paid to April 30, 1938. The balance 
of 1,951 are divided into the following groups: 

1. Members owing dues to April 30, 1937. 

Total number of members who have not acted upon resolution of board of directors adopted in 


January 1938 providing an extension of time for payment of these dues. 470 

2. Members owing dues to April 30, 1938.1,481 


(During the period May 1 to 17. 1938, 270 members have paid dues to April 30, 1938, reducing the total 
to 1.211.) 























activities calling for the organization of a 
subcommittee to consider the electrical 
characteristics of bushings. As it is planned 
to make the personnel of this committee in¬ 
clusive of all interested groups, it is felt 
their report will eventually be generally ac¬ 
ceptable. 

At the February meeting, one subject 
was discussed, which may prove of great in¬ 
terest to the entire electrical industry. It 
was suggested that consideration be given 
to a possible revision of many of the estab¬ 
lished ideas on the rating of all types of 
electrical machinery. There would be in¬ 
volved such questions as temperature endur¬ 
ance limits of insulating materials, the classi¬ 
fication of new materials, methods of tem¬ 
perature measurement, and rating versus 
performance under operating conditions. 
As the first step in the proper approach to 
these questions, it was agreed that if pos¬ 
sible a symposium should be arranged at an 
Institute convention calling for a thorough 
discussion of the points outlined, together 
with the presentation of related data. Ar¬ 
rangements for a S3nnposium are now under 
way. 

United States 

National Committee op the IEC 

Although no plenary meeting of the In¬ 
ternational Electrotechnical Commission 
was held during the past year, meetings of 
seven advisory committees were held. These 
covered: section B on transformers of ad¬ 
visory committee No. 2 on rating of elec¬ 
trical machinery; No. 8 on standard voltages 
and currents and high voltage insulators, 
with special relation to impulse voltages; 
No. 9 on electric traction equipment; No. 
13 on electrical measuring instruments; 
No. 22 on electronic devices; No. 12 on 
radio-communications; and No. 7 on alumi¬ 
num. In addition, a meeting of the com¬ 
mittee of action of the IEC was held, at 
which a number of important decisions with 
respect to the work of the IEC were taken. 

It will be recalled that last year it was re¬ 
ported that consideration was being given 
to international standardization on acous¬ 
tics. After full discussion in the committee 
of action, the IEC decided to recommend 
that the International Standards Assoda- 


Table IX. Record of AIEE Membership 


Total 

Membership 
May I 

Total 

Membership 
May 1 

, Total 
Membership 
May] 

1884.. 

. 71 

1003., 

. 2.229 

1921.. 

.. 13,215 

1885.. 

. 209 

1904.. 

. 3.027 

1922., 

. 14,263 

1886.. 

. 250 

1905.. 

.• 3,460 

1923.. 

*. 15,298 

1887.. 

. 314 

1906.. 

. 3,870., 

.19^4.. 

. 16.455 

1889.. 

. 333 

1907,, 

. 4,521 

1925.. 

. 17,319 

1890.. 

. 427 

1908.. 

. 5,674 

1926,. 

. 18,158 

1891.. 

. 541 

1909.. 

. 6,40Q 

1927.. 

. 18,344 

1892.. 

. 616 

1910,-. 

. ’ 6,681 

1928.. 

. 18,265 

189.^.. 

. 673 

1911.. 

. 7,117 

1929.. 

'.'18,133 

1894.. 

. .800 

1912.. 

. 7,459 

1930.. 

. 18,003 

J895., 

. 944 

1913.. 

. 7,654 

1931.. 

. 18,334 

<896.. 

. 1,035 

1914., 

. 7,876 

1032.. 

. 17,550 

1897.. 

. 1,073 

1915.. 

. 8,054 

1933.. 

. 17,019 

1898.. 

. 1,098 

1916.. 

. 8,202 

1934.. 

. 15,200 

1899.. 

. 1,133 

1917.. 

. 8,710, 

1035.. 

. 14.269 

I90d.. 

. 1,183 

1918.. 

. OUZOS' 

1936.. 

. 14.600 

1901.. 

. 1,260 

1919.. 

'. 10,352 

1937.. 

. 15,308 

1902.. 

. 1,549 

1020.. 

. 11.345 

1038.. 

. 16,078 
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tion (ISA) be invited to tmdertake the 
general organization of the standardization 
work in the field of acoustics, the IEC being 
ready to co-operate with the ISA through an 
advisory committee on electroacoustics. 
This recommendation was accepted by the 
ISA, and a meeting was held in Paris in 
June 1937 at which a number of important 
decisions were taken. The most important 
of these had to do with the acceptance of the 
American reference level for sound measure¬ 
ments of 10”^® watts per square centimeter, 
thus making this effectively a world stand¬ 
ard. 

The committee of action also undertook 
a study of the most effective manner of 
handling within the IEC standardization 
work on co-ordination of insulation. The 
various advisory committees concerned 
have been contacted and the opinion of the 
various national committees sought. A 
decision in the matter will be taken shortly. 

New IEC projects on electric welding— 
No. 26—and electroheating—^No. 27—^have 
been initiated recently. 

New Publications. New publications 
issued during the past year indude a new 
IEC spedfication for a-c circuit breakers 


Table X. Applications for Transfer During 
the Past 12 Years 


Fellow .Grade Member Grade 

Tear Not Not 

Ending Rec- Rec- Rec- Rec- 

April om- . om- om- om- 

30 mended mended Total- mended mended Total 


1927. 

30... 

5.. 

, 35. 

. 293,. 

. 32. 

. 325 

1928. 

21... 

3.. 

. 24. 

. 280.. 

. 17. 

. 297 

1929.. 

45... 

2. . 

. 47. 

. 229.. 

. 19. 

. 248 

1930.. 

28... 

2.. 

. 30. 

. 211.. 

29. 

. 240 

1931.. 

44... 

3.. 

. 47 

. 322.. 

31. 

. 353 

1932.. 

7... 

2.. 

. 9. 

, 149.. 

17. 

. 166 

1933.. 

29 .. 

2., 

. 31.- 

. 109.. 

ii: 

. 120 

1934.. 

25... 

2.. 

. 27. 

. 154.. 

. 3. 

'. 157 

1935.. 

19... 

2.. 

. 21. 

, 199.. 

. 23. 

. 222 

1936.. 

27.., 

1., 

. 28. 

. 205.'. 

. 24. 

. 229 

1937.. 

24... 

2.. 

. 26. 

. 167.. 

. 27. 

. 194 

1938.. 

26... 

0.. 

. 26. 

. 137.. 

.. 7. 

. 144 

Totals.' 

.32*5... 

26.. 

. 351.. 

.2,455.. 

.240.* 

.2,695 


(Publication No. 66) which covers defini¬ 
tions, rules for rating, and rules for type 
tests for a-c circuit breakers; an append^ 
to IEC Publication No. 46 on steam tur¬ 
bines covering supplementary notes to sec¬ 
tion 4 of instruments and methods of meas¬ 
urement of the rules for acceptance tests. 
Also a draft of a revised edition of Publica¬ 
tion No. 38 on standard voltages was issued. 

International Vocabulary —^No. 1. The 
International Electrotechnical Vocabulary, 
which it was expected would be available 
during the past year, entailed so much work 
that it wais not possible to have the first 
edition ready for distribution. It is now 
hoped, however, that it will be available be¬ 
fore the end of the current year. 

Radio Ini^ference. Several meetings of 
the international special committee bn 
radio interference were held, and a consider¬ 
able volume of work done concerning the 
methods of measuring radio noise which 
are used in the different countries. This 
work has resulted in the development of a 
standard measuring apparatus which is be¬ 
ing manufactured in Belgium and sold to 


Table XL Applications for Admission and 
Transfer 


Applications for Admission 
Recommended for grade of Associate. 
Re-elected t^the grade of Associate.. 
Kot recommended. 

..964 

..119 

...16..1,099 

Reeoipmended for grade of Member.. 
Re-elected to the grade of Member... 
Not recommended..... 

.140 
. 28 
. 34.. 

202’ 

Recommended for grade of Fellow.,. 
Re-elected to the grade 6f Fellow.... 
Not recommended.’... 

. 1 

*. 1.. 

2. 

Applications for Transfer 
Recommended for grade of Member.. 
Not recommended.•. 

.159 
. 11.. 

170 

Recommended for grade of Fellow..., 
Not recommended...... 

. 31 

31 


Students 

Recommended for enrollment as* Students.;. .2,402 


Total......3.956 


the various countries"interested. Considera¬ 
tion is being given in this country to secur¬ 
ing this apparatus for test in this country. 
After the results obtained by the use of this 
apparatus are available to the international 
special committee, discussions of the results 
on a comparable basis will be possible. 

Plenary Meeting. A plenary meeting of 
the IEC is now scheduled to be held in Tor¬ 
quay and London, England, June 22 to 
July 1. At this time meetings of 21 ad¬ 
visory committees, as well as of the inter¬ 
national committee mixed on traction, the 
committee of action and the council of the 
IEC will be held. As would be expected, 
much of the work of the advisory com¬ 
mittees during the past year has been de¬ 
voted to preparations for this complete 
series of meetings. The United States 
national committee will be well r^resented, 
its total delegation probably numbering 
about 22 individuals, including the president 
and secretary of the USNC. In addition, 
James Burke, the president of the IEC, who 
is an American, will be in attendance. 

Committee on Safety 

In line with ^e change in the by-laws of 
the Institute, the committee on safety has, 
with an enl^ged program, replaced the 
committee on safety codes which had been 
in existence for a number of years, and had 
rendered valuable service to the Institute. 
It was felt that the time had come to enlarge 
the functions of this committee and hence 
the change in the by-laws and organization 
were approved. 

The comnjittjse held three meetings during 
the year, anq has ii^tituted a program b^d 
primarily on education. Through co-opera¬ 
tion with the appropriate conimittees of the 
Institute,. letters were forwarded to the 
counselors of Student Branches and to the 
chairmen of Sections, recommending that 
during the year at least one meeting should 
be devoted to the reception and discussion of 
a paper dealing with some phase of safety 
or remedial measures after dectrical shock. 
As a result of these letters, a considerable 
number of Student Branches and Sections 
have had papers presented to them and in- 
toesting discussions of these papers have 
taken place. In the case of other Sections 
and Student Branches, their programs lor 
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the year were completed when the com¬ 
mittee's letter was received, but arrange¬ 
ments have been made that the matter 
will receive consideration during next year. 
From the letters received jprom the Sections 
which had these papers presented to them, 
it is quite apparent that there is a very ac¬ 
tive interest in this subject among the mem¬ 
bers and among the students. 

letters to professors of electrical engineer¬ 
ing in some 120 universities and colleges 
were sent out, recommending that at least 
the senior students receive instruction and 
training in artificial respiration, as they 
would be required to have this knowledge on 
entering industry. As a result of these 
letters, active training of senior students 
has been either increased or instituted in 
more than half of these colleges. As a re¬ 
sult of the answers to these letters, it was 
found that, in some colleges and universi¬ 
ties, courses in accident prevention are 
carried out, in some instances on a voluntary 
basis, but in other instances being required 
for the degree. The committee is very 
appreciative of the general co-operation 
given by the professors of electrical engi¬ 
neering. 

Arrangements are on foot to have pre¬ 
sented to the Institute papers on specific 
siibjects dealing with the prevention of ac¬ 
cidents. One paper that has been generally 
requested is at present in preparation. 

Representatives of the committee have 
attended meetings of the National Fire 
Waste Council, the National Fire Protec¬ 
tion Association, and a meeting of represen¬ 
tatives of safety committees in engineering 
associations called by the engineering sec¬ 
tion of the National Safety Council. 

In laying down a basic principle, the com¬ 
mittee feels that a design to be efficient must 
be safe to construct, operate, and maintain, 
and that electrical engineers not only deal 
with material things, but also are in many 
cases responsible for the organization, train¬ 
ing, and direction of men in the construc¬ 
tion, installation, and operation of plant 
and equipment. For this reason, they are 
vitally interested in the protection of these 
men from accident. 

Every endeavor has been made in carrying 
out the work of the committee to keep it 
practical and on a sound foundation upon 
which'more extensive programs can, in the 
future, be built. 

Co-ordination Committee 

In addition to it^‘duties concerned with 
the national and District meetings referred 
to it by the board of directors, the com¬ 
mittee has given serious attention, at the 
request of the president, to the problem of 
long range planning for the Institute as a 
whole. It has recommended to the board a 
reconstitution of the committee, to be called 
the committee on planning and co-ordina¬ 
tion, and alterations in the by-laws which 
would assign to this new committee the 
task of long range planning studies, with 
particular reference to the interests of spe¬ 
cial groups within the Institute membership, 
as well as the responsibilities of the present 
committee: 

Institute Policy Committee 

The Institute policy committee was ap¬ 
pointed in-Accordance with the requirements 


in the by-laws, and was ready to consider 
any matters that might be brought to its 
attention. However, the board of directors 
did not find it necessary to refer any ques¬ 
tions to the committee. 

Committee on Code of 
Principles of Professional Conduct 

The committee has undertaken no re¬ 
vision of the code and no proposals of this 
sort have been submitted to the committee. 

Committee on 
Constitution and By-Laws 

This committee conducted its work by 
•correspondence, and considered and recom¬ 
mended several proposed amendments to 
the constitution and by-laws of the In¬ 
stitute, 

COMMITTBE on ECONOMIC 
Status of the Engineer 

The committee has met at convenient 
times during conventions. The conunittee 
members have also carried on correspond¬ 
ence relating to the work of the committee. 
At a meeting held during the winter conven¬ 
tion, the committee had for discussion a 
considerable amount of data, largely in the 
form of bulletins published by the Bureau of 
Labor Statistics of the United States De¬ 
partment of Labor. Also the committee 
had available, by virtue of C. F. Scott’s 
membership on the committee, the accumu¬ 
lated experience of Engineers’ Council for 
Professional Development. As data avail¬ 
able were reviewed and discussed, the chair¬ 
man of the committee made the remark: 
“The economic status of the engineer is 
largely a matter determined by each indi¬ 
vidual engineer according to his particular 
personal qualifications and the relations 
these bear to the work he does and to the 
personalities of those persons with whom 
and by whom he is employed.” Where¬ 
upon he was instructed by the committee to 
Write a paper setting forth the reasons lead¬ 
ing to the comment made. That paper has 
been submitted to the technical program 
committee for use at the summer conven¬ 
tion in June, and may be referred to as a 
part of this report. 

Committee on 
Award of Institute Prizes 

Four national and 12 District prizes were 
awarded in 1937 for papers presented in the 
calendar year 1936 and for student papers 
presented during the academic year enffing 
June 30, 1937. These awards were an¬ 
nounced in the issues of Electrical Engi¬ 
neering for June, September, October, and 
November 1937. 

The committee considered a large number 
of papers and the gradings and recommenda¬ 
tions of the technical committees which had 
reviewed the papers. Many papers con¬ 
sidered were of a high quality, and, in addi¬ 
tion to the national prizes, ten other papers 
were given honorable mention. 

Copies of a revised edition of the pamphlet 
“National and District Prizes,” containing 
revisions recommended by the committee 
and approved by the board of directors, 
were distributed in August 1937. 


Committee on Award of 

Columbia University Scholarships 

During February and March 1937, 16 
inquiries regarding Columbia University 
scholarships were received from interested 
students in some ten institutions. Applica¬ 
tion forms and information were sent to 
each of these, but not a single formal ap¬ 
plication for the scholarship was received. 

This is ascribed to the fact that, during 
May and June 1937, the industries made 
such a demand for technical graduates that 
all Columbia University graduates obtained 
positions in industry immediately upon 
graduating, and many had been engaged 
long before commencement. 

Edison Medal 

The Edison Medal, which is awarded by a 
committee composed of 24 members of the 
Institute, was, for 1937, awarded to Gano 
Dunn “for distinguished contributions in 
extending the science and art of electrical 
engineering, in the development of great 
engineering works, and for inspiring leader¬ 
ship in the profession,” and was presented 
on January 26,1938, during the winter con¬ 
vention. The medal may. be awarded an¬ 
nually “for meritorious achievement in 
electrical science, electrical engineering, or 
the electrical arts.” 

John Fritz Medal 

The John Fritz Medal board of award, 
composed of representatives of the national 
societies of civil, mining, mechanical, and 
electrical engineers, awarded the 34th medal 
(for 1938) to Doctor Paul Dyer Merica, 
vice-president. International Nickel Com¬ 
pany, for “important contributions to the 
development of alloys for industrial uses.” 

Lamme Medal 

The Lamme Medal committee awarded 
the medal for 1937 to Doctor Robert E. 
Doherty, president, Carnegie Institute of 
Technology, “for his extension of the theory 
of a-c machinery, his skill in introducing 
that theory into practice, and his encourage¬ 
ment of young men to aspire to excellence 
in this field.” Arrangements are being 
made for the presentation of the medal at 
the annual summer convention in Washing¬ 
ton, D. C., June 20-24, 1938. The medal 
may be awarded annually to a member of 
the AIEE “who has shown meritorious 
achievement in the development of electrical 
apparatus or machinery.” 

Alfred Noble Prize 

This prize, established in 1929, consists of 
a certificate and a cash award of $600 from 
the income from a fund contributed by engi¬ 
neers and others to perpetuate the name 
and achievements of Alfred Noble, past- 
president of the American Society of Civil 
Engineers and of the Western Society of 
Engineers. It may be made to a member of 
any of the co-operating societies, ASCE, 
AIME, ASME, AIEE, or WSE, for a 
technical paper of particular merit accepted 
by the publication committee of any of these 
societies, provided the author, at the time of 
such acceptance, is not over 30 years of age. 
The award for 1937 was presented to Doctor 
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Table XII. Analysis of Employmcnl Scivice 



_ 

Men Reipstered 

- 


Men Placed 


Month 

Hew York 

Chicago 

San 

Francisco 

Total 

New York 

San 

Chicago Francisco 

Total 

1937 









May. 

June. 

• -1 310 

...82... 

.... 89.... 

...459.. 

.51.... 

...32. 

. .25. 

.108 

July. 

August. 

September...... 

October. 

November. 

... 185 

... asi... 
...92... 
...82... 

...77... 

...71... 

97 

....108.... 
.... 59.... 
.... 53.... 

.... 64.... 
.... 74.... 

...517.. 

...'384.. 

...341e. 

...346.. 

...357.. 

..-.362.. 

...336.. 

.53;... 

.50.... 

.49.... 

.54.... 

.51.... 

...33. 

...34. 

...31. 

...22. 

....18. 

:.26. 

..16. 

..25 .... 

..16. 

..22. 

.112 

.100 

.106 

. 92 
. 91 

December... 


...91... 

.... 80.... 
...,'66.... 

.48,... 

.34.... 

... 8. 

... 3. 

..12..... 
..13. 

. 68 
. 50 

1938 








January. 

February.. ., 
March. 

237 

...90... 

...58... 

Oft 

.... 73.... 
- 68;... 

...407.. 

...342.. 

..,434.. 

...456.. 

.4,741.. 

....37.... 

....30.... 

...10. 

... 8...;. 

.10...... 

.17. 

. 57 
. 55 

April. 

Total. 


. . .vO.. . 
..135v.. 
1,070... 

....101.... 
.... 92.... 
-927.... 

....33.... 

-25.... 

...515.... 

... 8. 

... 9..... 
..216. 

.16. 

.17. 

215. 

. 57 
. 51 
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G. M. L. Sommerman, research engineer, 
American Steel & Wire Company, Worces¬ 
ter, Mass. 

Washington Award 

The Washington Award for 1938 was be¬ 
stowed upon Doctor Frank B. Jewett, for 
“inspiring and directing scientific research 
leading to improvements in the art of com¬ 
munication,’^ and was presented to him^at a 
dinner on May 6, 1938. This award may 
be made aimually to an engineer by the 
commission of award composed of nine rep¬ 
resentatives of the Western Society of 
Engineers and two each of the American 
Society of Civil Engineers, American In¬ 
stitute of Mining and Metallurgical Engi¬ 
neers, American Society of Mechanical 
Engineers, and AIEE. 

Hoover Medal 

The Hoover Medal was established 
through a trust fund created by a gift from 
Conrad N. Lauer, and is to be awarded 
periodically “to a fellow engineer for dis¬ 
tinguished public service” by a board rep¬ 
resenting the national societies of civil, 
mining and metallurgical, mechanical, and 
electrical engineers. The last award was 
made to Doctor Ambrose Swasey in 1936. 

IwADARE Foundation Committee 

No Iwadare lecturer was chosen to go to 
Japan for the current year. One Iwadare 
fellow, Kiyoshi Abe, assistant professor of 
Kyoto Imperial University, is at present in 
the United States. 

Employment Service 

The Institute co-operates with the na¬ 
tional societies of civil, mining, and mechani¬ 
cal engineers in the operation of the Engi¬ 
neering Societies Employment Service with 
its main office in the Engineering Societies 
Building, New York. Offices are operated 
in Chicago and San Francisco also. In 
addition to the societies named, others co¬ 
operate in certain of the offices as follows: 
New York—Society of Naval Architects 
and Marine Engineers; Chicago—Western 
Society of Engineers; San Franciso—Cali¬ 
fornia Section of the American Chemical So¬ 
ciety; and the Engineers’ Club of San 
Francisco. 

The service is supported by the joint con¬ 
tributions of the societies and their indi¬ 
vidual members who are benefited. In addi¬ 
tion to the publication of the emplosrment 
service announcements monthly in Elec¬ 
trical Engineering, weekly subscription 
bulletins are issued for those seeking posi¬ 
tions. 

An analysis of this employment service 
as reported to the national societies is given 
in table XII. 

American Engineering Council 

The American Engineering Council has 
continued its activities in the wide range of 
affairs which are found within the scope of 
its objectives: “to further the public wel¬ 
fare wherever technical and engineering 
knowledge and experience are involved, and 
to consider and act upon matters of com¬ 
mon concern to the engineering and ^ed 
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technical professions,” and within the in¬ 
terests of its many member-bodies. 

The 18th annual meeting of the assembly 
was held in Washington, D. C., January 
13-16, 1938. The eighth conference of 
engineering society secretaries was held on 
the 13th. 

The four major themes occupying the 
attention of the assembly were the engineer’s 
economic status, the evaluation of tech¬ 
nology, planning of public and private enter¬ 
prise, and government reorganization. Re¬ 
ports of officers and standing and special 
committees were presented. Much at¬ 
tention was given to efforts to clarify the 
objectives and procedures of the Council 
in order to give engineers a more definite 
place in the consideration of public ques¬ 
tions. 

The discussions and actions at the annual 
meeting and subsequent actions by the ex¬ 
ecutive committee gave the Council a modi¬ 
fied program for 1938, consisting of the five 
principal functions: 

I. Public Affairs—Contacts between the engi¬ 
neering profession and the federal government. 

II. Public Discussion—Holding of forums, in co¬ 
operation with member bodies, for discussion of 
public problems involving engineering. 

III. Engineers* Embassy—Service to members on 
engineering matters involved in federal govern¬ 
ment activities. 

IV. Publicity—^Regular reporting upon above 
mentioned functions to member bodies. 

V. Fact Finding—Surveys and investigations to 
determine the effects of technology upon employ¬ 
ment, relation of engineering to e(M>nomics in public 
questions, etc. 

A more complete statement of the 1938 
program may be found in the May 1938 
issue of Electrical Engineering, page 
228, and accounts of activities in progress 
appeared in various issues of that publica¬ 
tion during the past year. 

United Engineering Trustees, Inc. 

This organization manages the Engineer¬ 
ing Societies Building and administers cer¬ 
tain joint funds for the four founder so¬ 
cieties. The American Institute of Chemi¬ 
cal Engineers has moved its headquarters 
into the building, which is now fully oc¬ 
cupied. 

Provisions have been made for the re¬ 
sumption of annual additions to the depre¬ 
ciation and renewal fund. 
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A new edition of the “History, Charter, 
and By-laws” was issued in 1937. 

An abstract of the annual report of the 
United Engineering Trustees, Inc., was pub¬ 
lished in Electrical Engineering for 
December 1937, page 1529. 

Engineering Foundation 

The Engineering Foundation is a joint 
organization of the national societies of 
civil, mining and me^lurgical, mechanical, 
and^ectfical engineers established for “the 
furtherance of research in science and engi¬ 
neering, and the advancement in any other 
manner of the profession of engineering and" 
the good of mankind.” 

The foundation suffered a serious loss in 
the death of Doctor Ambrose Swasey, its 
founder, on June 15,1937. 

The foundation has been assisting in a 
wide range of technical researches sponsored 
by the founder societies. Some of the prin¬ 
cipal groups now in progress are: ASCE— 
soil mechanics and foundations, hydraulics; 
AIME—alloys of iron, barodynamic prob¬ 
lems; ASME—critical pressure steam 
boil^s, fluid meters, lubrication, cottonseed 
proofing, plasticity; AIEE—stability of 
iiiipregnated paper insulation; AIEE and 
AWS—^welding; University of California— 
plastic flow of concrete. 

Assistance in nontechnical matters re¬ 
lated to engineering has been granted to the 
Engineers* Council for Professional Devdop- 
ment and the Personnd Research Federa¬ 
tion. 

An abstract of the annual report of the 
Engineering Foimdation was published in 
the DecembCT 1937 issue of Electrical 
Engineering, pages 1529-30. 

Engineering Societies Library 

The Engineering Societies Library, which 
was formed by combining the separate 
libraries of the four national societies of 
civil, mining and metallurgical, mechanical, 
and dectrical engineers, and the preparation 
of a composite card catalog, has been ex¬ 
panded as a single engineering library, which 
probably constitutes the best collection of 
this type of literature in the United States. 

On September 30, 1937, the library had 
141,193 volumes, 7,281 maps, and 4,362 
bibliographies. Books, pa.mphlets, and 
maps totaling 11,003 were recdved during 
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the year ending at that time. Current 
issues of 1,416 periodicals were received. 
Work progressed rapidly on a classified in¬ 
dex to periodicals, and the index now con¬ 
tains more than 187,000 references to arti¬ 
cles published since 1927. 

Special services rendered by the library 
include: photoprints, searches, abstracts, 
translations, bibliographies, book loans by 
mail, etc. 

An abstract of the annual report of the 
library was published on page 1530 of Elec¬ 
trical Engineering for December 1937. 

Engineers’ Council 

FOR Professional Development 

This council was organized in 1932 to 
engage in activities leading to the enhance¬ 
ment of the professional status of the engi¬ 
neer. It indludes three representatives of 
each of the seven participating organiza¬ 
tions: the national societies of chemical, 
civil, electrical, mechmiical, and mining and 
metallurgical engineers, the Society. Jor the 
Promotion of Engineering Educattpu, and 
the. National Council of State Boards of 
Engineering Examiners. 

The principal activities of ECPD in¬ 
clude programs for the guidance of young 
individuals thinking of entering the engi¬ 
neering field, the accrediting of curricula of 
engineering schools, encouragement and as¬ 
sistance to individuals in their engineering 
and cultural studies during several years 
after graduation, and the development of 
criteria for indicating the attainment of the 
status of an engineier. 


At the annual meeting held on October 1, 
1937, many additional curricula of engi¬ 
neering schools were accredited, bringing 
the total number to 445 in 107 schools. 
The complete list appeared in the November 
1937 issue of Electrical Engineering, 
page 1418. Seventy-one of the 445 cur¬ 
ricula were accredited for limited periods, 
and will be re-examined as those periods ex¬ 
pire. Prior to the date of the annual meet¬ 
ing, the committee on engineering schools 
had prepared recommendations on 626 cur¬ 
ricula in 129 institutions. 

Comprehensive excerpts from the reports 
of the committees on student selection and 
guidance, engineering schools, and profes¬ 
sional training as presented at the annual 
meeting were published in the November 
1937 issue of Electrical Engineering, 
pages 1416-19. The report of the com¬ 
mittee on professional recognition was re¬ 
ferred back to the committee. 

At its meeting held on October 28, 1937, 
the board of directors of the Institute dis¬ 
approved the recommendations of ECPD: 
(1) That the minimum definition of an engi¬ 
neer adopted by ECPD be applied as a 
minimum requirement for admission to the 
professional grades of membership, and evi¬ 
dence of professional education also be re¬ 
quired; and (2) that membership grades be 
adjusted to conform to the ECPD standard 
grades of membership. 

Representatives 

The Institute has continued its represen¬ 
tation upon many joint committees and 


national bodies, with which it co-operates 
in a wide range of activities of interest and 
importance to engineers and others. 

A list of representatives was published 
in the September 1937 issue of Electrical 
Engineering and in the 1938 Year Book. 

Finance Committee 

The committee, as usual, recommended a 
detailed budget to the board of directors, 
passed upon the expenditures for various 
purposes, made recommendations regard¬ 
ing delinquent members, and performed the 
other duties prescribed for it in the con¬ 
stitution and by-laws. 

Haskins and Sells, certified public ac¬ 
countants, have audited the books, and 
their report follows. 

The year has been so productive of con¬ 
structive work throughout every activity 
of the Institute that the board of directors 
extends to the District and Section officers, 
the national committees, and the member¬ 
ship its sincere appreciation of their con¬ 
tinuing interest, untiring efforts, and effec¬ 
tive services. 

Respectfully submitted for the board of 
directors. 

H. H. Henlinb, 
National Secretary 

May 26,1938 


HASKINS 86 SEL.L.S 22 EAST 40th STREET 

CERTIFieO PUSUIC ACCOUNTANTS NEW YORK 

May 24, 1938 


American Institute of Electrical Engineers, 

33 West 39th Street, 

New York. 

Dear Sirs: 

We have made an examination of your balance sheet as of April 
30, 1938, and of your recorded cash receipts and disbursements for 
the year ended that date. In connection therewith, we examined or 
tested your accounting records and other supporting evidence in a 
manner and to the extent which we considered appropriate in view 
of your system of internal accounting control. We present the 
following financial statements: 

Balance Sheet, April 30, 1938 (Exhibit A). 

Property and Restricted Funds Securities, Less Reserve for Securi¬ 
ties of Doubtful Vjdue (Schedule 1). 

Statement df Recorded Cash Receipts and Disbursements of General 
Fund for the Year Ended April 30, 1938 (Exhibit B). 

Statement of Recorded Cash Receipts and Disbursements of Property 
ahd Restricted Funds for the Year Ended April 30,1938 (Exhibit C). 

In accordance with the terms of our engagement, members and 
other debtors were not requested to confirm to us the amounts re¬ 
ceivable from them at April 30, 1938, and, in accordance with the 
usual practice of the Institute, no provision has been made for dues 
which may prove to be uncollectible. 

In our opinion, based upon such examination and subject to the 
comments in the foregoing paragraph, the accompanying Exhibit A 
fairly presents your financial condition at April 30, 1938, and the 
accompanying Exhibits B and C set forth your recorded cash receipts 
end your disbursements of funds, as indicated, for the year ended 
that date. 

Yours truly, 

Haskins & Sells 


922 


193S Report of the Board of Directors 


AIEE Transactions 



Exhibit A 


AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Balance Sheets April 30,1938 


ASSETS 


LIABILITIES 


Property Fund Investments: 

One-fourth interest in real estate and other assets of 
United Engineering Trustees, Inc., exclusive of 


trust funds...5498,448.48 

Equipment: 

Library—volumes and fixtures. 37,296.37 

Office furniture and fixtures (less reserve for de¬ 
preciation, 828,749.43). 5,695.90 

Works of art, etc. 3,001.35 

Securities—at cost (market quotation value, 

58,097.53)—Schedule 1. 10,042.53 

Cash (see Exhibit C).. . ’ 22.47 


Total property fund investments.5554,507.10 

Restricted Fund Investments: 

Securities—at cost (market quotation value, 

5180,615.66) less reserve for securities of 

doubtful value—Schedule 1.5206,824.65 

Cash (see Exhibit C). 5,070.95 

Accrued interest receivable. 209.16 


Total restricted fund investments.....212 104.76 

Current Assets: 

Cash (see Exhibit B).$ 49,616.89 

Accounts receivable: 

Members—for dues. 18,753.01 

Advertisers. ’l4o!oO 

Miscellaneous. 2,124.39 

Accrued interest on investments. 2*69l!98 

Inventories: 

TRAN.SACTIONS, etc. 2,082.25 

Text and cover paper. 7,231.60 

Work in process (May issue of Electricai. 

Engxnbbrino). 3,443.04 

Badges. 1,028.55 


Total current, assets. 87,011.71 


5853,623.57 


Property Fund Reserve.5654,507.10 

Restricted Fund Reserves: 

Reserve Capital Fund.5192,002.66 

Life Membership Fund. 9,121.52 

International Electrical Congress of St. Louis Li¬ 
brary Fund. 5,357.82 

Lamme Medal Fund. 4,578.03 

Mailloux Fund.'. 1,044.73 


Total restricted fund reserves. 212,104.76 

Current Liabilities—Accounts Payable. 6,079.74 

Deferred Income: 


Entrance fees and dues advanced by applicants for 

memberships.*.’. 659.04 

Deferred credits and other unallocated receipts. 444.82 

Subscriptions for Transactions received in advance.. 40.00 

Reserve for prepaid subscriptions for Electrical ' 

Encinebrinp..... 8,500.00 


Total deferred income... 14,153,07 

Surplus... 66,778.90 


5853,623.57 


Property and Restricted Funds Securities^ Less Reserve for Securities of Doubtful Vafue^ April 30,1938 
Exhibit A, Schedule 1 


Restricted Funds 


Face Value 
of Bonds 
or Number 
of Shares 

Property 

Fund 

(Equipment 

Replace¬ 

Reserve 

Capital 

Life 

Member- 

ship 

Inter¬ 

national 

Electrical 

Congress 

of 

St. Louis 
Library 

Lamme 

Medal 

Mailloux 


of Stock 

ment) 

Fund 

Fund 

Fund 

Fund 

Fund 

Total 


Railroad Bonds: 


Alleghany Corporation 20-year collateral trust convertible 6%. 

due 1949.; . 

Baltimore & Ohio Railroad Company 6% refunding and general 

. mortgage serfes C, due 1995.. 

Central of Georgia Railway Company 5% consolidated mortgage, 

due 1945. 

Chicago, Burlington & Quincy Railroad (Company 6% first and 

refunding mortgage series A, due 1971... 

Chicago & Erie Railroad Company 5% first mortgage, due 1982 . 
Chicago & Northwestern Railway Company 6 Vs%, due March 1, 

1936...... 

Cleveland Union Terminals Company 5% sinking fund series B, 

due 1973... 

Florida East C^ast Railway Company 5% first and refunding 

mortgage series A, due 1974 (certificates of deposit).. 

New York Central Railroad Compahy 5% refunding and im¬ 
provement mortgage series C, due 2013. 

Northern Pacific Railway Company 6% refunding and improve¬ 
ment mortgage series B, due 2047. 

Pennsylvania Railroad Company 30-year secured serial 4%, due 

1944....... ^ 

St. Louis-San Francisco Railway Company 5% prior lien mort¬ 
gage series B, due 1950 (certificates of deposit).. 

Southern Pacific Company Oregon Lines 4»A% first mortgage 

senes A, due 1977... w.... 

Texas and Pacific Railway Company general and refunding series 

B 5%, due 1977"..'....... 

Western Pacific Railroad Company 5% series A, due 1946 
(stamped)....;. 

Total railroad bonds—(Forward)...... 


515,000.00. 



12,000.00. 


* . « » . .ip lv,0«/«OU 

3,000.00. 



1,000.00. 



1,000.00. 



9,000.00. 






4.000.00. .5 4,010.00 .. 


10.000.00. 



6,000.001 



10,000.00, 



6,000.00. 


4* jimr 

6,000.00. 






1,000.00.. 



6,000.00.. 






15,000.00.. 




« 4,010.00..» 74,946.26. .*6,306.26..*2,063.75. .*4,330.00 .,. 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Property and Restricted Funds Securities, Less Reserve for Bonds of Doubtful Value, April 30,1938 
EKhibit A, Schedule 1 (Concluded) 


Restricted Funds. 


Inter¬ 

national 

Electrical 


Face Value 

Property 



Congress 



of Bonds 

Fund 


Life 

of 



or Number (Equipment 

Reserve 

Member¬ 

St. Louis 

Lamme 


of Shares 

Replace¬ 

Capital 

ship 

Library 

Medal 

MaiUoux 

of Stock 

ment) 

Fund 

Fund 

Fund 

Fund 

Fund 


Total 


Total Railroad Bokds —(Forward).... 


..$ 4,010.00..$ 74»9i3.23..45.308.25..$2,063.7$. .$4,330.00.S 86.646.25 


Public Utility Bonds: 


American Gas & Electric Company 5% debenture, due 2028.$ 9.000,00. 

Georgia Power Company first and refunding mortgage 5%, due 

1967..... 10.000.00 

Monongahela-West Pennsylvania Public Service Company 6% 

debentures, due 1965 . 8,000.00 

New York Telephone Company first and general mortgage 4*72%. 

due ,1939....'.;.. 1,000.00 

Philadelphia Company secured 5% series A, due 1967.'71... 10,000.00 

Texas Electric Service Company 5% first mortgage, due 1960.... .10,000.00 


Total public utility bonds. 


.$ 9.596.25.$ 9,596.25 

9,725.00. 9.725.00 

.. 8,660.00.... 8.660.00 

.$ 1 , 000 . 00 .. 1 , 000.00 

.. 10 , 000.00 . 10 , 000.00 

,. 9,838.76.*.... 9.838.76 

. .$ 47'i820.00..$1,000.00. .$ 48,820.00 


Industrial and Miscellaneous Bonds, Etc.: 


Fidelity Union Title and Mortgage Guaranty Company first 
, mortgage certificates (on property 75-79 Prospect Street, 

East Orange. N. J.), 4%, due 1944....$14,663.00. .$ 977.53, .$ 13,685.47.$ 13,686.47 

General Motors Acceptance Corporation 3V4%, due 1951. 7,000.00... 7,140.00.....;. 7,140.00 

New York Steam Corporation 6% first mortgage, due 1947. 10,000.00. 10,837.50..... 10,837.50 


I’otal industrial and miscellaneous bonds, etc... 

.$ 977.63.. $*31.662.97. 


.$ 31,662.97 

Municipal Bonds: 

City of Detroit public lighting 4^8% series A, due 1946 .... 
New York City V/i% corporate stock, due 1957. 

.$10,000.00.$ 10,262.50. 

.$2,204.05. 

.$ 10,262.50 

. 2,204.05 

Total municipal bonds....* 

.'.$ 10,262.50. 

......$2,204.05..:. 

.$ 12,466.56 


United States Government Bonds and Notes: 

Federal Farm Mortgage 3%, due 1949/44..$12,000.00..$ 12,405,00.....$ 12,406.00 

Treasury Bonds S*'/**?^*, due 1941.. ... 10,000.00... 10,650.00..... 10,650.00 

Treasury Bonds2V4%, due 1947/45.*.. 10,000.00. 10,409.38.;..10,409.38 

Treasury Notes 2% series B, due September 15, 1942. 8,000.00. 8,037.50..;. 8.037.50 

Total United States Government bonds and notes... ..S 41,501.88......,.....$ 41,501.88 


Capital Stocks: 


Commonwealth Edison Company.... 

Commercial Investment Trust Corporation 4^/4% preferred, 

series of 1935... 

Consolidated Edison Company of New York, Inc. $5.00 cumu¬ 
lative preferred.... .... 

International Match Realization Co., I.td. voting trust certifi¬ 
cates for capital shares of International Match Corporation.... 

Public Service Corporation of New Jersey $5.00 preferred. 

United Gas Improvement Company $5.00 preferred. 

Total capital stocks. 


48 shares.$. 2.892.00. 

100 ** . 10 , 100 . 00 . 

30 ..S 3.060.00.. 

6 ** 2,319.16. 

30 ** 2,968.76. 

30 ** .. 1,995.00.. 997.50. 


$ 5,055.00..$ 19,267.40 


$ 2.892.00 

. 10.100.00 


2,319.15 

2,958.75 

997.50 


..$ 19,267.40 


Total 


$10,042.53. .$225,461.00. .$5,306.25. .$4,267.80. .$4,330.00. .$1,000.00. .$240,365.05 


Less Reserve for Securities of Doubtful Value: 

Central of Georgia Railway Company 5% consolidated mortgage. 

due 1945.$ 8,000.00.$ 1,477.60....S 1,477.60 

Chicago & Northwestern Railway Compnny 6V2%« due March 1, 

1936 . :. 9,000,00. 7,202.60. 7,202.50 

Florida Ba^t Coast Railway* Company' 5% first and refunding 

mortgage series A, due 1974. 10,000.00 . 9,818.75. 9,818.75 

International Match Realization Company, Ltd. voting trust 
certificates for capital shares of International Match Corpora¬ 
tion....*. eshares. 2,319.16..... 2,319.15 

St. Louis-San Francisco Railway Company 6% prior lien mort¬ 
gage series B, due 1950.....S 6,000.00. 5,497.50 . 5,497.50 

Western Pacific Railroad Company 5% series A, due 1946 

(stamped). 15,000.00. 7,225.00'.. 7,226.00 

Total reserve for bonds of doubtful value.....$ 33,540.40.$ 33,540.40 

Total securities, less reserve..$10,042.53. .$191,920.60. .$5,306.25. .$4,267.80. .$4,330.00. .$1,000.00. .$206,824.65 


Total Property Fund Securities.... * .$10,042.53 

Total Restricted Fund Securities.... i .$191,920.60. .$5,306.25. .$4,267.80. .$4,330.00. .$1,000.00. .$206,824.65 
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Report oF the Board of Directors 


1"HB board of directors of the American 
Institute of Electrical Engineers presents 
herewith to the membership its 55th annual 
report, for Ihe fiscal year ending April 30, 
1939. A general balance sheet showing the 
condition of the Institute’s finances on 
April 30, 1939 together with other detailed 
financial statements, is included herein. 
This report contains a brief summary of the 
principal activities of the Itistitute during 
the year, more detailed information having 
been published from month to month in 
Electrical Engineering. 

Board op Directors’ Meetings 

During the year, the board of directors 
held five meetings, four in New York City, 
and one in Washington, D. C. The execu¬ 
tive committee meetings in December and 
March were held in place of regular meetings 
of the board. Information regarding many 
of the more important activities of the Insti¬ 
tute which have been under consideration 
by the board of directors and the committees 
is published each month in the section 
of Electrical Engineering devoted to 
’’News of Institute and Related Activities.*' 

President’s and 
National Secretary’s Visits 

President Parker and Secretary Henline 
attended the Pacific Coast and winter con¬ 
ventions, the Southern District meeting in 
Miami, and the South West District meet¬ 
ing in Houston, Texas. They also visited 
many Sections and Student Branches. Dur¬ 
ing May and June, they will attend the 
North Eastern District meeting in Spring- 
field, Mass., and the combined Summer and 
Pacific Coast convention in San Francisco, 
Calif. Visits will be made to the following 
Sections: Cincinnati, Cleveland, Erie, Mans¬ 
field, Rochester, Toledo, and Worcester. 

The places visited by President Parker 
are listed below: 

Alabama 

Joint meeting Alabama, East Tennessee, Me'm- 
pliis, and Muscle Shb^s Section^, Huntsville 
Alabama Section, Birmingham 
University of Alabama' Branch 

Colorado 

Denver Section 

District of Columbia * 

Conference on student activities. District No. 2 
Washington Section 
Americmi Engineering Coundl 

Florida o, . . 

Southern District meeting, Miami 

Georgia 

Georgia Section, Atlanta 
Illinois 

Chicago Section 
Louisiana 

New Orleans Section 
Tulane University Branch 

Maryland 

Baltimore and Washington Sections, joint meet¬ 
ing, Baltimore 

Johns Hopldns Univerrity Branch, and repre¬ 
sentatives of Catholic University of America, 
George Washington University, and University 
of Maryland Branches, Baltimore 

Massachusetts 
Boston Section 
Worcester Section 


For the Fiscal Year Ending April 30, 1930 

Worcester Polytechnic Institute 
Massachusetts Institute of Technology Branch 
and representatives of Tufts, Northeastern, 
and Harvard University Branches, Cambridge 

Michigan 

Michigan Section, Detroit 
Univei^ty of Michigan Branch 

Missouri 

Kansas City Section 
St. Louis Section 

Nebraska 

Nebraska Section, Omaha 
New York 
New York Section 
Winter convention 

Oregon 

Pacific Coast convention, Portland 
Pennsylvania 

Philadelphia Section 

Pittsburgh Section (jointly with neighboring 
Branches) 

Tennessee 

Memphis Section 
Texas 

South West District meeting, Houston 
Utah 

Utah Section, Salt Lake City 
^ginia 

Virginia Section, Richmond 
Virginia Military Institute Branch 
Virginia Polytechnic Institute Branch 
University of Virginia Branch 
Canada 

Annual meeting, Engineering Institute of Canada, 
Ottawa 

The places visited by the national secre¬ 
tary are the following: 

Arkansas 

University of Arkansas Branch 
District of Columbia 

Conference on student activities, District No. 2 
Washington Section 
American Engineering Council 

Florida 

Southern District meeting, Miami 
Georgia 

Georgia Section, Atlanta 
Kansas 

Wichita Section 

Kentucky 

Louisville Section 
University of Kentucky Branch 

Maryland 

Baltimore and Washington Sections, joint meet¬ 
ing, Baltimore 

Johns Hopkins University Branch, and repre¬ 
sentatives of Cafholie University of America, 
George Washington University, and University 
of Maryland Branches, Baltimore 

Massachusetts 

North Eastern District executive committee 
meeting, Pittsfield 
New York 
New York Section 
Winter convention 
Oregon 

Pacific Coast convention, Portland 

Pennsylvania 

Philadelphia Section 
Texas 

South West District meeting, Houston 
San Antonio Section 

Vlrgiiiia 

Virginia Section, Richmond 
Virginia Military Institute Branch 


Virginia Polytechnic Institute Branch 

University of Virginia Branch 

Canada 

Annual meeting, Engineering Institute of Canada, 
Ottawa 

National Conventions 

Three national conventions were held 
during the year, and a brief report on each 
follows: 

Summer Convention. The 54th summer 
convention was held in Washington, D. C., 
June 20-24, 1938. In addition to the an¬ 
nual business meeting, conference of officers, 
delegates, and members, a conference of 
vice-presidents, district secretaries, and 
counselor delegates, there were 10 technical 
sessions, at which 48 papers were presented, 
one general session, and six conference ses¬ 
sions. The general session consisted of ad¬ 
dresses by President W. H. Harrison, Dr. 
W. R. Gregg, chief of the weather bureau, 
and Colonel J. M. Johnson, assistant secre¬ 
tary of commerce. 

Entertainment features of the convention 
were a luncheon, dance, banquet, at which 
the Gaston Plante Medal and 4,500-franc 
prize was presented to Dr. G. W. Vinal, tea, 
golf and tennis tournaments. The regis¬ 
tration was 825. 

Annual Meeting. The annual business 
meeting of the Institute was held on 
Tuesday morning, June 21. The annual 
report of the board of directors for the fiscal 
year which ended April 30, 1938, was pre¬ 
sented in abstract by the national secretary. 
A report on the finances of the Institute was 
presented by National Treasurer W. I. 
Slichter. The report of the committee of 
tellers upon the dection of ofi&cers for the 
year beginning August 1, 1938, was pre¬ 
sented, and President-Elect Parker re¬ 
sponded to his introduction with a brief 
address. During this session, the Lamme 
Medal for 1937 was presented to Dr. R. E. 
Doherty, president, Carnegie Institute of 
Technology, Pittsburgh, Pa. 

Pacific Coast Convention. The 26th Paci¬ 
fic Coast convention was held in Portland, 
Oregon, August 9-12, 1938, with a registra¬ 
tion of 464. Five technical sessions, in¬ 
cluding 22 papers, two student technical 
sessions, a general session, a joint conference 
on student activities, reception and dancing, 
buffet supper, banquet, inspection trips, 
golf tournament, and ladies’ events consti¬ 
tuted the principal features of the con¬ 
vention. A technical session on communica¬ 
tion was held jointly with the Institute of 
Radio Engineers. 

Winter Convention. The 27th winter 
convention was held in New York City, 
January 23-27, 1939, with a program in¬ 
cluding 77 papers in 17 technical sessions, 
two general sessions, and 5 technical con¬ 
ferences. During a general session on 
Wednesday morning, a brief address was 
given by President Parker, and Dr, Virgil 
Jordan, president of the National Industrial 
Conference Board, Inc., gave an address 
on ’’Enterprise and Social Progress.” A 
second general session on Thursday after¬ 
noon was devoted to engineering conclusions 
drawn from the experiences encountered 
during the New England hurricane of 


926 


1939 Report of the Board of Directors 


AIEE Transactions 



Table I. Section and Branch Statistics 




For Jiscal Year Ending 



April 30, 

April 30, 

April 30, 

April 30, 


1036 

1037 

1038 

i030 

Sections 

Number of 'Sections. 



65 


Number of Section meetings held. 

Totel attendance 



624.. 


Branches 



.. .110,148.. 


Number of Branches... 


. 110 

120.. 


Number of Branch meetines held. 

Total attendance.:. 


. 1,363.. 

__ 

1,334.* 
an AAR 

.1,190 

' ......... 


September 21, 1938. The 6 speakers in¬ 
cluded American Red Cross, railroad, power 
utility, and telephone representatives. 

At an evening session, the Edison Medal 
was presented to Past-President Dugald 
C. Jackson, and the John Fritz Medal was 
presented to Past-President F. B. Jewett. 

A smoker, numerous inspection trips, 
and ladies^ events completed the program 
of the convention, which had a registration 
of 1,610, the largest since 1924. 

District Meetings 

Brief reports on the three District meet¬ 
ings held during the year are given below: 

North Eastern District Meeting, This 
meeting was held in Lenox, Mass., May 
18-20, 1938, with 3 technical sessions, at 
which 13 papers were presented, one ses¬ 
sion for student papers, and a general session 
with addresses by Roger Babson and K. K. 
Darrow, an informal banquet, stag smoker. 
District conference on student activities, 
inspection trips, and ladies* events. The 
registration was 417. 

Southern District Meeting, This meeting 
was held in Miami, Florida, Novwnber 
28-30, 1938, with 4 sessions, at which 10 
papers and 4 addresses were presented, and 
a student session. A conference on student 
activities, inspection trips, banquet and 
dance, and ladies’ events were included in 
the program. The registration was 258. 

South West District Meeting, The meet¬ 
ing of this District was held in Houston, 
Texas, April 17—19, 1939, with 5 technical 
sessions, at which 15 papers and one address 
were presented, 2 symposiums, and 3 ad¬ 
ditional sessions for the presentation of 14 
student papers, a dinner dance, inspection 
trips, sports, and ladies’ events. The 
registration was 536. 

Sections 

Organization of the San Diego and Mans¬ 
field Sections, in January and March, re¬ 
spectively, brought the total number to 67. 
Beginning activities late in 1938 as the 
Mansfield division of the Cleveland Section, 
the members’ in that vicinity soon aroused 
much interest ahd secured many new mem¬ 
bers. The formation of a Section was 
authorized by the Ihsftitute executive com¬ 
mittee on March 6. 

All of the Sections have been active, and 
the total number of meetings reported to 
headquarters was 635, a slight increase over 
the 624 for the preceding year, and the 621 
for 1936-37. The latter was far larger than 
the highest previous number, 540. 

The name of the Detroit-Ann Arbor Sec¬ 
tion was changed to Michigan Section, with 
no -change in territory. 

Interest in the activities of technical 
gnonps within the Sections and in the 
holding of special technical meetings has 
contmued to expand. Several Sections con¬ 
tinued their arrangements for offering 
courses of instruction desired by their 
membership. The award of prizes by some 
Sections and co-operation between Sections 
and Branches in many localities were con¬ 
tinued with good results. 

The comnuttee on safety wrote the Sec¬ 
tions suggesting that each have presented 
each yw a paper dealing with accident 
prevention or remedial measures after 
electrical shock. Replies indicated that 
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many Sections were arranging to carry out 
this suggestion. 

Three topics of current lively interest are 
before the Sections as was indicated at the 
meeting of the Sections Committee in New 
York at the time of the winter convention: 

Unassigned Territory, Chairman Race 
presented a map showing the territories in 
the United States not now assigned to any 
Section. 

The general policy was endorsed that 
wherever practicable the members in such 
territories should receive notices from and 
be made to feel a part of the Section nearest 
to them. In large areas such as the states 
of South Carolina and West Virginia, Sec¬ 
tions should be formed as early as there is 
sufficient local interest and justification. 

In smaller areas such as groups of coun¬ 
ties, in Maine, New Hampshire, Vermont, 
and Pennsylvania, the clmirman was em¬ 
powered to consult with the vice-president 
and Section officers concerned to allocate to 
the nearest Section such auxiliary territory. 

On January 9th, President Parker ad¬ 
dressed a letter to Institute members in the 
unassigned territories requesting sugges¬ 
tions as to how the Institute could be of 
greater service to those individuals who 
because of location find it difficult to attend 
Section meetings. The Sections' oppor¬ 
tunity in this respect is indicated in the 
previous discussion. 

Section Activities, Chairman Race pre¬ 
sented a chart summarizing the information 
received to date on Section activities in re¬ 
sponse to his letter of December 27, 1938. 
The object of this effort is to inform all 
Sections on the projects that have proved 
most interesting and helpful. The sugges¬ 
tion has been made that the Sections com¬ 
mittee undertake the preparation of a 
pamphlet summarizing these numerous and 
diverse activities so .as to make available 
to incoming Section officers the background 
of experience of all Sections. 

Registration of Engineers, Mr. Beardsley 
reported on the present status of the licens¬ 
ing of professional engineers. He said that 
the National • Council of State Boards of 
Engineering Examiners had invited ^e 
Institute to co-operate in the formulation 
of examinations for candidates for the 
license. Also the board of directors of the 
Institute had authorized funds for the print¬ 
ing and distribution to Section officers of 
copies of the latest revision of the AIEE 
model law. Professor Timbie was appointed 
to represent the Sections committee to assist 
in this project. 

More detailed information on these ac- 
ti’vities may be found in the a nn ual report 
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on Section and Branch activities in the 
June issue of Electrical Engineering, 
pages 268-71. 

Stiident Activities 

A new Branch organized at the New 
Mexico State College restored the total 
number to 120, after the University of 
North Carolina Branch had been discon¬ 
tinued due to consolidation of the engineer¬ 
ing school with that of the North Carolina 
State College. 

Only one Branch failed to report any 
activity, but the total number of meetings, 
1,190, was much lower than in each of the 
preceding fiscal years, 1,363 in 1936-37, and 
1,334 in 1937-38. There was also a material 
reduction in the number of student talks 
at Branch meetings. 

. As indicated in the reports on national 
conventions and District meetings, the 
interest in student technical papers has con¬ 
tinued, and the following sessions were held: 

North Eastern District meeting in Lenox, 
one; Pacific Coast convention, Portland, 
two; Southern District meeting, Miami, 
one, and South West District meeting, 
Houston, three. 

With the approval of the committee on 
Student Branches, the committee on 
safety again suggested to all counselors 
that each Branch have presented a paper 
dealing with the prevention of accidents or 
remedial measures after electrical shock. 
Gratifying responses were received from 
many Branches. 

The midwinter meeting of the committee 
on Student Branches, held January 26th, 
was attended by 52 members and invited 
guests. The meeting was made general to 
include all those present, and business was 
transacted as reported on page 124 of 
Electrical Engineering for March. Pur¬ 
suant to the actions taken at that time, a 
committee is m akitig good progress in re¬ 
writing the pamphlet 'The Electrical 
Engineer,” which it is expected will be ready 
for distribution during the coming summer. 
Another committee, induffing A. C. Stevens, 
chairman, F. C. Caldwdl, A. G. Conrad, 
C. E. Skinner, and C, C. "W^upple, is busily 
engaged in preparing a suitable description 
of the work of Dr. C. F, Scott, the founder 
of AIEE Student Branches, which can be 
used at Student Branch meetings next year 
to edebrate Dr. Scott’s 76th anniversary. 

According to records at headquarters, the 
terms of 1,664 enrolled students were ex¬ 
pected to expire on April 30. Applications 
for admission as Associates were reedved 
from 849,- or about 64 per cent. Some of 
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Tabl« IL Technical Programs^ Last Two Yean 


Year Ending Year Ending 
April 30, 1939 April 30, 1938 

Number of national 
conventions. 

... ' 3 . 

3 

Number of .District 
meetings. 

... 3 

2 

Registration at national 
^ conventidns and Dis¬ 
trict meetings. 

...4,100 .... 

... .3,687 

Number of papers pre¬ 
sented. 

... 184 

154 

Number of papers 
recommended for 
Transactions. 

... 169 .... 

.... 143 

Number of pages re¬ 
quired for printing, 
papers in Transac¬ 
tions. 

986*..., 

935 

Number of tecbnical 
sessions., 

50 .... 

.... 43 

Number of tecbnical 
• conferences.... 

... 12 .... 

.... 8 


♦ Partly estimated. 


the students were eligible to continue en¬ 
rollment as they had remained in school. 
The corresponding percentage for the pre¬ 
ceding fiscal year was 48. 

Student activities are summarized more 
thoroughly in the annual report on Section 
and Branch activities in the June issue of 
Electrical Engineering, pages 268-71. 


Technical Program Committee 

Convention Programs. The technical pro¬ 
gram at the 1939 winter convention was 
more extensive and diversified than at any 
previous Institute convention. There was a 
total of 24 sessions—17 technical’ sessions, 
at which 77 technical papers were presented 
and discussed, 5 technical conferences, and 
2 general sessions. This exceptional pro¬ 
gram met with a correspondingly excep¬ 
tional response from the membership, as is 
indicated by the fact that registration at the 
convention was greater than at any con¬ 
vention since 1924. The unusually large 
technical program did not, by any means, 
exhaust the committee’s fund of papers. 
After the formation of the winter conven¬ 
tion program, there still remained on hand 
26 high-grade papers which were held over 
for use at subsequent meetings. 

In addition to the winter convention, the 
committee arranged programs for the 1938 
summer and Pacific Coast conventions, and 


assisted in the provision of programs for 
district meetings at Lenox, Mass.; Miami, 
Florida; and Houston, Texas. A total of 
184 papers were presented at these meetings, 
of which 169 were recommended by the com¬ 
mittee for inclusion in Transactions. 

Technical conferences continue to be an 
important feature of the technical programs. 
A total of 12 were held during the year. 

The registration at national conventions 
and District meetings showed an increase 
of about 15 per cent as compared with the 
previous year. This is attributable to some 
extent to the fact that there was one more 
District meeting than in the previous year. 
A very great increase in the attendance at 
the Pacific Coast convention (over 70 per 
cent) and a 12 per cent increase in the at¬ 
tendance at the winter convention was ex¬ 
perienced. Data on attendance and other 
statistics are shown in table II. 

Advance Copies of Technical Papers. 
Beginning with the 1938 summer convention 
in Washington, last year was the first year 
during which the new procedure relative 
to the provision of advance copies of 
technical papers was completely in force. 
The year’s experience has proved the value 
of this procedure. This is indicated by the 
fact that a total of 61,000 preprints have 
been distributed during the past year, an 
average of 330 copies per technical paper. 
From the standpoint of authors, the new 
procedure is advantageous since it shortens 
from 90 to 60 days the minimum interval 
between the time when a paper is submitted 
to the Institute and the time when it may be 
presented. This latter advantage has been 
made effective through the adoption during 
the year of a revision of Section 93 of the 
bylaws as recommended by the committee. 

This year, under the new procedure, pre¬ 
prints have been made available not only of 
all technical papers presented at national 
conventions but also of all papers presented 
at District meetings. This feature has been 
much prized by the District committees, 
and it is recommended that it be continued 
in so far as budget conditions permit. 

General Sessions. In accordance with the 
general policy recommended by the commit¬ 
tee and approved by the board of directors 
ill 1937, ’’sessions at which subjects of 
general interest to all members are dis¬ 
cussed” were arranged by the committee for 
the 1938 summer convention and the 1939 
winter convention. At the 1938 summer 
convention, addresses were given by Dr. 
W. R. Gregg, Chief of the U. S. Weather 


Table III. Membership Statistics for the Fiscal Year Ending April 30/1939 


Six-Year 



Honorary 

Fellow 

Member 

Associate 

Associate 

Total 

Membership on April 30,1938. . 

. 9 . 

..710... 

.,..4,316.... 

....5,736.... 

,,..5,307 _ 

...16,078 

Additions 







Transferred. ... ^. 

. 1 . 

33... 

.... 136... 

.... 376 



New members qualified . 


... 1... 

.... 100... 

. . .. 35... . 

,...1,265 


Former members reinstated. 



8... 

.... 22... , 

... 11 



10. 

...744... 

_4,560... 

....6,169.... 

....6,583_ 

...18,066 

Deductions 







Died ....... ........ 

. 1 . 

... 18... 

.... 42... 

.... 43 _ 

,... 13 


Resigned ... 


... 2... 

.... 45... 

.... 145,... 

,... 107 


.. 


1... 

.... 29... 

.... 127..,. 

.... 389 


T*krAnnA/1. ................... 


... 1... 

_ 62... 

.... 187 _ 

.... 259 


Membership on April 30, 1939.. 

.9_ 

...722. . 

....4,392... 

_5,667.... 

,...5,815.... 

.. 16,605 


Bureau, and Colonel J. M. Johnson, As¬ 
sistant Secretary of the Department of 
Commerce, who spoke on weather forecast¬ 
ing, and aviation, respectively. 

At the 1939 winter convention, the com¬ 
mittee arranged for an address by Dr. 
Virgil Jordan on ’’Enterprise and Social 
Progress,” and for a series of addresses con¬ 
stituting a symposium on the hurricane of 
September 1938. The speakers at the latter 
session were Mr. Walter Wesselius, of the 
American Red Cross, and Messrs. Sidney 
Withington, E. W. Doebler, C. W. Brown, 
T. H. Haines, and W. H. Harrison, who 
among them represented the power, rail- 


Table IV. Number of Applications Received 
From Enrolled Students and From All Others 


From From 

Yoar Ending Students All Others Total 


April 30, 1939_ 

...849.. 


...1,721 

April 30, 1938..., 

...739.. 

..... 032- - 

1 671 

April 30, 1937.... 

...716.. 

.1,040... 

... 1,756 

April 30, 1936.... 

...631.. 

. 946... 

...1,677 

April 30. 1935.... 

...576.. 


...1,290 


Table V. Number of Enrolled Students 


April 30, 1939....5,242 (2,271) 

April 30, 1938.6,037. (2,428) 

April 30, 1937.:.4,603 (2,249) 

April 30, 1936.4,049 (1,991) 

April 30, 1935.3,806 (1,983) 


Following the number of Students reported for 
April 30 of each year is indicated within parentheses 
the number of new applications received during 
that year; the difference between this number and 
the reported total, of course, reflects the number of 
renewals 'of Student enrollment for the correspond¬ 
ing period. 


road, and communication utilities, and who 
related the experiences of these utilities as a 
result of the hurricane. These general ses¬ 
sions have been very popular, attractive, 
interesting, and valuable additions to con¬ 
vention programs. 

Manual of the Technical Program Com¬ 
mittee. The committee has in preparation 
a revised manual of the practices and regula¬ 
tions which govern its operations. It is 
expected that the manual will be completed 
and submitted for duplication before the 
expiration of the committee’s term of office. 
The committee’s objective is to include in 
the manual all the information ordinarily 
needed by members of the technical pro¬ 
gram committee, technical committees, and 
District meeting committees in coimection 
with the planning, procurement, and con¬ 
sideration of material for and conduct of 
technical sessions and conferences at na¬ 
tional conventions and District meetings of 
the Institute. 

Acknowledgment. The effectiveness of the 
committee’s work has been the result of the 
efforts and devotion of many people—of its 
members, of course, of the chairmen of 
the technical committees, of the members of 
the technical committees, and of other co¬ 
operating committees, of the Institute’s 
staff, and in particular of its secretary, Mr. 
Rich. 
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Publication Committee 


Tabic VII. Mcmbcnhip of the inttitulc, April 30,1939 


Of the 16,605 members reported for April 30, 1939, 14,371 are fully paid to April 30, 1939. The balance 
of 2,234 are divided into the following groups: 

1. Members owing dues to April 30, 1938 . j * 

Total number of members who have not acted upon resolution of board of directors adopted in 
January 1939 providing an extension of time for payment of these dues. 666 

2. Members owing dues to April 30,1939.... • • 

(During the period May 1 to 20,1939, 397 members have paid dues to April 30. 1939, reducing the total 
to 1,171.) __ 


The principal activity of the publication 
committee during the year has been the ef¬ 
fort to bring to full fruition the improved 
publication service to our members made 
possible by the publication policy approved 
by the board of directors in the fall of 1937. 

As a result of the change in policy^ many 
changes in publication procedure were neces¬ 
sary, and, because it was quite impossible 
to make all of the changes simultaneously. 
Electrical Engineering and the Trans¬ 
actions for the year 1938 are, to some ex¬ 
tent, non-uniform, part reflecting the old 
policy and part the new. 

Starting with the September 1938 issue. 
Electrical Engineering assumed its 
present standard form. The final change 
was a shift from a two-column to a three- 
column format for the technical program 
papers and discussions. Some had found 
the reading of the discussions somewhat 
difficult because of the small type size. 
Considering ease of reading, it is well estab¬ 
lished that there is a definite relation be¬ 
tween the type size and column width, a 
wider column requiring a somewhat larger 
size of type. In this case, the column width 
was reduced, which gave the desired im¬ 
provement in readability without incurring 
the additional expense that would have been 
involved in enlarging the size of type used 
for discussions. In fact, a small saving was 
made by using a slightly smaller size of 
type for the body of the technical program 
papers, the combined effect of the new type 
size and the narrower column being to in¬ 
crease the ease of reading here also. A 
special effort was made to get the reaction of 
the members to this change in typography, 
and, almost without exception, the responses 
were very favorable. 

Special attention has been given to de¬ 
veloping the general interest section of 
Electrical Engineering, and here again, 
with very few exceptions, the comments of 
members have been favorable. The very 
few cases of adverse criticism of our publica¬ 
tions under the new publication policy have 
been due in almost every instance to a lack 
of understanding of all of the provisions of 
the publication policy. To take care of this 
situation, plans are under way to include 
a full statement of the publication policy in 
the pamphlet “Suggestions to Authors,** 
which is regularly issued by the Institute. 
It is probable that this more comprehensive 
pamphlet will be available by late summer 
or early fall. 

The Institute has not published a cumula¬ 
tive index of the Transactions since 1921, 
and there have been numerous requests for 
such an index. During the year, the publi¬ 
cation committee sent a questionnaire to 
the membership to determine the amount of 
interest in a 17-year cumulative index to 
cover the years 1921-38, inclusive. The 
publication committee is happy to report 
that the response to the questionnaire was 


Table Vi. Number of Members in Section 
Territory Reinstated 


August 1,1938 to April 30, 1939.293 

Y«ar Beginning August 1, 1937...325 

Year Beginning August 1, 1936. 503 

Year Beginning August 1, 1935.663 

Year Beginning August 1, 1934.831 


such as to indicate that the 17-year cumula¬ 
tive index could be made available on a 
practically self-supporting basis. As a re¬ 
sult, the board of directors, at its January 
1939 meeting, approved the publication of 
the index, and copies are now available. 

The same questionnaire made inquiry as 
to the interest of the membership in a 
Transactions supplement, which would 
include all of those technical program papers 
for the year 1938 which did not appear in 
Electrical Engineering. The response 
to this inquiry was also favorable, with the 
result that those members who do not wish 
to purchase the bound volume of Trans¬ 
actions may obtain the Transactions 
supplement at a price of $0.50, and this 
supplement, together with the 12 issues of 
Electrical Engineering, will give them 
a complete file of the technical program 
papers for the year. 

The publication committee wishes to 
thank the membership for its splendid co¬ 
operation in the work of making effective 
the changes called for by the new publica¬ 
tion policy. This co-operation has made the 
task of the publication committee a great 
deal lighter than it otherwise would have 
been. 

Membership Committee 

The membership committee has put forth 
special effort this year to overcome the ef¬ 
fects of current economic conditions on new 
membership results. Current business con¬ 
ditions are reflected in the reduction in ap¬ 
plications received in 1937-38, and by a 
reduction in the percentage of members 
whose dues are fully paid as of April 30, 
1939, as will be noted in tables IV and VIII. 

The Section committees were organized 
early this year and were given complete 
written instructions regarding their work, 
together with the needed literature, to avoid 
any delay in getting started. Contacts 
with the students eligible for Associate 
grade were organized carefully to assure 
that each man would be reminded on several 
occasions of the importance of early af- 


Table VIII. Memberships Fully Paid 



Number of 

Perl 

Membership 

Members 

Cent 

«8 of 

FuUy Paid 

FuUy 

April 30 

as of April 30 

Paid 


1939. 

.16,605... 

....14,371.... 

...86.5 

1938. 

.16,078... 

....14,127_ 

.. .87.9 

1937. 

.15,308... 

...:i3,489.... 

.. .87.8 

1936. 

.14,600... 

....12,446_ 

...85.2 

1935. 

1927 (year of 
maximum 

.14,269... 

....11,512_ 

...80.7 

membership). 18,344.... 

.,...16,247. 

....88.6 
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filiation with the Institute. The aid of the 
Branch counselors was enlisted in these 
contacts. Their response was splendid, and 
their efforts did much to assist this phase of 
the work. 

The national committee was organized 
as last year with 21 members, 9 of whom 
were new additions. An organization meet¬ 
ing was held in September 1938, and 
another meeting was called during the winter 
convention, in January 1939, to review the 
progress made to date and to plan the work 
for the remainder of the year. No im¬ 
portant changes have been made in the 
method of conducting the committee’s 
work. 

The Section membership committees 
have co-operated with the committee on 
transfers in encouraging eligible members 
to transfer to their proper grade of member¬ 
ship. 

Table IV shows the large increase of ap¬ 
plications received from enrolled students, 
which is due both to the increased activity 
already mentioned and to about 7 Vs per 
cent more prospects being available as 
compared with last year. The reduction in 
applications received “From All Others** is 
due largely to reduced returns from the 
Northeastern industrial section of the 
country. The total applications received 
is above last year’s record by 60, but is 36 
under the number received in 1936-37, 

The total Institute membership has in¬ 
creased to 16,606, as compared with 
16,078 on April 30,1938—see table III. 

The committee is pleased to see another 
healthy increase in the number of enrolled 
students—stable V—since these men form 
the best source for future Associates. 

Table VI shows a relatively small change 
in the number of delinquents reinstated in 


Table IX. Record of AIEE Membership 


Total 

Membership 
May 1 

Total 

Membership 
May 1 

Total 

Membership 

Mayl 

1884.. 

.. '71 

1904.. 

. 3,027 

1923.. 

.15,298 

1885.. 

.. 209 

1905.. 

. 3,460 

1924.. 

.16,455 

1886.. 

.. 250 

1906.. 

. 3,870 

1925.. 

.17,319 

1887.. 

.. 314 

1907.. 

. 4,521 

1926.. 

.18,158 

1889.. 

.. 333 

1908.. 

. 5,674 

1927.. 

.18,344 

t890.. 

.. 427 

1909,. 

. 6,400 

1928. 

.18,265 

1891.. 

.. 541 

1910.. 

. 6,681 

1929. 

.18,133 

1892.. 

.. 615 

1911.. 

. 7,117 

1930. 

.18,003 

1893.. 

.. 673 

1912.. 

. 7,459 

1931.. 

.18,334 

1894., 

.. 800 

1913.. 

. 7,654 

1932.. 

. 17,550 

1895.. 

.. 944 

1914.. 

. 7.876 

1933. 

.17,019 

1896.. 

..1,035 

1915.. 

. 8,054 

1934. 

.15,200 

1897.. 

..1,073 

1916.. 

. 8,202 

1935.. 

.14,269 

1898.. 

.,1,098 

1917.. 

. 8,710 

1936.. 

.14,600 

1899.. 

..1,133 

1918.. 

. 9,282 

1937.. 

.15,308 

1900.. 

..1,183 

1919.. 

.10,352 

1938.. 

.16,078 

1901.. 

. .1,260 

1920.. 

.11,345 

1939.. 

. 16,605 

1902.. 

..1,549 

1921.. 

.13,215 



1903.. 

. 2,229 

1922.. 

.14,263 
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comparison with the annual reductions of 
the past few years. The top figure of 293 
is for nine months only and compares closely 
with 306 for the same period one year ago. 
The figures in this table may be expected to 
change little, or even to increase if business 
conditions cause an increasing number to 
become delinquent. 

Table VII indicates again, as does table 
VIII, that there is a tendency on the part 
of a larger number to let dues payments 
wait. Last year, only 470 had not accepted 
the offer passed by the board of directors in 
January 1938, and 1,481 owed dues to 
April 30, 1938 (this latter number had been 
reduced to 1,211 by May 17, 1938). This 
condition should improve when world and 
business conditions become more stable. 

Deaths 

The deaths of 117 members reported dur¬ 
ing the year are listed in table X. 

Committee on Transfers 

Since the last report, the membership has 
voted amendments to the constitution. 
Section 4 of Article II and Section 10 of 
Article III, providing that application for 
transfer to grade of Fellow shall result only 
from proposal, and that at least five years 
of Member grade shall be a requirement; 
this with certain exceptions. These pro¬ 
visions, published in Electrical Engineer¬ 
ing, July 1938, pages 303-04, became effec¬ 
tive July 21,1938. 

Material relative to Section transfer com¬ 
mittee activity has been regularly circulated 
to all Section chairmen. 

In order to ascertain the status of trans-. 
fer committees in the Sections, question¬ 
naire letters were sent to the Section chair¬ 
men. These were returned with results as 
follows: 

56 Sections reported. 

Of these, 19 have Section transfer committees, 16 
receiving aid from the Section mem¬ 
bership committee. 

37 have no Section transfer committee. 
Of these, 33 Sections look to the 
Section membership committee for 
transfer responsibility. Twelve of 
these are discussing the matter or 
planning on having Section transfer 
committees. 

The results of this survey would indicate 
that either through the Section transfer 
committee or the Section membership com¬ 
mittee, as seems best to the Section execu¬ 
tive committee, the coverage of transfer 
activities in the Sections is quite complete, 
needing only stimulation for increased per¬ 
formance. 

The number of applications for transfer 
since 1927 is shovyn in table XI. 

* Board OP Examiners 

The board of examiners held 11 meetings 
during the past year, averaging about two 
and one-half hours each, and considered 
3,820 cases, divided as shown in table XII. 

Standards Committee 

The increasing interest and activity of the 
various technical committees of the Insti¬ 
tute in standardization which was reported 
during the previous year has been mani- 


Table X. Deaths of AIEE Members Reported Diiring the Fiscal Year 



Date of 

Date of 

Grade at 

Obituary Notice in 
Elbctrical 

Name 

Election 

Death 

Death 

Bnoznbbrzno 


Aanonsen, Hans £. 

Abell, Harry C. 

Abeam, Thomas.... 

Alderman, Haywood L.. 
Alexander, James P.... 

Battern, Algy R. 

Benham, Claude F. 

Bird, Montgomery R... 

Blondel, Andre £.. 

Bracken, James L. F... 
Brandenburger, Leo.... 
Bronson, Frederick M.. 
Brown, Glendon C.. .... 
Brubaker, Charles N... 

Buck, Nelson E. 

Burt, Austin.. 

Cammack, John £. 

Carpenter,' Dan E. 

Clothier, Henry W. 

Coates, Charles B...... 

Colling, Llewellyn W... 
Connolly, Stephen J.... 

Crates, Royal R. 

Cunningham, Andrew J 
Dalton, WilUam J...:.. 

Davis, Albert O. 

Dawson, William F. 

Deck, Frederick W. 

Denmann, Burt J. 

Dick, William A.,. 

Dickerson, E. N. 

Dodd, Maynard. 

Doty, Paul...:... 

Ducey, Walter J. 

Ellis, Joseph. 

Frederikseu, Victor. 

Freidenmann, John W.. 

Furness, Douglas L. 

Gallagher, Francis W... 

Gelatin, Albert R. 

Gillespie, Leigh R...... 

Geisler, Hugo P.* Jr.... 

Glaubitz, Hugh J.. 

Green, l^chard. 

Guttmann, Raymond... 

Hardy, Carl E. 

Harris, Charles H. 

Hawkins, Charles'C.... 
Hayes, Timothy A. J... 
Henning, Clarence I. B. 

Hermann, Henry. 

Hirshfdld, Clarence P... 
Hopewell, Charles F.... 

Hoppe, Walter H. 

Hcnme, George H. 

Huseby, Gisle E. 

Hussey, Abram........ 

Hutchinson, Cary T.... 

Insull, Frederick W. 

Insull, Samuel. 

Jackson, Ray P. 

Jacoby, S. Clifford. 

Jennison, Herbert C.... 
Jorgensen, Lai^ R...,.. 

K:e3res. Clift B. 

KJllgQre, Lloyd. M.,.... 

Knaur, Richard J. 

Lackie, Walter J. 

Lanphier, Robert C.... 

Lawton, Arthur H. 

Maxwell,. Eugene.. 

McQuarrie, James L.... 

Meredith, Gailen E. 

Miller, Charles A. 

Mintzner, Watkins* F... 

Moody, Walter S. 

Mordey, William M.... 

Morgan, Oliver J. 

Munshi, Dtnshaw F.... 
Nagel, William G.....,. 
Packer, Edson F., jr..., 
Panter, Thomas A...... 

Parry, Evan..... 

Peck, Emerson P. 

Kke, Clayton W. 

Ratcliff; Henry A. 

Reid, Edwin S. 

Robbins, Percy A. 

Roberts, Samuel N..... 
Robertson, James T.... 

Roller, Frank W. 

Ross, James D.... 

Ruffner, Charles. S..,.., 


.Associate ’07.. 
.Associate ’03.. 
.Associate ’87.. 
.Associate ’27.. 
.Member ’21.. 
.Associate ’20.. 

. Associate ’16.. 
.Associate ’36.. 
.Associate ’05.. 
.Associate ’18.. 
.Associate ’37.. 
.Member ’36.. 
.Member ’37.. 
.Associate ’10.. 
.Associate ’19.. 
.Associate ’07.. 
.Associate ’19.. 
.Member *16,. 
.Member ’17.. 
.Associate ’03.. 
.Associate ’37.. 
.Associate ’08.. 
.Associate ’37.. 
.Associate ’35.. 
.Associate *24.. 
.Associate ’98.. 
. Associate ’05.. 
.Member *30.. 
.Associate ’ll.. 
.Associate ’02.. 
.Associate ’84.. 
.Member ’24.. 

. Associate ’04.. 
. Associate ’22.. 
.Associate ’17.. 
.Associate ’32,. 
.Member ’30.. 
.Associate ’08.. 
.Associate ’37.. 
.Associate ’98.. 
.Associate ’19,. 
.Member ’36.. 
.Member ’17.. 
.Associate ’34.. 
.Associate ’35.. 
.Associate ’99.. 
.Associate ’34.. 
.Associate *03.. 
.Associate ’32.. 
.Associate ’13.. 
.Associate ’15.. 
.Associate ’05.. 
.Associate *97.. 
.Associate ’3Q.. 
.Associate ’10.. 
.Associate ’26.. 
.Associate ’06*.. 
.Associate '90.. 
.Member ’37.. 
.Associate ’86.. 
.Associate *06.. 
. Associate ’21.. 

. Associate ’05.. 
.Associate *05... 
.Assodate *03. 
.Associate ’18. 
.Assodate '22.. 
.Assodate *28.. 

. Assodate *01.. 
.Assodate *03.. 
.Assodate *96.. 

. Assodate *07.. 
.Assodate ’19.. 
.Assodate ’21.. 
.Assodate *20.. 
.Assodate *06.. 
.Associate *91.. 

. Associate *36.. 
.Associate *32.. 

. Assodate’03.. 
.Assodate ’36.. 
.Assodate *03.. 
.Associate *95.. 
.Assodate *08.. 
.Associate *91.. 
.Member *22.. 
.Assodate *96.. 

. Assodate *03.. 
.Associate. *21.. 
.Assodate *06.. 
.Assodate *96.. 
.Associate *08... 
.Assodate *02.., 


...Associate.Jan. 1939, p. 53 

.. Nov. 24,«1938... .Associate.Jan. 1939, p. 53 

. .June 28, 1938.. . .Member .Aug. 1938, p. 363 

.. Jan. 11, 1939.Member ..Feb. 1939, p. 93 

.. Oct. 8,’ 1938.Member 1 .Dec. 1938, p. 523 

.Associate...Aug. 1938, p. 364 

. .Sept. 12, 1938... .Member .Nov. 1938, p. 473 

..Nov. 27,1936... .Associate.Dec. 1938, p. 524 

. .Nov. 15, 1038... .Honorary Member.. .Feb. 1930, p. 93 

. .Oct. 21, 1938.Associate.Dec. 1938, p. 523 

. .Feb. 11, 1938.Associate.Oct. 1038, p. 436 

.. Oct. 23, 1938...... Member .Dec. 1938, p. 523 

.1938.Member .March 1939, p. 141 

.. May 3. 1938.Member .Aug. 1938, p. 364 

.. Dec. 12, 1938... .Associate.March 1939,p, 141 

.. Sept. 1938.Fellow .April 1939, p. 186 

.. March 1939.Associate.May 1939, p. 229 

. .Sept. 7, 1938.Member...Oct. 1938, p. 436 

.. March 11,1938’... Member .June 1938, p. 275 

.. March 17,1939.. .Member .May 1939, p. 229 

.. Dec. 27, 1938.... Associate.Feb. 1939, p. 93 

. .Jan. 29, 1938.... .Associate.July 1938, p. 325 

.. March 10,1939.. .Assodate.May 1939, p. 229 

.. Dec. 1937.Member .Aug. 1938, p. 364 

..July 9, 1938.Associate.Sept. 1038, p. 395 

.. April 26, 1939_Fellow .June 1939, p. 279 

.. Jan. 19, 1939.Fellow .March 1939, p. 141 

. .Sept. 26, 1938... .Member .Nov. 1938, p. 473 

.. June 25, 1038. . . .Associate.Aug. 1038, p. 364 

.. Dec. 5, 1938.Fellow .May 1939, p. 229* 

.. /.Assodate 

.. April 10, 1938_Member ...June 1938, p. 275 

.. Dec. 3, 1938.Assodate...March 1939, p. 140 

. .Sept. 29, 1938_Member .Nov. 1938, p. 473 

. .Oct. 2, 1938..... .Assodate.Jan. 1930, p. 54 

. .April 23, 1938... .Assodate.Oct. 1938, p. 436 

. .Feb. 13, 1938.Member .June 1938, p. 274 

. .June 19, 1038... .Assodate.Sept. 1938, p. 395 

. .Sept. 18, 1938... .Assodate.Jan. 1939, p. 54 

. .March 1939.Assodate.June 1939, p. 281 

..Nov. 1938.Member .Jan. 1039, p. 53 

. .Sept. 10, 1988... .Member .Dec. 1938, p. 523 

.. Jan. 14, 1939.Memb^ .March 1930, p. 140 

. .March29,1938.. .Assodate.July 1938, p. 326 

. .Feb. 22, 1938.Assodate.Dec. 1938, p. 524 

. .Feb. 15, 1939.Assodate.April 1939, p. 186 

..Oct. 22,1938.Assodate.Dec. 1938, p. 523 

..Aug. 1038.Assodate.Nov, 1938, p. 473 

. .April 14, 1938_Assodate.June 1938, p. 275 

.. Jau. 26. 1939.Assodate.MardhlOSO.p. 141 

. .Oct. 17, 1938.Assodate.April 1939. p. 186. 

.. April 10, 1939_Fellow ..May 1939, p. 229 

.. Oct. 17. 1938.Member .March 1930, p. 141 

. .Nov. 1038.Assodate.Jan. 1039, p. 54 

.. Dec. 6, 1938.Assodate.Feb. 1939, p. 04 . 

.. Oct* 2, 1938.Assodate ...... s.... Dec. 1938, p. 524 

.. Aug. 17, 1937,.. .Member ...Oct 1937, p. 1334 

..Jan. 16, 1939.Fellow .March 1939, p. 146 

.. Jan. 14, 1939.Member .March 1939, p. 141 

.. July 15, 1938.Fellow .Aug. 1938. p. 363 

. .Nov. 1937.Assodate.July 1038, p. 326 

. .Oct 20, 1938.Member .Dec. 1938, p. 523. 

..June 12, 1038.. . .Assodate.Oct 1938, p. 4^7 

. .May 8, 1938.Member . July 1938, p. 326. 

.. Dec. 7, 1938.Member . .Jan. 1939, p. 63 

.. March 1938.Assodate.. .Jan. 1039, p. 54 

. .April 26, 1938... .Associate.Aug. 1938, p. 364 

. .May 26, 1938. . . .Assodate.Sept 1938, p. 895 

., Jan. 28, 1939.Fellow .March 1939, p. 141 

,. Dec. 2, 1938.Fellow .Jan. 1939, p. 63 

. . July 28, 1938.Assodate.Nov. 1938, p. 473 

.. March 1, 1939... .Fellow .April 1939, p. 186 

. .April 20,. 1938-Member .July 1938, p. 326 

..Aug. 23, 1938_Assodate.Oct, 1038, p. 437 

.. Aug. 22, 1938. . . .Associate.Dec. 1038, p. 523 

. .Nov. 7, 1938.Fellow .Pec. 1938, J>. 523 

. .July 1, 1938.Associate.Sept 1938, p. 305 

.'.Assodate.April 1039, p. 186 

.. Dec. 16, 1937.... Assodate. Aug. 1938, p. 364 

. .July 20, 1938.Assodate.Oct 1938, p. 437 

. .June 13, 1938. .. .Associate...Aug.*1038, p. 364 

.,March 12,1939.. .Fellow ..May 1939, p. 220 

;. Dec. 17, 1038... .Assodate. *Feb. 1939, p, 03 

.. Nov. 14, 1938_Fellow .June 1939. p. 280- 

..Dec. 30, 1938-Member .. April 1939, p. 186 

. .April 26, 1038... .Member ..June 1988, p. 275 

. .July 20, 1938.Member .Nov. 1938, p. 475 

. .April 23. 1938_Assodate /.July 1038, p. 325 

.. Jan. 1039...Assodate ..Mardi 1039, p. 141 

. .Sept 6, 1938_.Member..Nov. 1938. p. 473 

.. Aug. 21, 1938_Pdlow .Sept 1933, p. 305 

. .March 14.1039...Fellow .April 1939,p. 185 

..Jan. 21. 1939.Fellow .MaichlOaO.p. 140 
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Table )(jinued). 


Deaths of AIEE Members Reported Durins the Fiscal Vear 


Name 


Date ol 
Bleotion 


Date of 
Death 


Grade at 
Deatk 


Obituary Notltie in 
Blbctricai^ 
Engxkbbring 


Ryan, William T^, . . .Associate ’07... .Feb. 6, 1939.Member .March 1939,p. 140 

Seletzky, Anatoliy. . ^ .Associate *29... .May 11, 1938... .Member .June 1938, p. 274 

Shearer, Harold i . .. Member *20.... Nov. 10,1938.... Member ..Dec. 1938, p. 523 

Shute, Loren H.." . . .Associate '15_Feb. 10,1939_Associate ...June 1939, p. 280 

Snell, Sir John F.f , . .Associate *06... .July 6, 1938.‘.Fellow .Aug. 1938, p. 363 

Sterba, Ernest J. I . , .Associate *21... .April 24, 1939....Member .June 1939, p. 280 

Strasburger, Edgn ., . Associate *03.Associate.... May 1939, p. 229 

Sutherland, Wm. j, . .Associate *15.,. .March, 1938.Associate.Oct. 1938, p. 436- 

Swallow, Joseph C,. .Associate *09... .Jan. 14,1939.Associate.April 1939, p. 186 

Terry, Charles A.;, . .Associate *87_Feb. 18,1939.Member .April 1939, p. 186 

Thompson, John F. . .Associate *21... .Oct. 31, 1938..,., .Associate.Jan. 1939, p. 54 

Thornton, Kenneth*. .Associate *01... .Feb. 10,1938.Member .Dec. 1938, p. 523 

Thrush, George , .Associate *34... .Sept. 26, 1938.:. .Associate.Dec. 1938, p. 523 

XJhlenhaut, Fritz, J. . .Associate *89... .Jan. 1, 1937.Member .Feb. 1939, p. 94 

‘XJpley, Arnold S.. . Associate *37.Associate ..Dec. 1938, p. 524 

Walker, Earle T.. ,l . .Associate *35_Sept. 22, 1937-Associate.July 1938, p. 326 

Warner, John C.. . i . .Member *34... .July 21, 1938.Member .Sept. 1938, p. 395 

Watson, Malcolm \ Associate *07_April 26, 1938-Member .June 1938, p. 274 

Weeks. Edwin R.. .1 . .Associate *87_Aug. 17, 1938-Fellow .Oct. 1938, p. 436 

Whitmore, Walter C .. Assodate *90... .Nov, 30,1938... .Assodate.Feb. 1939, p. 94 

Wilbraham, F. M.. ^ .Associate *19_Jan. 21,1939.Assodate...April 1939, p. 186 

Wilcox, Herbert M. . .Member *37... .July 28, 1938.Member .Sept. 1938, p. 395 

Wittenberg, Michael..Member *24....Jan. 1939.Member .March 1939,p. 141 

Young, Walter E.. .Associate *19_June 22. 1938-Member .Sept. 1938, p. 395 


fested during tlie jit year. There was 
also increased parhioii by the Institute 
in ASA projects trh the appointment 
of representatives ^number of new sec¬ 
tional committees] particular interest 
is the work startedU ASA on lightning 
arresters, storage Vies, and on a test 
code for fractional Upower motors ini¬ 
tiated by a subcomife of the AIEE com¬ 
mittee on electrical finery. A reorgani¬ 
zation of the sectionliimittce on electric¬ 
welding is now und^y. The Institute 
has also appointedlresentatives on a 
sectional committee,t will attempt to 
develop intemationaiirine standards as 
affecting electrical illations on ship¬ 
board. 

During the year, brtant new AIEE 
standards have bee^sued and others 
revised as follows: Nly, the completely 
revised edition of theirine Rules, a new 
test code on apparattpise measurement 
and standards for oilniit breakers and 
indicating instmmentsi 

In accordance with pj made during the 
previous year, three ilar sessions and 
two sirmposiums at thinter convention 
were devoted to discus^ of standards for 
the rating of various bes of electrical 
machinery, especially tors and trans¬ 
formers. A total of 12;mal papers were 
presented. The sessionjere very well at¬ 
tended and a great dealjnterest was dis¬ 
played by the member^ at large, indi¬ 
cating that future meethof similar char¬ 
acter will be justified. Veral papers re¬ 
lating to standards afitieS Are con¬ 
templated for inclusion |he progrant-fpr 
the summer convention. ' 

The standards commit, realizing that 
a certain amount of co-ohation of stand¬ 
ardization work carried cpy the technical 
committees is desirable, 1 also that the 
Institute might carry on good advantage 
some standards activity not ordinarily 
falling within the scope oi,e existing tech¬ 
nical committees, has orgied a number of 
co-ordinating committees^r the following 
purposes: j 

(a). To compile data on exbg conditions and 
standards which will assist in ^rmlning the need 
for better co-ordmation. . ' 
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(5). To prepare guiding principles to be used by 
the other AIEE committees in their standards 
work. 

(c). To maintain contact with all interes*ted AIEE 
committees and also with national and international 
standardization agencies outside of the Institute. 

(rf). To recommend, initiate, or sponsor setups in 
the ASA, lEC, and other standardization bodies 
which seem desirable or expedient for bringing 
about maximum co-ordination of standards in the 
electrical field. 

(e). To initiate, in co-operation with interested 
AIEE technical committees, regular or infosmal 
Institute sessions for the purpose of discussing 
vital issues of standardization. 

At present these committees cover the fol¬ 
lowing subjects; Reference Values for 
Standards, Standard Voltages and Currents, 
Insulation Testing and Co-ordination, md 
Basic Principles for Rating of Electrical 
Machines and Apparatus. The last-immed 
committee will first work on a revision of 
AIEE standard No. 1, General Pmdples 
Upon Which Temperature Limits Are 
Based in the Rating of Electrical Machin^ 
and Apparatus, utiliang in part information 
and data contributed in papers and sym¬ 
posiums during the winter and summer con- 
ventions. 


As a further means for increasing the 
interest of the membership in the standardi¬ 
zation activities of the Institute, it has been 
decided to augment the columns of Elec¬ 
trical Engineering where brief reports on 
standards activities are given. 

A plenary meeting of the International 
Electrotechnical Commission was held in 
Torquay, England, during the past year, at 
whidi 25 or more committees participated. 

A number of members of the Institute in¬ 
terested in standardization attended this 
meeting. 

United States 

National Committee op the IEC 

Nineteen-thirty-nine was an active year 
for the International Electrotechnical Com¬ 
mission. A very successful plenary meeting 
was held at Torquay, England, June 22 to 
July 1, this being the ninth plenary meeting. 

It was attended by 400 delegates from 22 
countries, the United States being repre¬ 
sented by 22 delegates. 

Many important final decisions, as re¬ 
corded in the brief reports below, were 
taken. Of outstanding importance was the 
recommendation of advisory committee 24 
that the permeability of free space be the 
coimecting link between the electrical and 
mechanical units pf the Giorgi (MKS) Sys¬ 
tem. 

At the closing dinner to the delegates 
given by the British Standards Institution 
at the Guildhall, London, the Duke of Kent 
said: 

The International Electrotechnical Commission’s 
work in co-ordinating and simplifying industnrf 
requirements in the electrical field should prove of 
the highest value to international exchange of 
electrical goods. This co-ordination should be in¬ 
creasingly valuable as the economic interdepend¬ 
ence of the nations is more fully recognized. 

A brief summary of some of the actions 
taken at the Torquay meeting is given below: 

Int&fncUioiuil ElcctTOtcchittcul Vocdbulcvy, 
IEC. 1. The first edition of the vocabu¬ 
lary, containing some 2,000 scientific and 
technical terms defined in both French and 
English, and with the titles in German,, 
Spanish, Italian, and Esperanto, was ap¬ 
proved for publication. About 150 copies 
have been distributed in this country. 


Tabic XL Applications for Transfer 


Year 

Ending 

April 

30 


Fellow Grade 

Not 
Roc- Rec- 
om- om- 
mend- mend¬ 
ed ed Total 


Member Grade 


Not 

Re<j^ Rec- 
om- om- 
mend- mend¬ 
ed ed 


Table XII. Appileafion, for Admtelon and 
Transfer 


Totid 


1927.. .: 

1928.. .. 

1929.. .. 

1930.. .. 

1931.. ... 
1932.;.. 

1933.. .. 

1934.. .. 

1936.. .. 

1936.. .. 

1937.. .. 

1938.. .. 

1989.. .. 

Totals.. 


30.. 

. 6 .. 

35.. 

. 293. 

21,. 

. 3.. 

24.. 

. 280. 

45.. 

.2.. 

. 47., 

. 229. 

28.. 

. 2.. 

. 30.. 

. 211. 

44.. 

. 3.. 

. 47.. 

. 322. 

7.. 

. 2.. 

. 9.. 

. 149. 

29.. 

. 2.. 

. 31.. 

, 109. 

25.. 

, 2.. 

, 27., 

. 154, 

19.. 

. 2.. 

. 21.. 

. 199. 

27.. 

. 1'.. 

. 28.. 

. 205. 

24.. 

. 2.. 

. 26.. 

. 167. 

26.. 

. 0.. 

. 26., 

137. 

, 25,, 

. 2.. 

, 27., 

,. 126. 

:350.. 

..28.. 

.378. 

..2,581. 


19.. . 

29.. . 

31.. . 

17.. . 

11 .. . 

3... 

23.. : 

24.. . 
, 27... 
, 7... 


Applications for Admission 
Recommended for grade of Associate. .1,330 
Re-elected to the grade of Associate 
Not recommended... 

Recommended for grade of Member 
Re-elected to the grade of Member. 

Not recommended.— 

Recommended for grade of Fellow.. 

Re-elected to the grade of Fellow... 

Not recommended. 

AppUcations for Transfer 
Recommended for grade of Member. 

Not recommended.* • 

Recommwded for grade of FeUow . > 

Not reconimended..... 

Students * ^ . 

Recommended for enrollment as Students,.. .2,079 

.... 3,820 


.1,330 
. 86 
,. 10., 

1,420 

95 

11 

.. 43., 

, 149 

1 


.i 1- 

2 

.. 126 
., 13. 

. 139 

25 

. 2. 

. 27 


Total.. 
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Transformers, lEC 23, Two divergent 
methods of rating transformers have been 
in general use in different countries, one 
based on the full-load secondary current 
and the no-load secondary voltage, and the 
other based on the full-load secondary cur¬ 
rent and the full-load secondary voltage at 
a specified power factor (0,8 or 0.85). The 
lEC meeting at Torquay agreed that both 
the lEC test rating and the lEC service 
rating should be shown on the nameplate. 
It was also agreed that when no power 
factor is specified by the purchaser the 
service rating will be based on a power 
factor of 0.8, and that losses should be ex¬ 
pressed in kilowatts and not as a percentage 
efficiency. Fractional loads are to be ex¬ 
pressed in terms of current. The test rating 
agreed upon by the lEC as one of the fac¬ 
tors to be used in rating transformers defines 
a transformer in which it might be desired 
to reverse the direction of flow of power, and 
the service rating defines a transformer with 
a predetermined direction of flow. 

It was agreed that ambient temperature 
should be defined to mean that the peak 
value of 40 degrees centigrade should be 
associated with an average temperature 
not exceeding 36 degrees centigrade over 
any 24-hour period. The maximum tem¬ 
perature rise for oil-immersed transformers, 
with forced oil circulation, it was agreed, 
should be 66 degrees centigrade. 

Graphical Symbols, lEC 3, lEC Publi¬ 
cation 42, graphical symbols for heavy cur¬ 
rent systems, will be revised on the basis of 
decisions taken at Torquay. Publication 
42, graphical symbols for weak current 
systems, will be submitted to the national 
committees for approval of the revision 
agreed to at Torquay. 

Steam Turbines, IRC 5. Two lEC pub¬ 
lications (46 and 46) were extended to cover 
all other kinds of turbines not heretofore 
covered. Certain decisions were also taken 
on fluid flow measurement. 

Lamp Caps and Holders, IRC 6 . Dimen¬ 
sions of lamp caps and holders, approved 
by this committee, will be published by the 
lEC. Drawings of gages were approved, 
but each National Committee will, of course, 
decide for itself what gages would b& used 
for checking the dimensions. 

Aluminum, IRC 7, It was unanimously 
agreed that annealed aluminum should be 
defined as aluminum which, in the form of 
wire of 1 mm diameter and greater, has a 
maximum tensile strength of 9.5 kg per 
square mm and a minimum elongation of 
20 per cent in a length of 200 mm. The 
measurement of the elongation is to be taken 
after fracture. The normal resistivity value 
should be 0.0278 ohm mmVm at a tempera¬ 
ture of 20 degrees centigrade. The tempera¬ 
ture coefficient and density for hard-drawn 
aluminum are considered the same as for 
annealed aluminum. For the steel core it 
was agreed to adopt a minimum tensile 
strength of 120 kg/mm* and an elongation 
of 6 per cent for wires of 3 mm diameter 
and over, and 4 per cent for wires which are 
smaller than 3 mm diameter. Standards of 
resistivity for aluminum used for insulated 
cables and bus bars were agreed upon. 

Standard Voltages and High Voltage In^ 
SuloXors, IRC 8 . A column showing the 
three-phase phase-voltages cofresponding to 
the three-phase phase-to-neutral voltages 
will be included in the new edition of the 
lEC publication on Standard Voltages, in 
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the section on voltage between 100 and 1,000 
volts. The first edition of an international 
specification on the testing of insulators 
will be issued, it was agreed. Impulse volt¬ 
age tests for the testing of line insulators 
will be included. 

The meeting referred a draft specification 
for testing wall bushing insulators to the 
national committees for consideration, and 
approved a report recommending the re¬ 
vision of the lEC calibration tables for 
sphere gaps. 

Electric Traction Equipment, IRC 9, A 
revised edition of the specification for trac¬ 
tion motors will be circulated to the na¬ 
tional committees for approval. 

Overhead Lines, IRC 11, A new edition, 
in French, of Publication No. 49, comparison 
of the regulations in force in various 
countries for the erection of overhead lines, 
has been prepared. Further consideration 
will be given to formulas proposed for the 
calculation of the loading of overhead lines. 

Electrical Instruments, IRC 13. Revision 
of the publications on alternating current 
watt-hour meters; instrument transformers; 
and indicating instruments was discussed, 
and action will be taken later. This com¬ 
mittee held a joint meeting with the advisory 
committee on terminal markings, and the 
two committees appointed a subcommittee 
to consider marking instrument trans¬ 
formers separately from instruments and 
meters. 

Terminal Markings, IRC 16. A report 
by this committee summarized the systems 
of terminal markings now in use as follows: 

(a). The system used in the United States as given 
n the American Standard for rotation, connections, 
and terminal markings for electric povrer apparatus. 

(i»). The system used in Great Britain which will 
be available soon as a report of the British Stand¬ 
ards Institution. 

(r). A composite system taking certain of its parts 
from the systems of the different nations on the 
continent of Europe, the composite being arrived at 
in discussions in lEC Advisory Committee Number 
16. 


It is expected that the lEC will print the 
composite system as a report in the hope 
that as the various nations find it necessary 
to change their existing systems they will 
be able to adopt this system in whole or in 
part. 

The lEC will also publish a separate re¬ 
port giving the history of the whole situa¬ 
tion on terminal markings, explaining the 
three separate systems and giving informa¬ 
tion as to where detailed information bn all 
of them may be obtained. 

Switchgear, IRC 17. Insulation tests, 
impulse voltage tests, the natural frequency 
of the test circuit and the rate-of-rise of 
recovery voltage and the testing of large 
circuit breakers were discussed. 

Electric Cables, IRC 20. A revision of 
the lEC specifications was suggested and 
proposed changes were submitted to^a sub¬ 
committee for consideration. 

Electric and Magnetic Magnitudes and 
Units, IBC 24. It was agreed that the 
committee recommend that the connecting 
link between the electrical and mechanical 
units in the MKS system should be the 
permeability of free space (juo) with the 
value of 10“^ in the unrationalized system, 
4II10“7 in the rationalized system. The 
committee also agreed to recommend that 
the name of the unit of force should be the 
''Newton.** 
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Letter Symbols, II A revised edi¬ 
tion of lEC publicatwill be circulated 
to the national coi^s for approval. 

Electric Welding, 1 The first meet¬ 
ing of this commitfided that it will 
start its program wif on welding plant 
and equipment, ancit will co-operate 
with the committi welding of the 
International Stand-ssociation. D^- 
nitions, rating of w plant and equip¬ 
ment, non-automal&le-arc direct-cur- 
rent welding setsomatic single-arc 
direct-current weld^. constant-voltage 
multiple-arc direc^nt wdding sets, 
electric motors, 4ed direct-current 
reactors, and choke-transformers were 
discussed. Propos?-de by the British 
committee will be fed and referred to 
the various natiotpmiittees for their 
recommendations. 

More detailed ^ of all committee 
meetings are avail: Anyone interested 
should write to J. IcNair, secretary of 
the U. S. nationaloiittee of the Inter¬ 
national Electrdical Commission, 
American Standai^sociation, 29 West 
39th Street, New 

It is now expechat meetings of the 
following lEC adf committees will be 
held in New York,>inber 5-8,1939. 

2b Transformers 
4 Hydraulic Tt?s 

17 Switchgear 

19 Internal Conion Engines 

26 Welding 

The organizatid^ting of the new com¬ 
mittee on insulatb-ordination and pos¬ 
sibly the subcomi? on sphere gaps. 

Committee 

ON Planning ^^o-ordination 

The recomraeipn of the predecessor, 
the committee oiordm^il^ion of Institute 
activities, that committee be reconsti¬ 
tuted under the 2 “committee on plan¬ 
ning and co-orcion** and assume the 
broader duties tIndicated was approved 
by the board oftctors, with the change 
effective August938. Section 70 of the 
bylaws was am^ to assign to the com¬ 
mittee the addial duty of giving con¬ 
tinuous attentiip the planning of Insti¬ 
tute activities oj future. 

The co^itl invited a considerable 
group of memtjto supply their views on 
the present aclies of the Institute and 
their suggestioiegarding any changes or 
additions whidould make the organiza¬ 
tion more va)le to the profession in 
general and its nbers in particular. 

A compreheie report on present and 
proposed futu|x:tivities of the Institute, 
based very larf on the 29 replies received 
and the views nembers of the committee, 
Jias been sublted for consideration of 
the board of cctors at its May meeting. 

In accordaz with past practice, the 
committee reqed requests from District 
anH Section cers for national conven¬ 
tions and Disit meetings desired in their 
Districts in and submitted a recom¬ 
mended sched' of such meetings, which 
was approved* the board of directors in 
January. 

Institute Poi/CoMMUTEB 

The only mair referred to the committee 
during the ye was the question as to 
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whether the Institute should include in its 
scope of activity consideration of an engi¬ 
neering approach to the physical facts of 
depreciation and obsolescence of electrical 
material. 

The AIEE executive committee requested 
the Institute policy committeee to submit 
an outline of the principal factors, both for 
and against participation in this field, that 
should be considered by the board of 
directors. 

Committee on Safety 

By an action of the board of directors 
the functions of the committee on safety 
codes were expanded, and a committee on 
safety created to include the entire field of 
safety in electrical engineering. 

The committee, in letters, has endeavored 
to interest universities, and in particular 
their electrical engineering departments, in 
the matter of accident prevention and in¬ 
cluding instruction in the proper method of 
resuscitation from electric shock, asphyxia¬ 
tion, drowning, et cetera. Suggestions 
have been included that other departments 
•of the universities may also be interested 
in the subject, with emphasis on instruc¬ 
tion to all students, particularly because of 
the frequent occurrence of such accidents 
outside of university laboratories. Such 
training among the electric and gas utility 
companies has, over the years, resulted in 
the saving of the lives of many persons 
who have accidentally come in contact 
with energized parts, or apparently have 
been drowned, or asphyxiated from gas 
fumes. The committee is convinced that 
continual training in this method is abso¬ 
lutely essential and that, to be most effec¬ 
tive, such training should be given before 
students have left the universities. Letters 
were therefore sent to 120 professors of 
electrical engineering of the various universi¬ 
ties and colleges, together with a booklet 
describing the Schafer Prone Pressure 
Method of Resuscitation. The replies 
were immediate and evidenced a highly 
co-operative spirit. Correspondence is 
continuing with such universities. 

Letters were also sent by the committee 
to the counselors of student branches of the 
universities, requesting that during the 
year each student branch arrange to have 
presented before the branch a paper dealing 
with some phase of the problem of preven¬ 
tion of accidents or remedial measures after 
electrical shock. This had been discussed 
with the chairman of the committee on 
student branches and received his whole¬ 
hearted endorsement. Assistance was 
offered, if necessary, to secure a local 
speaker to prepare and present such a 
paper. Again the reaction was spontaneous, 
and steps have been inaugurated to attain 
this during this or the coming year, where 
this subject had not already been included 
in the meetings. 

A similar letter was authorized to be 
sent to the various Sections of the Institute 
to recommend to them that during each 
year they arrange to have presented before 
each Section a paper dealing with the 
prevention of accidents or remedial measures 
after electrical shock. It was found that, 
in general, arrangements were being made 
by the Sections to include this important 
subject in their programs. 

There exists a great need for the distribu¬ 
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tion of a comprehensive booklet on resusci¬ 
tation, of convenient size, which people 
could readily obtain for reference. 

A movement has been started to obtain 
information relating to safety practices 
from all related foreign institutes of various 
kinds. Abstracts are being prepared of 
replies received, and it is hoped that a com¬ 
prehensive summary of practices will be 
available soon. 

The committee was successful early in 
the year in arranging for the preparation 
of a paper for a general meeting. The 
paper now under preparation is concerned 
with safe practices in college laboratories, 
dealing largely with methods to assure 
safety to the laboratory students and per¬ 
sonnel. Arrangements have been made for 
the preliminary presentation of this paper 
at a meeting of the Society for the Promo¬ 
tion of Engineering Education. 

During the year, a number of subjects 
relating to electrical safety were presented 
for discussion. It was found that such 
subjects being given active consideration 
were concerned with the developments in, 
or revision of, electrical codes or standards 
in general sponsored under the auspices of 
the American Standards Association. Some 
of the subjects, from a purely technical view¬ 
point, are being given further consideration. 

The committee is of the opinion that 
the time to make apparatus safe for con¬ 
struction, operation, and maintenance is 
at the time that the apparatus is being de¬ 
signed. It has therefore recommended to 
the National Electrical Manufacturers 
Association that they request their members 
to add a line on the original drawings to 
provide that the design be checked for 
safety in the engineering department or 
drafting office. This recommendation might 
well be also carried out by manufacturers 
and public utilities generally. 

Committee on Legislation Affecting 

the Engineering Profession 

The committee on legislation affecting 
the engineering profession, consisting of 
fifteen members well representative of all of 
the Sections, has carried on its work along 
the lines similar to those of previous years. 

Some thought has been given to possible 
methods which might enable the committee 
to keep in touch with proposed legislation 
regarding licensing of engineers that may 
be introduced in the various state legisla¬ 
tures so that the Institute could be promptly 
and properly informed regarding those devel¬ 
opments with a view toward being helpful. 

The Texas registration law was contested 
during the year in the courts, and, upon the 
request of the national secretary, all of the 
pertinent information available at the time 
in connection with the case was obtained 
from the secretary of the Texas State 
board and the dean of engineering of the 
University of Texas and forwarded to the 
Institute. The principal controversial point 
in this case hinged upon the definition of 
‘'principles of engineering” used in the 
Texas law, and upon final disposition of 
this matter a report will be made to the 
national secretary of the Institute. 

Committee on Code op Principles of 

Professional Conduct 

Members of this committee have each 
been provided with a copy of the codes of 
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the American Society of Civil Engmeers, 
the American Society of Mechanical Engi¬ 
neers, the American Institute of Chemical 
Engineers, the American Institute of Con¬ 
sulting Engineers, and the American 
Association of Engmeers in addition to our 
own code, and have considered whether 
our code required modification. No sug¬ 
gestions have come forth proposing modifi¬ 
cations, and it therefore may be interpreted 
that none is necessary at the present time. 

Committee on Constitution and Bylaws 

This committee considered and recom¬ 
mended several proposed amendments to 
the bylaws of the Institute. The committee 
conducted its work by correspondence. 

Committee on 

Economic Status of the Engineer 

Members of the committee met informally 
at the winter convention. In the matters 
of employment, unemployment security, 
and fltrniifl.l income there are available 
the publication of bulletins No. R-497, 
643, 688, and 631 by the United States 
•Department of Labor covering the engi¬ 
neering profession, 1929-34, Professor 
Sorensen's paper on the Economic Status 
of the Engineer, Transactions, 1938, and 
a bulletin of the National Bureau of 
Economic Research, February 1939, com¬ 
paring engineers' income with that of other 
professions. The committee feels, there¬ 
fore, that adequate data on that phase of its 
assignment have been presented. 

The committee is observing the progress 
of the ECPD committee on professional 
recognition, and has noted its recent study 
of the qualification procedure in the fields 
of accounting, architecture, law, and medi¬ 
cine. The committee is watching the 
policies and organization plans of other 
professional engineering societies and federa¬ 
tions of engineers, and the trend of possible 
reorganization and revision of the objec¬ 
tives of the American Engineering Council. 

Committee on 

Award of Institute Prizes 

Three national and 12 District prizes 
were awarded in 1938 for papers presented 
in the calendar year 1937 and for student 
papers presented during the academic year 
ending June 30, 1938. These awards were 
announced in the issues of Elbcitiical 
Engineering for July, September, and 
December 1938 and April 1939. 

The committee considered a large num¬ 
ber of papers and the gradings and recom¬ 
mendations of the technical committees 
which had reviewed the papers. Many 
papers considered were of a high quality, 
and, in addition to the national prizes, ten 
other papers were given honorable mention. 

Committee on Award of Columbia 

University Scholarships 

During February and March 1938, there 
were twelve applications for the Columbia 
University scholarship. After due con¬ 
sideration of the merits of all the applicants, 
the committee voted to award the scholar¬ 
ship for 1938-39 to Mr. James E. Hulsizer, 
who received his B.S. degree from Princeton 
in June 1938. Mr. Hulsizer accepted the 
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scholarship, and has been in regular attend¬ 
ance during the present academic year. 

Edison Mbdal 

The Edison Medal, which is awarded by 
a committee composed of 24 members of 
Institute, was, for 1938, awarded to 
Dr. Dug^d C. Jackson “for outstanding 
and inspiring leadership in engineering 
education and in the fields of generation 
and distribution of electric power,“ and 
was presented on January 25, 1939, during 
the winter convention. The medal may be 
awarded annually for “meritorious achieve¬ 
ment in electrical science, electrical engi¬ 
neering, or the electrical arts.*' 

John Fritz Medal 

The John Fritz Medal board of award, 
composed of representatives of the national 
societies of civil, mining, mechanical, and 
electrical engineers, awarded the 35th 
medal (for 1939) to Dr. Frank B. Jewett, 
vice-president, American Telephone & Tele¬ 
graph Company, and president, Bell Tele¬ 
phone laboratories, Inc., for “vision and 
leadership in science, and for notable 
achievement in the furtherance of industrial 
research and development in communica¬ 
tion." 

Lammb Medal 

The Bamme Medal committee awarded 
the medal for 1938 to Marion A. Savage, 
•designing engineer. General Electric Com¬ 
pany, “for able and original work in the 
deve^pment and improvement of mechani- 
•c^ construction and the efficiency of large 
high speed turbine alternators." Arrange¬ 
ments are being made for the pres^tation 
of the medal at the combined Summer and 
Pac^c Coast convention in San Francisco, 
Calif., June 26-30, 1939. The medal may 
be awarded annually to a member of the 
AIEE “who has shown meritorious achieve¬ 
ment in the development of electrical 
apparatus or machinery.** 

Alfred Noble Prize 

This prize, ^tablished in 1929, consists 
of a certificate and a cash' award of $500 
from the incomfe from a fund contributed by 


engineers and others to perpetuate the name 
and achievements of Alfred Noble, past- 
president of the American Society of Civil 
Engineers and of the Western Society of 
Engineers. It may be made to a member of 
any of the co-operating societies, ASCE, 
AIME, ASME, AIEE, or WSE, for a techni¬ 
cal paper of particular merit accepted by 
the^ publication committee of any of these 
societies, provided the author, at the time 
of such acceptance, is not over 30 years of 
age. The award for 1938 was presented to 
Ralph J. Schilthuis for his paper on “Con¬ 
nate Water in Oil and Gas Sands.’* 

Washington Award 

The Washington Award for 1939 was 
bestowed upon Dr. Daniel Webster Mead, 
*'for his superior contribution to sound 
theory, good practice, and high ethical 
standards in the creation of engineering 
works as an engineer and as a teacher,** 
and was presented to him at a dinner on 
February 20, 1939. This award may be 
made annually to an engineer by the com¬ 
mission of award composed of nine repre¬ 
sentatives of the Western Society of Engi¬ 
neers and two each of the American Society 
of ^^ivil Engineers, American Institute of 
Mining ^d Metallurgical Engineers, Ameri¬ 
can Society of Mechanical Engineers, and 
AIEE. 

Hoover Medal 

The Hoover Medal was established 
through a trust fund created by a gift from 
Conrad N, Lauer, and is to be awarded 
p^iodically “to a fellow engineer for 
distinguished public service** by a board 
representing the national societies of civil, 
mining and metallurgical, mechanical, and 
electrical engineers. The third recipient of 
this medal was John Frank Stevens, who 
was cited as an “engineer of great achieve¬ 
ment, as illustrated in his work on the 
Panama Canal, who, in his dealings with 
the inter-allied forces in Siberia in the 
Great War, demonstrated those broader 
capacities for humanitarian public service 
beyond his calling.** 

Iwadare Foundation Committee 

No Iwadare lecturer was chosen to go to 
Japan for the current year, nor, has. any 
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Men Registered 



Men Placed 


Month 

New York 

Chicago 

San 

Francisco 

Total 

New York Chicago 

San 

Francisco 

Total 

1938 









May. 

June. 

July.•.. 

258.... 
.... 289,... 
188 

.. 135.. 
.. 169.. 

►...106.... 
... 97..,. 
86.... 
V.. 80-.... 

.. 499. 
.. 555. 
.. 372. 
.. ?47. 

.34.. 

.... 18... 
_ 12... 

... 23.... 
... 7.... 

.. 75 

. 74 

August. 

.181.'.','.' 

. . wo., 
.. 86... 

.47.. 

_ 20... 

.... 33... 

... 33.... 
... 28,... 

. 81 
. 108 

September. 

.. 109.'... 

.. 99... 

50.... 

.. 348. 


.... 23... 

,. 21 

94 

October. 

November. 

... 175_ 

- 133.... 

.. 67.., 

.. 58... 

... 79.... 
... 51.... 

321. 
.. 242. 

..... 57.. 
...... 45,. 

.... 23... 
- 30... 

.. 26!!!! 
.. 13_ 

! 106 
. 88 
. 07 


... 102.. 1.. 

.. 46... 

79. 

. 227. 

.37. i 

.... 13... 

.. 17. 
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January. 

February.. 

March......_ 

144,..., 
... 143.... 

... 169,... 

.. 37... 

62... 
.. 67... 

... 73. 

... 85..... 

...109. 

... 91. 

...986. 

.. 254. 

. 290., 

. 40.. 

.... 16.... 

.... 16.,.. 

.. 23..;.. 
.. 12. 

. 92 

. 68 

April.. 

Total. 

... 140_ 

...2,121_ 

.. 96!!; 

..1,020... 

. oao., 
. 327., 

. 4.127 

► 51.. 

- 46.. 

.. .•.'^543.. 

.... 19.... 
.... 21.... 

...*.244_ 

.. 19. 

... 16. 

..238. 

. 89 

. 83 

.1.025 
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Iwadare Fellow come to the United States. 
Employment Service 

The Institute co-operates with the na¬ 
tional societies of civil, mining, and mechani¬ 
cal engineers in the operation of the Engi¬ 
neering Societies Employment Service with 
its main office in the Engineering Societies 
Building, New York. Offices are operated 
in Chicago and San Francisco also. In 
addition to the societies named, others 
co-operate in certain of the offices as 
follows: New York—Society of Naval 
Architects and Marine Engineers; Chicago 
—Western Society of Engineers; San 
Francisco—California Section of the Ameri¬ 
can Chemical Society; and the Engineers’ 
Club of San Francisco. 

The s^ice is supported by the joint 
contributions of the societies and their 
individual members who are benefited. In 
addition to the publication of the employ¬ 
ment service announcements monthly in 
Elec^cal Engineering, weekly sub¬ 
scription bulletins are issued for those 
seeking positions. 

An analysis of this employment service 
as reported to the national societies is given 
in table XIII. 

American Engineering Council 

The American Engineering Council has 
continued to carry on a wide range of 
activities within the scope of its objectives: 
“to further the public welfare wherever 
technical and engineering knowledge and 
experience are involved, and to consider 
and act upon matters of common concern 
to the engineering and allied technical 
professions.** 

The 19th annual meeting of the assembly 
was held in Washington, D. C., January 
12-14, 1939. The 9th conference of engi¬ 
neering society secretaries was held on the 
12th. 

During 1938, the Council sponsored two 
f^ms which were held with the co-opera¬ 
tion of local organizations of engineers, the 
first in Philadelphia, May 13, on the sub¬ 
ject “Employment and the Engineer’s 
Relation to It,** and the second in Detroit, 
November 11, on “Invention and the Engi¬ 
neer’s Relation to It.** On account of the 
success of these two meetings, the annual 
meeting was planned as a series of forums 
on the following subjects, suggested by the 
work of several of the Council’s committees: 

1. National Planning and the Engineer’s Relation 
to It. 

2. ^ The Economic Status of the Engineering and 
Kindred Professions. 

3. Engineering Aspects of Government Reorgani¬ 
zation. 

4. Engineering and Economic Factors in the Size 
of Business. 

At the all-engineers dinner, Dr. Vannevar 
Bush, president of the Carnegie Institution 
of Washington, and a director of the AIEE, 
delivered an address on “The Qualities of a 
Profession,** which was published in the 
April 1939 issue of Electrical Engi¬ 
neering, pages 156-60. 

The business session was devoted to 
consideration of committee reports and 
other matters, as well as the finatiH gl status 
of the Council. It was reported that the 
National Industrial Conference Board had 
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recently granted $22,600 for the conduct 
of a special study under the direction of the 
Councirs subcommittee on patents. 

United Engineering Trustees, Inc. 

This organization is the corporate body 
which holds title in the name of the four 
Pounder Societies to their joint physical 
properties, namely, the Engineering Socie¬ 
ties Building, the Engineering Societies 
Library, and the endowment funds of The 
Engineering Foundation. It operates and 
manages the Engineering Societies Building 
and admimsters certain joint activities of 
the four Founder Societies. 

The annual report of the UET for the 
year which ended September 30, 1938, 
showed practically full occupancy of the 
building, gratifying use of meeting halls, 
and a stable financial situation. 

An abstract of the report was published 
in ElectricaIv Engineering for December 
1938, pages 518-19. 

Engineering Foundation 

The Engineering Foundation is a joint 
organization of the national societies of 
-civil, mining and metallurgical, mechanical, 
and electrical engineers established for 
“the furtherance of research in science and 
engineering, and the advancement in any 
•other manner of the profession of engineer¬ 
ing and the good of mankind.” 

The Foundation’s funds were augmented 
by a bequest from the late Ambrose-Swasey 
-of $86,977,16, this being the fifth of his gifts 
to the Foundation. The total book value 
•of the Foundation fund is now $967,698. 

The Foundation has been assisting in a 
wide range of technical researches sponsored 
hy the founder societies. Some of the 
principal groups now in progress are: 
ASCE—soil mechanics and foundations, 
hydraulics; AIME—alloys of iron, baro- 
dynamic problems; ASMB—critical pres¬ 
sure steam boilers, fluid meters, lubrication, 
cottonseed processing, rolling steels; AIEE 
—stability of impregnated paper insulation; 
AIEE and AWS—^welding; University of 
California—^plastic flow of concrete; New 
“York University—^wind directioii and ve¬ 
locity. 

Assistance in non-technical matters re¬ 
lated to engineering has been granted to the 
Engineers’ Council for Professional De¬ 
velopment and the Personnel Research 
Federation. 

An abstract of the annual report of the 
Engineering Foundation for the year which 
•ended September 30, 1938, was published 
in the December 1938 issue of Electrical 
ISnginebring, pages 619-21. 

Engineering Societies Library 

, The Engineering Societies Library, which 
was formed by combining the separate 
libraries of the four national societies of 
civil, mining and metallurgical, mechanical, 
and electrical engineers, and the preparation 
of a composite card catalog, has been ex¬ 
panded as a single engineering library, 
which probably constitutes the best collec¬ 
tion of its t 3 rpe in the United States. 

On September 30, 1938, the library had 
144,262 volumes, 7,408 maps, 4,391 bibliog¬ 
raphies. Books, pamphlets, and maps 
totaling 14,041 were received during the 


year ending at that time. Current issues of 
1,369 periodicals were received. Work 
progressed rapidly on a classified index to 
periodicals, and the index now contains 
more than 226,000 references to ^ticles 
published since 1927. 

Special services rendered by the library 
include: photoprints, searches, abstracts, 
tra^lations, bibliographies, book loans by 
mail, etc. An abstract of the annu al report 
of the library appeared on page 619 of Elec¬ 
trical Engineering for December 1938. 

Engineers’ Council 

for Professional Development 

This council was organized in 1932 to 
engage in activities leading to the enhance¬ 
ment of the professional status of the engi¬ 
neer. It includes three representatives of 
each of the seven participating organiza¬ 
tions: the national societies of chemical, 
civil, electrical, mechanical, and mining and 
metallurgical engineers, the Society for the 
Promotion of Engineering Education, and 
the National Council of State Boards of 
Engineering Examiners. 

The principal activities of ECPD in¬ 
clude programs for the guidance of young 
individuals thinking of entering the engi¬ 
neering field, the accrediting of curricula of 
engineering schools, encouragement and 
assistance to individuals in their engineering 
and cultural studies during several years 
after graduation, and the development of 
^criteria for indicating the attainment of the 
status of an engineer. 

At the annual meeting held on October 
22, 1938, the committee on engineering 
schools submitted recommendations on 63 
additional curricula, bringing the total 
number to 679 curricula in 136 institutions. 
Of these, 392 were accredited, 107 were 
accredited provisionally, 179 were not ac¬ 
credited, and action on one was deferred. 
The complete list of curricula thus far ac¬ 


credited appeared in the December 1938 
issue of Electrical Engineering, page 514. 

Comprehensive information regarding 
other committee reports and the various 
other matters considered and acted upon at 
the annual meeting appeared in the same 
issue, pages 513-16. 

Representatives 

The Institute has continued its repre¬ 
sentation upon many joint committees and 
national bodies, with which it co-operates in 
a wide range of activities of interest and im¬ 
portance to engineers and others. 

A list of representatives was published in 
the September 1938 issue of Electrical 
Engineering and in the 1939 Year Book. 

Finance Committee 

The committee, as usual, recommended a 
detailed budget to the board of directors, 
passed upon the expenditures for various 
purposes, made recommendations regarding 
delittquent members, and performed the 
other duties prescribed for it in the consti¬ 
tution and bylaws. 

Haskins and Sells, certified public ac¬ 
countants, have audited the books, and 
their report follows. 

The board of directors extends to the 
national committees, and the District, Sec¬ 
tion, and Branch officers its deep apprecia¬ 
tion of their continuing effective services, 
which have produced a high degree of ac¬ 
tivity, enthusiasm, and constructive accom¬ 
plishment in all phases of Institute work. 
The board of directors has been much en¬ 
couraged by the generous support which 
the members have given its efforts on their 
behalf. 

Respectfully submitted for the board of 
directors. 

H. H. Henline, 
May 26,1939 National Secretary 


HASKINS 6!e SSL.US 22 E^AST STRBBT 

CERTIFIED PUBLIC ACCOUNTANTS NEW YORK 

May 18, 1939 

American Institute of Electrical Engineers, 

33 West 39th Street, New York. 

Dear Sirs: ' 

We have made an examination of your balance sheet as of April 30, 1939, and of your 
recorded cash receipts and disbursements for the year ended that date. In connection 
therewith, we examined or tested your accounting records and other supporting evidence in 
a maimer and to the extent which “we considered appropriate in view of your system of 
internal accounting control. We present the following financial statements: . 

Balance Sheet, April 30., 1930 (Exhibit A). 

Property and Restricted Funds Securities, Less Reserve for Securities of Doubtful Value 
(Schedule 1). ? • 

Statement of Recorded Cash Receipts and Disbursements of iGeneral Fund for the Year Ended 
April 30, 1930 (Exhibit B). 

Statement of Recorded Cash Receipts and Disbiirilements of Property and Restricted Funds for the 
Year Ended April 30, 1939 (Exhibit C). 

In accordance with the terms of our engagement, members and other debtors were not 
requested to confirm to us the amounts receivable from them at April 30, 1939, and, in 
accordance with the usual practice of the Institute, no provision has been made for dues 
which may prove to be uncollectible. 

In our opinion, based upon such examination and subject to the comments in the next 
preceding paragraph, the accompanying ]^hibit A fairly presents your .financial condition 
at April 30, 1939, and the accompan 3 dng Exhibits B and C fairly present your recorded 
cash receipts and your disbursements of funds, as indicated, for the year ended that date. 

Yours truly, 

. . . Haskins & Sells 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Exhibit A Balance Sheet, April 30, 1939 



ASSETS 



LIABILITIES 



Property Fund Investments: 




Property Fund Reserve . 



United Engineering Trustees, Inc., 
trust funds . 

>ther assets of 
^ exclusive of 



Restricted Fund Reserves: 

Reserve Capital Fund . 



Equipment: 


. «4uo,44o.4o 


Life Membership Fund . 

•lUl,Oo4.U4 
Q lAfi QJ 


Ubrary^volumes and fixtures. 


. 37.296.37 


International Electrical Congress of St. Louis Library 



.uiuivuic HJIU uxcures (less reserve for de- 
precxation. $29,256.45).... 

5..308.38 


Lamme Medal Fund . 

5,521.17 

4.514.73 


(market quotation value. 
$9,597.17) — Schedule 1. 

3,001.35 


Total restricted fund reserves. 

1,040.23 

91 l.fiTO e.! 

Cash (see Exhibit C). 


• iU,Uo.£.17 

32 83 


Current Liabilities—^Accounts payable 







Deferred Income: 

Dues received in advance. 


• 11,423.26 

Total proper.ty fund investments.. 



. %aFi4 200 AR 



Restricted Fund Investments; 

Securities—at cost. 




Entrance fees and dues advanced by applicants for 
memberships . 

$ 3,792.27 


- —» Tii iw scvunues or 

oc! quotation value, 

$178,881.07)* — Schedule 1 . 



Deferred credits and other unallocated receipts 
Subscriptions for Transactions received in advance. 
R^erve for prepaid subscriptions for Electrical 
Enoinbbrino. .,,,, 

428.32 

8.27 


Cash (see Exhibit C) . 


. 15,738.53 





145.16 


Total deferred income . 

8,700.00 


Total restricted fund investments. 



211,878.51 


. 13,468.52 

Current Assets: 

Cash (see Exhibit B) . 






. 72.899.60 

Accounts receivable: 

Members—for dues ., 







Advertisers . 







Miscellaneous . 


OoU.ZO 





Accrued interest on investments.. 


*i4l9.oU 

1 TOO AT 





Inventories: 

Transactions, etc. 


OO.vt 

1 OfiA AA 





Text and cover naner. 


l,tfo4,UU 

>iAA 





work in process (May issue of Electrical Enoi- 
NBERINO). 

o.oou.oo 





Badges. 


3,061.14 

Aon no 












Total current assets. 







Total. 



TAtflf 
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Exhibit A, SehediT April 30,1939 





Restricted Funds 



Railroad Bonds: 


Inter¬ 

national 

of'Bonds Fond Life of 

Resme Member- St. Louis Lemme 

Reptae^ Capiml ^ip Llbrety - Medal 

of stock ments) Fund Fond Fund Fund 

MaiUoux 

Fund 

Total 


^ trust convertible 5%, 

® Ridlroid OomiiiiV 6%i?rfiiidtagMd general' 

mortgage series C, due 1996 (certificates of deposit).. 

Railway Company 5% consolidated mortage/ 

Chi<»go, Burlington & Quincy Railroad*Company 5%*&st and ‘ 
refunding mortgage series A> due 1971. 

Siwio mortiig;; duV iony, 

1936 Railway Company 61/*%. due March 1, 

^ due Terminals Company 5% sinktog fuid seriis b/ 

Florida East Coast Railway Company 6% first mxd refunding 

mortga^ senes A, due 1974 (certificates of deposit). ^ 

New York Central Railroad Company 6% refunding and im- * 
provement mortgage series C, due 20 IS.*., ’ 

Railway Company 6% refunding and improvt- * 
ment mortgage series B, due 2047.... 

^^19^^^*”*^ ^**^*^*^^ Company 30-year secured serilu 4%Vdue 

St. Louis-San Francisco Railway Company 6% prior lien mort-* 
gage senes B. due 1950 (certificates of deposit).. 

seriw\riw?9^.*“f“^ mortiLg;** 

^ Company general and Vefiinding*siries*' 

^(rtamped)”^*^ CompaVy a/ du^ 19^^ 

Total railroad bonds— (Forward). 


S15»000.00.$ 10,627.60.. 

. 8t940.00.$4,330.00.. 

3,000.00.. 1,477.60.•. 

1,000.00. 1,010.00...... 

1,000.00.. 1,106.00....... .* * .* ’.’.’ *' * * ‘ *' ’ ‘ ‘*. 

9,000.00. 7,202.60. 

4,000.00,.$ 4,010.00. 

10,000.00.. 9,818.75.... 

6,000.00.:__ 5,742.60. 

10,000.00. 10,962.60. 

^*000-00 . 6,337.60.$1,067.60. 

6,000.00.. f,497.60. 

1,000.00. . 990 25... 

5,000.00.$5,306.25.. 

16.000.00. 7,226,00. 

. < 4,010.00 . . $ 74,946.25 .. $6,306.26. .$2,063.75. .$4,330.00.\7 


$ 10,627.60 
13,270.00 

1.477.60 

1 , 010.00 

1,106.00 

7.202.60 


V 9,818.76 
. 6,742.50 

. 10,962.50 
. 6,406.00 

. 5,497.50 

> 

996.25 
6,306.25 
. 7,225.00 

.$ 86,646.25 
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AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 
Property end Restricted Funds Securities, Less Reserve for Securities of Doubtful Value, April 30,1939 
Exhibit A, Schedule 1 (Concluded) 


Restricted Funds 


Face Value Property 

of Bonds Fund 

or Number (Equipment Reserve 
ot Shares Replace- Capital 

of Stock ments) Fond 


Inter¬ 
national 
Electrical 
Congress 
Life of 

Member- St. Louis Lamme 
ship Library Medal Maiiloux 

Fund Fund Fund ’ Fund Total 


Total Railroad Bonds— ^Forward 


$ 4»010.00..$ 74,946.25..$6,306.25..$2,063.75..$4,330.00.$ 86,646.25 


Public UtiUty Bonds: 

American Gas & Electric Company 5% debenture, due 2028. 6,000.00 

Mohongahela-West Pennsylvania Public Service Company 6% 

debentures, due 1965...i... 8,000.00. 

New York Telephone Company first and general mortsfage 

due 1939... 1,000.00. 


S 6,397.50.$ 6.397.50 

8.660.00.. 8,660,00 

.Sl.bOO.OO.. 1,000.00 


Total public utility bonds.....•.S 15,057.50.$1,000,001. $ 16,057.50 


Industrial and Miscellaneous Bonds, Etc.: 

Fidelity Union Title and Mortgage Guaranty Company first 
mortgage certificates (on property 75-79 Prospect Street, 

East Orange, N. J:), 4%, due 1944..... 

General Motors Acceptance Corporation 3^4%, due 1951. 

United States Steel Corporation debentures 3 V4%, due 1948.... 

Total industrial and miscellaneous bonds, etc.. 


Municipal Bonds—New York City 4^/t% corporate stock, due 
1957.. 


$14;507.49..$ 967.17.. S 13,540.32.$ 13,640.32 

7,000.00. 7,140.00..._ 7,140.00 

. 8,000.00 . 8,240,00... 8,240.00 


2 , 000.00 


$ 967,17.. S 28,920.32.....*. $ 28^920.32 

.$2,204.06.$ 2,204.05 


United States Government Bonds and Notes: 

Federal Farm Mortgage 3%, due 1949/44. 12,000.00 

Treasury Bonds 3V4%, diie 194l. 10,000.00 

Treasury Bonds 2V4%, due 1947/45... 10,000.00 

Treasury Bonds 3Ve%* due 1943/40. 10,000.00 

Treasury Bonds 3V4%» due 1943/41.. 10,000.00 

Treasury Notes 2% series B, due September 15, 1942 . 21,000.00 


Total United States Government bonds and notes, 


$ 12,405.00...$ 12,405.00’ 

10,650.00. 10,650.00 

10,409.38. 10,409.38 

10,537.50. 10,637.60 

10,681.25.,.;. 10i681.26 

21,756.67 . 21,766.67 


$ 76,439.70.$ 76,439.70 


Capital Stocks: 

Commonwealth Edison Company. 

Commercial Investment Trust Corporation preferred, 

series of 1936... 

Consolidated Edison Company of New York, Inc. $6.00 cumu¬ 
lative preferred...... 

International Match Realization Co., Ltd. voting trust certifi¬ 
cates for capital shares of International Match Corporation .. 

Public Service Corporation of New Jersey $6.00 preferred. 

United Gas Improvement Company $6.00 preferred. 

Total capital stocks.......... 


48 shares....$ 2,892.00, 


100 . 10 , 100 . 00 , 

80 ..$ 3,060.00.. 

6 '' 2,274.16, 

,80 “ 2,968.75, 

30 .. 1 , 905 : 00 .. 997.50, 


$ 5,055.00 .$ 19,222.40. 


$ 2,892^00 

10,100.00 


2,274.16 

2,958.75 

997.60 


$ 19,222.40 


Total 


$10,032.17. .$214,586.17. .$5,306.25. .$4,267.80. .$4,830.00. .$1,000.00. .$220,490.22 


Less Reserve for Securities of Doubtful Value: 


Central of Georgia Railway Company 6% consolidated mortgage, 

due 1945. 

Chicago & Northwestern Railway Company 6Vt%» due March 1, 

1936..... 

Florida East Coast Railway Company 6% first and refunding 

mortgage series A, due 1974... 

International Match Realization Company, Ltd. voting trust 
certificates for capital shares of International March Corpora¬ 
tion... 

St. Loiiis-San Francisco Railway Company 5% prior lien mort¬ 
gage series B, djie 1960. 

Western Pacific Railroad Company 5% series A, due 1946 
(stamped)....... 

Total reserve for securities of doubtful value. 

Total Securities, Less Reserve...... 


$ 3,000.00. 

9,000.00. 

.10,000.00. 

. 7.202.50... 

.. 9,818.76. 

.$ 1,477.50 

. 7,202.50 

. 9,818.75 


.. 2.274.16. 

. 2,274.16 

$ 6,000.00.. 

. 5,497.60.. 


16,000.00.. 

. 7,226.00... 

.. 7,226.00 


.$ 33,496.40. 



.. .$10,032.17. .$181,090.77. .$5,306.25. .$4,267.80. .$4,330.00. .$1,000.00. .$196,994.82 


Total Property Fund Securities...$10,032.17 

X 0 lid Restricted Funds Securities.........$181,090.77. .$6,306.25. .$4,267.80. .$4,330.00. .$1,000.00. .$196,994,82 
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c, * * < r. J . AMERICAN INSTITUTE OF ELECTRICAL ENGINEERS 

Eichlbit B of Recorded Cash Reeelpb and Disbursements of General Fund ior the Year Ended April 30,1939 


'»Uy".? 938 “** KetioMi City Bank of Hew York, 

Receipts: 


ws (including $86,226.00 allocated to Electrical. 

Engineering subscriptions). 

Advertising.‘. . 

Transactions subscriptions. 

Electrical Encinberino subscriptions. /..!!...!!!! 
Miscellaneous publications (preprints, standards, • 
etc,)... 

Student fees.. 

Entrance fees..*..., .* .*.. 

Membership badges.. 

Transfer fees. !!!!!!!!!!!!!!!! . 

Interest on investments. le.ss purchased interest. 

Miscellaneous.,:. 


$ 191 , 719.44 

26 , 360.83 

8 . 262.45 

14 . 090.86 

8 , 912.95 

11 , 297.50 

7 , 023,70 

1 . 808.40 

770.00 

8 . 981.91 

16.90 


$ 49 , 616.89 


Total receipts. 


Total. 

Disbursements: 

Publication expense; 

Electrical KNGi.\Kfiki.\«s... 

Trakractions....*..*.*,*.*. 

Year Book... 

Miscellaneous publications ^preprints, standards, 

etc.). 

Institute meetings. 

Institute Sections. *.[ * [. ’ *' 

Institute Branches. 

Edison Medal committee.. \ 

Finance committee. 

Headquarters committee. 

Membership committee. 

Standards committee...!.*!.*!!!!. 

Technical committee.. 

Traveling expenses: 

Geographical Districts: 

Executive committees. 

Vice-presidents..*.'.*.*!,*,* 

Branch counselors...*.*!!!!!!* 

President's appropriation ..' 

Board of directors. 

National nominating committee. 


$ 72 . 893.80 
8 , 843.13 
8 , 567.90 

12 . 323.68 

13 , 623.38 

33 . 853.28 

3 . 263.05 

299.11 

1 , 600.00 

34.75 

8 . 082.47 

6 , 413.15 

286.41 


2 , 899.85 

365.79 

8 , 036.08 

34.85 

3 , 274.22 

1 , 020.79 


280 , 144.93 

$ 329 , 761.82 


Total—(Forward)... 

Disbursements—(Forward)....... 

Administrative expenses...,. 

Geographical Districts—best paper prizes. 

Geop'aphical Districts—initial paper prizes. 

Institute prizes...* * * * 

American Engineering Council 

American Standards Association.. !!!!!!!! 

United Engineering Trustees, Inc.: 

Building assessment...... 

Library assessment. .**!!!!!!!!.*."!* 

Engineering Societies Employment Service... 

Engineers' Council for Professional Development... 
Engineering Foundation Projects: 

Welding research. 

Research on impregnated paper insulation.!!!!!! 

John Fritz Medal. 

National Fire Protection Association-^ues. V.!!!!!! 
United States Committee of International Commis¬ 
sion on Illumination... 

Membership badges. 

Legal services. !!!!!!!!!! . 

Miscellaneous.! * | *. 


,$ 183 , 717.76 
. 46,22153 

185.50 

85.50 
. 109.00 
, 10 , 600.00 

1 . 500.00 

10 , 984.80 

9 , 689.28 

1 , 312.77 

435.00 

230.00 

250.00 

201.92 

60.00 

300.00 

1 . 503.97 

250.00 

16.50 


$ 329 , 761 . 82 ‘ 


Total disbursements, 


Cash on Deposit With The National 
April BO, 1939. 


City Bank of New York, 


. 267,773 52 


$ 61 988.30 


Forward 


$ 183 , 717.75 $ 329 , 761.82 


Exhibit 


^^Statomenl of Recorded Cash Receipts and Disbursements of Property and Restricted Funds for the Year Ended April 30,1930 


Restricted Funds 


Property 
Fund 
(Equip¬ 
ment Reserre 
Replace- Capital 
meats) Fund 


Inter¬ 
national 
Electrical 
Congress 
Life of 

Member- St. Louis Lamme Total 

ship Library Medal MaiUoux Restricted 

Fund Fund Fund Fund Funds 


Saving, Bank and The Hational City Bank of Now York, 


Receipfs: 

Interest on bonds, and dividends on stocks. .. 

Interest on bank balance. *........,.!!!!!•!!!,*** . 

P^eeds from sale and redemption of securities.... 

Life membership fee.•. . 


$ 22 . 47 .. $ 82 . 06 . $ 3 , 794 . 44 . .$ 1 , 024 , 19 . .$ 148 . 03 . .$ 22 . 23 , $ 5 , 070.95 


Total receipts. 
Total. 


Disbursements: 


Annual withdrawal authorized in by-laws.'. 

Gold and bronze replicas of I.ramme Medal and certie«te.'. 

Purchase of securities.....! *.V... .V.*. . 

All other disbursements.,.., . .►.*!!!!!!!!!!!!!!!!!!!*!’. 


Total disbursements. 


..$ 10 . 36 . .$ 53 , 639.03 


.$ 250 . 00 .,$ 175 . 00 ,.$ 240 . 00 ..$ 46.00 $ 710 00 

* 73.66 . 73 * 0 ^ 

’•' VrWVi . 53 , 639.03 

• 288.01 . 233 51 


. $ 10 . 36 .. $ 53 , 639 . 03 .. $ 612 . 17 ..$ 175.00 .$ 240 , 00 . .$ 45.00 $ 54 , 711.20 
$ 53 . 721 . 00 ..$ 4 . 406.61 $ 1 , 190 . 19 . .$ 388 . 03 . .$ 67 . 23 . $ 69 , 782.15 


.$ 43 , 177 . 82 . 


•*- 665 . 35 ...... 555 35 

.$ 239.30 . 239.30 

.. 43 . 177.82 

.* 11*®5 .$ 49 . 50 .. 61.15 


BalanM dji Dapnsit With Bast River Savings Bank and The NaUonal Ci^ Bank of Hew 
zoric, April 30, 1939... 


■ $ 43 . 177 . 82 . .$ 665 . 83 . .8 11 . 65 . . 8239 . 30 . . 849 . 50 . . 844 . 043.1 


62, 


. 832 ^..$ 10 , 643 . 27 .. $ 8 , 841 . 26 .. $ 1 , 187 . 54 . . $ 148 . 73 . . 817 . 78 .. 815 . 738.58 


938 


19S9 Report of the Board of Directors 


AIEE Transactions 






























































REFERENCE INDEX 


Technical-Subject Index 

Air at High Pressure* The Electric Strength of. 

Skilling.:_161-6; disc. 166 

Air Breaker, A New High-Capadty. Ludwig, 

Grissinger.414-18; disc. 418 
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